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INTRODUCTION 

Metastatic prostate cancer almost invariably progresses to the terminal stage despite 
treatment such as androgen deprivation and chemotherapy and radiation therapy. This 
resistance to treatment may be due to the resistance to apoptosis in cancer cells. 
Therefore understanding the molecular basis for resistance to apoptosis is essential for 
devising novel strategies to sensitize cancer cells to apoptosis. We have been focused on 
the role of the tumor suppressor PTEN in regulating sensitivity to apoptosis in prostate 
cancer. We have previously shown that the majority of advanced prostate cancer tumors 
has lost PTEN function and that loss of PTEN function leads to excessive antiapoptotic 
signaling through constitutive activation of the Akt protein kinase. Therefore, we 
proposed that restoration of PTEN expression may lead to sensitization to apoptotic 
stimuli. Over the funding period of this proposal, we have made significant contributions 
toward substantiating this hypothesis. We have also generated significant data toward the 
effect of the PTEN signaling pathway on two important antiapoptotic transcription 
factors, NF-KB and the androgen receptor. Our work over the funding period has resulted 
in 4 published or submitted full-length articles in peer-reviewed journals and two 
abstracts presented at national scientific meetings. 

BODY 

Statement of Work Task li To characterize the role of PTEN in the regulation of 
anoikis 

Statement of Work Task 2: To characterize the role of the effect of PTEN 
expression in sensitizing cells to apoptotic stimuli 

Annual reports covering the periods of Jan.-Dec. 2000 and Jan.-Dec. 2001 detail the data 
addressing statement of work task 1 and 2. We have completed the proposed 
experiments and data have been published in the article provided in the appendix (Yuan, 
XJ. and Whang, Y. (2002) PTEN sensitizes prostate cancer cells to death receptor- 
mediated and drug-induced apoptosis through a FADD-dependent pathway. Oncogene, 
21,319-327.) 

Statement of Work Task 3: To characterize the in vivo effect of PTEN expression 
on tumorigenicity and sensitivity to chemotherapy 
3A: determine the tumorigenicity of PTEN expressing xenograft cells in mice. 
3B: determine the effect of direct injection of PTEN adenovirus on pre-formed 
tumors. 
3C: determine the effect of combining injection of PTEN adenovirus and 
chemotherapy. 

For task 3 A, we asked if PTEN expression through adenovirus mediated gene 
transduction will lead to loss of tumorigenicity of CWR22 prostate xenograft cells. 
CWR22 xenograft cells were freshly harvested and infected with PTEN adenovirus ex 
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vivo and the implanted back into immunodeficient mice. As shown in Figure 1, PTEN 
expression completely inhibited the ability of CWR22 xenograft cells to form tumor. 

CWR22R Tumor Growth 
+Ad-GFP or Ad-PTEN 

» - +A!i-PTEN 

7     1S21H3g«SS» 

Pays after inomilatlQn 

Fig. 1, Adenoviras-mediated PTEN 
expression completely suppresses the 
ability of CWR22 prostate xenograft 
cells to form tumor in nude mice. 
Freshly harvested CWR22 cells were 
incubated with Ad-FTEN or Ad-GFP at 
moi of 50, Then 10* cells were 
inoculated per site. The tumor volume 
shown is the mean of 6 tumor sites. In 
addition to data shown, another 
independent experiment shows similar 
results. 

Task 3B or 3C involves direct intratumoral injection of PTEN adenovims on pre-formed 
prostate tumors. However, after extensive discussions with other investigators who have 
attempted this approach of gene transduction, we felt that this approach is unHkely to 
result in successful PTEN transduction in the majority of tumor cells. The PTEN 
adenovirus appears to lower the threshold to apoptosis, but does not potently induce 
apoptosis by itself and the direct injection of PTEN adenovirus in the tumors will only 
affect cells in the needle track. It is unlikely that the direct injection of the PTEN 
adenovirus will have any discernible effect on established tumors. Therefore, we did not 
pursue experiments in these tasks. 

Additional work accomplished 

We puraued experiments focusing on the effect of PTEN expression on the transcriptional 
activity of transcription factors such as NF-KB and the androgen receptor. We've made 
significant progress in investigating the effect of PTEN on these transcription factors with 
antiapoptotic functions and we've been able to show that PTEN inhibits the 
transcriptional function of these proteins. These demonstrate the additional mechanisms 
by which loss of PTEN leads to resistance to apoptosis. Data from this line of 
investigation have been published in Mayo, M., Madrid, L., Westerheide, S., Jones, D., 
Yuan, X., Baldwin, A., and Whang, Y. (2002) PTEN blocks tumor necrosis factor- 
induced NF-Kfi-dependent transcription by inhibiting the transactivation potential of the 
p65 subunit. J. BioL Chem,, 277,11116-11125, and this article is appended. Also, a 
manuscript by Nan, B., Snabboon, T., Unni, E., Yuan, X., Whang, Y., and Marcelli, M. 
(2003) The PTEN tumor suppressor is a negative modulator of androgen receptor 
transcriptional activity, has been submitted for pubhcation to Journal of Molecular 
Endocrinology and is provided in the appendix. 



Whang 

KEY RESEARCH ACCOMPLISHMENTS 

We have made the following conclusions from our research: 
• Adenovirus-mediated PTEN expression suppresses constitutive Akt 

phosphorylation in prostate cancer cells. 
• PTEN sensitizes prostate cancer cells to apoptosis induced by several different 

classes of chemotherapeutic agents. 
• PTEN sensitizes prostate cancer cells to apoptosis induced by several different 

death ligands, such as tumor necrosis factor-a, anti-Fas antibody, and TRAIL. 
• PTEN-mediated apoptosis is accompanied by caspase activation and is inhibited 

by caspase inhibitor z-VAD-fmk. 
• PTEN-mediated apoptosis is dependent on lipid phosphatase activity. 
• PTEN-mediated apoptosis involves a FADD-dependent pathway. 
• PTEN-mediated apoptosis proceeds through BID cleavage. 
• Bcl-2 blocks PTEN-mediated apoptosis. 
• Adenovirus-mediated PTEN expression inhibits the tumorigenicity of CWR22 

prostate cancer xenograft cells. 
• PTEN blocks tumor necrosis factor-induced NF-KB-dependent transcription by 

inhibiting the transactivation potential of the p65 subunit. 
• PTEN suppresses the transcriptional activity of the androgen receptor in prostate 

cancer cells. 

REPORTABLE OUTCOMES 

1) Abstract presented as a poster at the 92* Annual Meeting of the American Association 
for Cancer Research in March, 2001, New Orleans, Louisiana. 
Yuan, X., Ji, X., and Whang, Y. (2001) The PTEN Tumor Suppressor Sensitizes Prostate 
Cancer Cells to Apoptosis through a FADD-dependent Pathway. 

2) Abstract presented as a poster at the 93"* Annual Meeting of the American 
Association for Cancer Research in April, 2002, San Francisco, California. 
Nan, B., Whang, Y., and Marcelli, M. (2002) Interactions between the androgen receptor 
(AR) and PTEN signaling pathways in AR(+) and PTEN(+) or (-) prostate cancer cell 
lines. 

3) Articles published in peer reviewed journals: 

Gupta, S., Suffrein, S., Plattner, R., Tencati, M., Gray, C, Whang, Y., and Stanbridge, E. 
(2001) Role of phosphoinoside 3-kinase in the aggressive tumor growth of HT1080 
human fibrosarcoma cells. Mol. Cell. BioL, 21, 5846-5856. 

Yuan, X.J. and Whang, Y. (2002) PTEN sensitizes prostate cancer cells to death receptor- 
mediated and drug-induced apoptosis through a FADD-dependent pathway. Oncogene, 
21, 319-327. 
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Mayo, M., Madrid, L., Westerheide, S., Jones, D., Yuan, X., Baldwin, A., and Whang, Y. 
(2002) PTEN blocks tumor necrosis factor-induced NF-KB-dependent transcription by 
inhibiting the transactivation potential of the p65 subunit. J. Biol. Chem,, 277,11116- 
11125. 

4) Articles submitted for publication: 

Nan, B., Snabboon, T., Unni, E., Yuan, X., Whang, Y., and MarcelH, M. (2003) The 
PTEN tumor suppressor is a negative modulator of androgen receptor transcriptional 
activity, manuscript submitted to J. Mol. Endocrin. 
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Yuan, X., Ji, X., and Whang, Y. (2001) The PTEN tumor suppressor sensitizes prostate 
cancer cells to apoptosis through a FADD-dependent pathway. Proceedings of the 
American Association for Cancer Research 42,1311. 

Nan, B., Whang, Y., and Marcelli, M. (2002) Interactions between the androgen 
receptor (AR) and PTEN signaling pathways in AR(+) and PTEN(+) or (-) prostate 
cancer cell lines. Proceedings of the American Association for Cancer Research 43, 
2512. 

CONCLUSIONS 

Resistance to apoptosis is a significant problem that directly contributes to the morbidity 
and mortality associated with prostate cancer. We have focused on PTEN as an 
important regulator of apoptosis in prostate cancer cells and have hypothesized that if 
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loss of PTEN leads to excessive antiapoptotic signaling through constitutive activation of 
Akt kinase, restoration of PTEN expression may lead to sensitization to apoptotic stimuli. 
We have generatde a significant amount of data in support of this hypothesis. We have 
shown that PTEN sensitizes prostate cancer cells to apoptosis induced by several 
different classes of chemotherapeutic agents and by death Ugands and that PTEN- 
mediated apoptosis is accompanied by caspase activation. Furthermore, we have also 
demonstrated that PTEN-mediated apoptosis involves a FADD-dependent pathway and 
that PTEN-mediated apoptosis proceeds through BID cleavage. In addition, we have 
made an important observation that the PTEN signaling pathway negatively modulate the 
activity of two transcription factors critically involved in prostate cancer pathogenesis, 
namely NF-KB and the androgen receptor. 

These findings are important because they delineate the functional consequences of loss 
of PTEN function, a common genetic abnormality in prostate cancer, and show how loss 
of PTEN leads to excessive antiapoptotic signaling. Our work has produced two 
abstracts reported at national meetings, three published articles, and one manuscript 
submitted for publication. Better understanding of apoptotic signaling in prostate cancer 
is hkely to be helpful in designing targeted approaches to prostate cancer therapy and we 
believe that our work has made a significant contribution in this field. 

List of Personnel Supported by this Project 

Young E. Whang, Principal Investigator 
Xiu-Juan Yuan, Research Associate 
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Appendices 

Item #1: Abstract presented as a poster at the 92th Annual Meeting of the American 
Association for Cancer Research in March, 2001, New Orleans, Louisiana 
Yuan, X., Ji, X., and Whang, Y. (2001) The PTEN Tumor Suppressor Sensitizes Prostate 
Cancer Cells to Apoptosis through a FADD-dependent Pathway. 

Item #2: Abstracted presented as a poster at the 93"''' Annual Meeting of the American 
Association for Cancer Research in April, 2002, San Francisco, CaUfomia. 
Nan, B„ Whang, ¥., and MarceUi, M. (2002) Interactions between the androgen receptor 
(AR) and PTEN signaling pathways in AR(+) and PTEN(+) or (-) prostate cancer cell 
lines. 

Item #3: Published Article 
Gupta, S., Suffrein, S., Plattner, R., Tencati, M., Gray, C, Whang, Y., and Stanbridge, E. 
(2001) Role of phosphoinoside 3-kinase in the aggressive tumor growth of HT1080 
human fibrosarcoma cells. MoL Cell. BioL, 21, 5846-5856. 

Item #4: Published Article 
Yuan, X.J. and Whang, Y. (2002) PTEN sensitizes prostate cancer cells to death receptor- 
mediated and drug-induced apoptosis through a FADD-dependent pathway. Oncogene, 
21,319-327. 

Item #5: Pubhshed Article 
Mayo, M., Madrid, L., Westerheide, S., Jones, D., Yuan, X., Baldwin, A., and Whang, Y. 
(2002) PTEN blocks tumor necrosis factor-induced NF-KB-dependent transcription by 
inhibiting the transactivation potential of the p65 subunit. J. Biol. Chem., 277,11116- 
11125. 

Item #6: Articles submitted for publication: 
Nan, B., Snabboon, T., Unni, E., Yuan, X., Whang, Y., and MarceUi, M. (2003) The 
PTEN tumor suppressor is a negative modulator of androgen receptor transcriptional 
activity, manuscript submitted to J, Mol. Endocrin. 
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#1311 the PTEN Tumor Suppressor Sensitizes Prostate Cancer Cells to 
Apoptosis through a FADD-Dependent Pattiway. Xiu-Juan Yuan, Xiang Ji, and 
Young E. Whang. Univer^ty of North Carolina, Chapel Hill, NC. 

PTEN Is a recently Identified tumor suppressor gaie on chrcxTiosome 10q23 
frequently inactivated in a wide range of human tumors including advanced prostate 
cancer. PTCN Is a phosphatase that dephosphorylates tfie llpid second messenger 
phosphatidyllnosltol pi)-3-phosphate and reverses Vne action of PI 3-Wnase. Loss of 
PTEN function leads to constlMlve activation of downstream mediators of PI 3-kl- 
nase, Including Akt/protein kinase B. Since /M<t/proteln kinase B has been Implicated 
in anti^wptoHc signaling by inactivating several key proapoptoHc protons, fciss of 
PTEN fcinctlcn may fxomote carclrwgwiesis by conferring tumor cells resistance to 
multlf^e apoptotic stimuli, Including death ligands and chwnotherapeutlc agents. In 
ttiis study, we test the hypothesis tfiat reconstitutlai of PTCN e)^ression wl sensitize 
tumor cells to various apoptotic stimuli and Investigate the signaling pathway utilized 
by PTCN to sensitize cells to apoptosis.'We used adenovlnjs-medlated FTEN ex- 
pr^sion to roionstitute PTEN In PTEN- null, androgen-dependent LNCaP prostate 
caicer cells. This leads to suppresaon of constltuUve activation of Akt. We examined 
ttie effect of PTB4 on sensitivity to ^x^tosls. At 48 hours after Infection, PTCN 
expression by ite^ did not Induce ^xsptosls. However, It markedly senatlzed LNCaP 
cells to apqjtosis induced by death receptor signaling, such as turrw necrosis factor 
and agonistic anft'-Fas monoctonal antibody. In addltton, PTEN expression tfso 
ssislfized cells to non-death receptor mediated apoptosis, such as staurosporine 
SMud etc^xjslde. ^soptosis Induced by PTCN expression and another apoptotic stim- 
ulus Involved caspase activation, as ^lown tiy increase in DEW)-p^tlde specific 
caspase-3 activity and inhlWtion of apoptoas l^ z-VM)-fmk caspase inhibitor. Llpid 
phosphatase activity of PTCN was alwolutely required for ap<vtosis since ttie PTCN 
G129E mutant defective in llpid lAosphatase but retaining tyroslne phosphatase was 
unable to saisltize cells to ^joptoas. Apc^tosis Induced by PTCN expH-essfon and 
arwttw apt^otic stimulus was comfrfetely blocked by overexpresslon of Bcl-2, 
Implicating the invc*/ement of ttie mitochondrial pathway. To define the requirement 
for components of deatii receptcr signaling, we co-expressed dominant negative 
FADD pas associated death domain) by adenovirus. DN FADD blocked apoptosis 
Induced by PTCN aid TNF w Fas. Surprisingly, DN FADD ^so blocked apoptosis 
Induced by PTCN and stajrospaine or stautospwine alone, ^^x^tosls Induced by 
staurosporine could not be bkxdsed by neutralizing monoclonal aitibodies against 
death receptors Fas and TNFR1. Tliese data suggest that both death rec^tor- 
medlated and chemical-induced ape^tosis requires FADD-d^sendent signaling and 
ftat PTCN sensitizes cells to apqstosis ttwxigh a FADD-depend«it signaling path- 
way.        ^  

#1312 Sensitizatlon to Proapoptotio Agents by lotopic Aktl Expression 
In Prostate Cancer Cells. Hamid Boulares, Zohra El Mkami, Robert Glazer, and 
Shakeel Ahmad. Department of Biochemistry, Georgetown Univ. Medical Center, 
Washington, DC, Department of Oncology, LombardI Cancer Center, Georgetown 
Univ. Medical Center, Washington, DC, and Department of Pharmacology, Lom- 
tjardi Cancer Center, Georgetown tints/. Medical Center, Washington, DC. 

The proteln-serine/threonine kinase, Akt/PKB Is the cdlular homologue of the 
refrovlral oncogene v-akt, and is one of the Immediate downstream effector of 
phosphatidyllnoatol 34flnase (PI 3-klnase). The major mechanism tsy which growtti 
factors receptws promote cell survival is ttirough the pathway leading to the activa- 
tion of PI 3-kinase and Akt. Akt Is also widely known to Induce cell sun^lval In a 
numljw of cell ^pes by Intwvening with the apoptotic cascade triggered by different 
apoptotic stimuli. In ttie present study, we report that while overexpresslon of Akt 
enhmicK cell prolIferaBon in TSU prostate cancer cells, it also sensitizes the cdls to 
apoptosis ratiier tiian caifemng protectlcn when challenged vwth the proapoptotlc 
agents, staurosporine, TNF or FasL The degree of s«isltlzation varies vsrtth ttie 
different apoptotic agents with staumspodne bangthe most effective. To ddlneate_ 
ttie cause of aihancoJ apoptosis In MA over-expressing cells, the effect of stauro- 
sporine treatment and other apoptosis inducing agents on cytochrome c release, 
activation of caspases-3 and -9, PARP cleavage, and DNA breakage Into 50 kb 
fragments were measured. All parameters were greatly enhanced by the three 
proapoptotlc agents In AW-expressIng cells. These results suggest that ectopically 
expressed fM itself might l3e affected by staurosporine to Interfere with the early 
onset of a surwval pathway in prostate carx^r cells. Indeed, staurospwine was found 
to Induce the proteolysis of Akt to a 40-45 kD fragmwrt. Studies are underway to 
characterize the proteolytlc Akt fragment for kinase activity as well as the dovwi- 
str^m effect of ttie fragment on ttie phosphorylatlon status of proapoptotio fMxjtelns 
In ttiese cells. 

#1313 Cdc25a Phosphatase Interacts with Akt and Suppresses Apopto- 
sis Induced by Serum Deprivation. Georg Krupitza, Christina Leisser, Qertiard 
Fuhrmann, Georg Rosenberger, Michael Grusch, TTiomas Halama, Isatsella Mos- 
berger, Ghrista CemI, and Thomas Szekeres. University of Wenna, Vienna, Austria. 

The piKKprfiatase Cdc25A was *own to be a target of tiie transcription factor 
c-Myc. Myc-induced apoptosis appeared dependwit on Cdc25A expression and 
Cdc25A over-esqMBSston could substitute for Myc-triggered apoptosis. These find- 
ings suggested that an Impotant downstream component of Myc-medlated apo- 
ptosis wms identified. However and in conttast, we recently r^xsrted that during 
TNFa-induced apt^jtosls, vrtikrfi required c-Myo function, Ccic25A was dovwi-regu- 
lated m a human carcinoma cell line. We now pBvIde evidence that Cdc25A ren- 
dered the non-transfamed rat embryonic cell line 423 refractwy to apoptosis, which 
was induced by serum deprivation and In absence of detectable c-myc levels. The 

survival promoting activity of cdc25A was abolished upon infection of cdls vwth a Ml 
lengtti cdc25A antisense constaict. To identify the signalling protans mediating ttie 
survival function of ttie frficBphatase, cdc25A- and akt- over-expressing pooled 
clones were exposed to selected chemicals, v^lc*i inhlUt or activate key proteins in 
signalling pathways. Inhibition of apoptosis tiy SU4984, NF023 and Rspamyoin 
placed Odc25A and fiM function downstream of FGF.R, PDGF.R, and compensated . 
G-proteIn- and PP2A- activity. Interestingly, upon treatment vwMi LY-294002, 
cdc25A- and M.- over-expressing ctones «thltMted similar apoptotic patterns as 
conttol cells, vrtiic*i Indicates ttiat neither Akt- nw Cdc25A- mediated survival ftinc- 
tlons are d^ndent on PI.3 kinase activity in rat 423 cells. In cdc25A-overexpressing 
cells inoeased levels of serine 473 phosfrfiorylataJ Akt vi«re found, which co- 
preclpitated with Cdc25A and Rafl. Since activation of protans requires deprfios- 
prfiorylatton of particular residues In addltkjn to slde-^ieciflc pho^hor^atlon,.ttie 
anti-apoptotlc effect of Cdc25A might derive from its participMtion in a tanary protein 
comi^ex vwtti pho^hoW<t and Raf1, two prominent components of survival patii- 
ways. 

#1314 Ttie Multl-Subsfrate Adapter Gab1 Regulates Hepatooyte Grovrth 
Factor/Scatter Factor (HGF/SFJ-C-Met Signaling for Cell Survival and DNA 
Repair. S. Fan, YX Ma, M. Gao, RQ Yuan, Q. Meng, I.D. Goldberg, M. Park, and 
E. M. Rosen. Long Island Jewish Medical Center, Hew Hyde Park, NY. 

H^jatocyte growth factor/scatter factor OHGF/SF) Is a mediator of eptthelial cell 
motlllty, morphogwiesis, anglogenesis, and tumorigaiesis. HGF/SF protects cells 
aganst DNA damage by a pattway from its r«»ptor c-Met-^hosphatld^inosltol- 
3kinase [PI3K]-K:-Akt, resulting in enhanced DNA r^Dair and deoBased ^soptosis. 
We now show that protection against ttie DNA-damagIng agent adrlamycin [ADR] (a 
topwisomerase llo Inhibitor) requires ttie Grti2 binding ate of c-Met; and over- 
expression of ttie &M-assoclated bindar Gabi - a multi-substrate adapter required 
iw epithelial morphogeneas - Inhlljlts the ability of HGF/a= to protect MDCK epi- 
thelial cells aganst ADR. In contrast to Gab1 and ite h»nok^eab2, over-expression 
of c-Cb1, wother multlsubstrate adapter that associates ^h c-Met did not affect 
p-otecHon. The atsiity of Gab1 to block HGF^F-medlated activation of c-.Wct and 
protection did rwt require Its plecksWn hwndogy or aHP2 phosphatase-blnding 
domains but dM require the PI3K-binding dcMTiain. HGF/SF protection of parental 
MDCK cells was bkjcked by wortmannin, expression of PTCN, and dominant nega- 
tive mutants of Akt and Pak1; and the pxDtection of cells over-expressing Gab1 was 
restored by vrfW-type or activated mutaits of Akt aid Pak1, but not by the PI3K 
catalytic submit. These findings suggest fliat the adapter Gabi "re-dlrects" c-Met 
signaling through PI3K away from a c-PM/PskI cell survival pathway. 

#1315 EGFR Induced Activation of NF-KB in Mesottielial Cells by Asbes- 
tos Is Important in Cell SurviwaU Stephen P. Faux, Catherine Houghton, William 
Swain, John G. Edwards, Rfeky Sharma, Simon Piummer, and Ken J. O'Byme. 
Department of Oruxilogy, University of Leicester, Leicester, UK, and MfWi Toxi- 
cology Unit, University of Lmcester, Leicester, UK. 

Over-expression of the epldermtf growtti factor receptor (EGFR) is a common 
finding in many solid tumors, Including lung, breast and mesothelloma, and has be«i 
shown to con-elate with Ijoth a pK»r prognosis and resistance to radiation and 
diemotherapy. The proliferative response and resistance afforded by EGFR activa- 
tion In these tumcrs may allow for ttie rapid mrtgrowth of drug reastant cdls. Recent 
ewdence suggests that up-regulation and activation of EGFR may play a trittc^ r* 
in early carclnogenk; evaits. Wthough towc to a proportion of MET 5A cells, carci- 
nogenic aslaestos fibers up^Bgulate the expression of the EGFR. E>q)oswe of MET 5A 
cells to asbestos leads to the activation of nudea fmtor-KB (NF-KB), a ttanscriptlon 
lactcr Important in the regulatfon of a numbw of gai« intrinsic to inflammation, 
proliferation and lung defences. This study set out to examine Uie relatiaiship 
tietvwen EGFR and NE-KBJn MELSAj»lls_expQsed_to.asbestM flbeiB and the 
Impact of NF-KB activation on MET 5A cdl survival. Using gd mobility shift assays we 
have shown that croddollte astaestos increased ttie EWA binding actiwty of NF-i* in 
MET 5A cells. F^B-treatment with (a) curcumin, a piotent antioxldant non-selective 
inhibitor of NF-KB derived from the sptee tumieric, or p) the sdective EGFR tyroslne 
kinase Inhibitor, PKI166 (Novartls), Inhibited ttie DNA binding of NF-KB mediated by 
crociddite astsestos fit>ers. In addition, cnaSdolite In amblnation with ather cur- 
cumin or PKHre lnct«ased ttie cellular towcity of croddollte cwnpared to that 
observed vinth crooidoBte alone. Rnally, an NF-KB "decoy" p^tlde inhibited crooklo- 
lite Induced MET 5A cell proliferation. Our results would suggest ttiat tiie induction ol 
NF-KB by aocldofrte asbestos In MET 5A o^ls is via a ^nailing pathway linked to 
EGFR. This survival signal protects MET 5A cells from tiie crtlulatoxtotty of croddo- 
llte. Modulation of the asbestos-mediated EGFRMF-KB signalling pattivray may be 
Important in the development of novd ttierapeutic strat^les for both ttie cfiemopre- 
vention and treattnent of malignant mesottielloma. 

#1316 Protein Kinase CK2 Function in Blocking Drug-Induced ^optosis 
In Cancer Cells. S. Yu, H. Wang, A. Davis, and K. ^med. V.A. Medical Centei 
and University of Minnesota, Minneapolis, MN. 

Protein kinase CK2 (formerly casein kinase II) Is well-known to be associated 
with cell growth and proliferation, and has been found to be elevated in tumor 
cells. Nuclear matrix (NM) is a major site of CK2 signaling for these actions. Here 
we report ttiat NM-assoclated CK2 also plays an additional role as proxnding 
protection against drug-mediated apoptosis In cancer and other cells. We exam- 
ined the response of nuclear Cl^ to induction of apoptosis in prostate cancei 
cells through chemical agents such as etoposlde (Et) and diethylstllbestrol (DES). 

f ; 
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^«   1*'*?i1'*' ^^ «= «" «9°™st in breast cancer cells fransfected 
SSinf M ^1®- ^*^^"1°"-''"" "•'"S"^'^'- La"« A, Simons. James E"! 

Resveratrol (Res) (3.5,4'- Whydroxy-trans-stilbene) is a phytoestroaen found in 
grapes and present In red wine. Based on epldemloiogiclltudtes R2 roySSfaS 
a cancercliemopreventive compound. The InliibitorylffeoteonSSJ^^^^ 

^^V^^^'^^^- Moreover, Res differentlaiiy affects the transcriDtlonal 

(Stt2Llrwm°' *"'"J""^ '" ^ dose-dependent fashS. fcSSS 
SKSSiifl oSZt:^'''°f ■ '^.' '''■'«° W *^« «"e to block the 
rSffwf D^ *'    °" °®" Pfo'iferation, it was not able to block the inhibitory 
^. f^ suggesting mat mtiproiiferative effects of Res are notfafc m 

^ntai MPA-iyiB-231 cells. We used aotiyation of TGFa mRNA detected hu 
rlS S^y?* H %!"^^rj^ E2 responsiveness. We found a d^SSert 
m -10-*^M) iriduction of TGFa mRNA by Res. indicating that RS arts SS in 
^^en^agonist in bqth ceil lines. ICI wa^ able'to blocK-fnduSd SivMiS 
?j; jTrS^Sffl ER-mediated «.^nt^ Res maximaiiy stliLSfhe ™- 
^fin kfr&u"^ ^* ^ concentration ol SKW^M. to the about tteimeSSt 
SmSlatfJlf rer^Rwi^"^"^ ^ ^ ^*« *^ P'^t. there wSnoS 
ffiiSS^    ™-"'^^.'^"*®''«'"*swl*f'both ceil line^ 

rf SSnS A4f j^° ■ °. W and did not act as an agonist in the presence 
*high (10 -10:^M) concentrations of E2. To delennine whether Res belonos to 
class I or class II estrogens (Jort^a„ ef a/, C^cerfles, 67 6679-1 loOffwS 

S SJIrl^H and th,s agonistic action was blocked by an-ay of SS aiS 

u^ analysis of ER-Res interaction on estrogen-regulated qenes and comnutotnr 
^eins IS necessary to better understmdihe beneficS ISSncer ^ISonS 

SSKS^tS tSlc^SlSSrSg,-? <=^-'SSr ^ 

rec^tor-s DNA-bmdIng domain (ER-DBD). Sl^i nL <S-Jwl? 

Buriingame Christopher Benz. and Michael BaidS.L^I5iKo?^^ 
TnVfS^" ia™=&co, Ol, andBucfr Institute for Age ReSaZhN^S cT 
JS^S" 'h^PyJs the treatment of clioice for mbst patSte WtthiTw^n 
r^eptor(ER)-positive breast tumors. However, it is unclear why neariv 50% o^ 
tlSf T? 'Wjws demonstrate clinical resistance to thrfon?o" Ifi-tfrqet^ 

£Sr2Siirtifirnawf^''!?"^'y'«-p°*'^«b^^^^ 

OOTain (ER-DBD). Mass spectromeWc analysis of recombinant ER-DRn rirtor 

«n^ of:the^m!l-length (ST-kDa) ER protein. SI pro^ifu"^^^^^^ 
se «*ve carboxymettiylation of non-oxidized Cys residues in ES wKoafiS 
acid, an m-gei reduction and a second aikylation step with dOuWvlaSS ?^ 
bromwcetic aoid to Wentify Qys residues that were origlly oxldl^ foSwS 

maaiSmeS'rSffirF""? "^^^^^^^^ analysis byliguil chroSog^hf/ 
S™f JP , «^ l'-fi/MS).;Employing this two-stage aikylation procedure hL 
allowed us to Dcircumvent m-Mw.:Qxidation of Cys risiduls wSwnK gR DB? 
which readily occurs via thidi-disulphlde exchange reactions afqumtrtafiS 

506 

wlt^l^l^Stf i^* Ju **f "*'"'"»' «ewntiation of neurobtestoma (NB) cells 
Mth neunte ortgrowth aid growth inhibition, however downstream siqnSa 
imthways of RA receptor activation leading, to n«irite development arlS 
Sio^fSPfc ^'i™^" ^1°^."^ «*"* 3™«*h InhibTon, MuJ^^lS SLJ= J^f ^    ^ extensive arborization of neurites In response to RA for 8-10 
iSlanJrri:SSrTfS*' .r" *^"^'^ for activated-Rac (SS^ tounS 
Rail) aid Odc42 from LANS cells ft«ated with 10-».M RAfor24 48 72 houm and 

It J^ho2i'£t*""^Raci and Cdc42appearedafter24holr^nSS 
3 fSiS ?■ "* T P^^oiusiy observed ftat Stc is essential to RA Indti^ MB 
SdSI hnl, «'"^-^''° ^'^'"^ P"" aown immunoblote of acliv^ R^and 
Cdc42 both followng exposure to the Src inhibitor, PP1, and with retrovWrurew 
f^^J''TT^°^ °' °^^' *« physiological InhMor " mtdS 
Sh IS "If"'f?^^""" °f Raci and Cdc42 was blocked by boftpr^SS 
SSfrip^l'^S-S' °^*-expression in UN5 cells suggeJng SafK^SS 

wrth LIteffn rS^T '^ "SS^?^ *^"'"9^ S«- ^«^ observations con^S 
SS PP1 and hTnTK f^" RA-nduced neuronai«Jifferantiation of LANS cells by 
th^pf- f high level expression of Csk.-The conclusion tom these studies is 
fmlii^™"*^ "^"'■°"^' «emtiation of NB cells as well as activllofof Rho 
smajl^ases appeas to mediated through Src tyrosine kinase, 

rteracflons between «ie androgen receptor (AR) and PTEN slo- 

VA ME?2 n^T^ o ^^"9- ^'^ ^3'=° Marcelli. Ba^ College of Medicine/ 

Intnxluction The mechanism leading to androgen-independent prostate cancer 

EfrAlf^"""- ""^^ P"'^*^*« ""^"^ «^ associSeSS OSS ?f ™ 
This tumor suppressor gene works by aitagonising the PI3K pathway to Induce 
apoptosis and growth an^. In the prostate, AR is believed to wo* bv arSS 

niang apoptosis and inducing cell proliferation. BecauseS SrSote^^^ 
SntSnlfiih" T^'''' 'P"!?"""^' ^ •''^y'^^y^ previously Krlownfo antagonize each ottier, we performed a number of experiments uslno FTEN 
^itive (+) or negative (-) prostate caicer .cell lines to Si chaSterizTle 
degree of AR-PTEN interaction. Methods PTEN (-) LNGaP aid f^E^W WPC4 
prolate cancer cells were used. Both these cell Ines are androgerweoStor «» 
in?S^5Ll°* treated with or«rtthout 2 nM dihydroteSronS wi 

SSDNAtSto'tKlR?°"'H°tS'*"T^'~**^ Ddx cuNA iinKea to me w-dependent aid prostate sweifir ABRSOR n,.^„,„*„ 
and adenoviars CMV-PTEN. which c«,tainsTTON ISS^^nKhe gSS 
the CMV promot^. At the end of the experiments cells were matai "of «S 

Sf ST f ^ 5" "^'^ °' ^ ^^''S*'""* DHT-stlmulated^omSTand PS 
^ ^.ndex of ai^dwnous DHT-stimulated promoter). ReAts In LNcTp ^te 

re^xpression of PTEN was associated with decreased expreSion of tottfSp 

signaling pathway. This effect is not cdl line or promoter depSrt % PTCN^ 

Imr^l^^mS.^fZ^e'^"'^' activa«on pf AR signaling ani 

fSft^H «^"'^'i°L'** ™''""'*"^*^ *anscripti6n By AKT and MAPK is 
Sev^ElliXTI, ufj^^"* of P160 cdacflvrtors. BIch N Swng 
S ^     I    ■ "'* ****• Barisara Beckrnan, Jawed Alam, John McLachlan 
S,!L "™1' *?^^"^'Tarfg. Tuiane Unimfsity,mw'Om,i^f^^^ 

bo"S?5,?sS?JSSS?K5t'^''?^°S15^'S*^ ™^? ♦   Pnosphory atidrrarth-rreceptor SiB^StivatloU of recebtbr interSbtlon  

S   ;f ^^*^ signaling cascades on.t(ie.t^ulaHon of estrogen receoto^c- 

I       p^MW<l),cai greatly potentiate both ERa aid ,ERb actlvltv Our resuK 

boft ERa anTLf^li^ -^ Of coacftvators In regulation of AF-2 functions of 
Ifpf^lSEIIIF 2%S=y'ilf *? possible involvernent of SRC-1 and 
wlZS.^ anafHb'-^-2 crosstalk by using the fnanmalian two hytwid system 
llP tS fi^Sh^i'lf!?""*'^'* that AKT can increase recniitment IIKfS 
S» It -^r^"^^*™"'** "*«K1 can enhance GRIPrecmitment to the 
S?i ^ i- '" !m™^these data suggest a novel mechanism ly whteh 
IGF-1 artivaton of the ACT and MKK1 signaling cascades 6an requlL ERb 
activity through affecfing p160 coactivator r^milient to th2 J-L Smain. 

#2514 Inhibition of human pancreattc cancer cell growth and mitoasnie 
^gnrtrng by insulin receptor substrate-1 pleokstrin "S,tegy doSnL 
M^^°£r™"'l-."^"°'f Fackler. Pieriuici Di Sebastiaio, Murrly Korrind 
rfZH^^i- ""'T'^^o^t^"". Uim. Germany. Uniyersit^of Cmo^irvl^ 
CA and ne Rayne institute University College, Lonaon UK: 

faSr frFTKH •^""f'^'^'M"^-''* "^^^ mitogenic'insulin-like growth 
faotor.(IGF-l) and insulin signaling. Insulin.-IGF-I and its cell surface tvroS 

5n?lrs^fS'^'*"'"f°?'P''^=«''^t"9'^'«^*"-"^hu^^^^^^^ 
cancers We have previously demonstrated that IRS-I is present at high Iev3s In 
pancreatic cancer cells. The aim of this study was to IwesSSafe tS SS 
inhibition of IRS-1 signaling on cell growth and activati~S^en.artSi 
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We have developed a model system of human fibrosarcoma cell lines that do or do not possess and express 
an oncogenic mutant allele of N-ros. HT1080 cells contain an endogenous mutant allele of N-ms, whereas the 
derivative MCH603 cell line contains only vrtld-type N-ras. In an earlier study (S. Gupta et al., Mol. Cell. Biol. 
20:9294-9306,2000), we had shown that HT1080 cells produce rapidly growing, aggressive tumors in athymic 
nude mice, whereas MCH603 cells produced more slowly growing tumors and was termed weakly tumorigenlc. 
An extensive analysis of the Ras signaling pathways (Raf, Racl, and RhoA) provided evidence for a potential 
novel pathway that was critical for the aggressive tumorigenlc phenotype and could be activated by elevated 
levels of constitutively active MEK. In this study we examined the role of phosphoinositide 3-ldnase (PI 
3-kinase) In the regulation of the transformed and aggressive tumorigenlc phenotypes expressed in HT1080 
cells. Both HT1080 (mutant N-ras) and MCH603 (wlld-type N-ros) have similar levels of constitutively active 
Akt, a downstream target of activated PI 3-kinase, We find that both cell lines constitutively express platelet- 
derived growth factor (PDGF) and PDGF receptors. Transfectlon with tumor suppressor FTEN cDNA Into 
HT1080 and constitutively active PI 3-kinas6-CAAX cDNA into MCH603 cells, respectively, resulted in several 
interesting and novel observations. Activation of the PI 3.kinase/Akt pathway. Including NF-KB, is not required 
for the aggressive tumorigenlc phenotype in HT1080 cells. Activation of NF-KB Is complex: in MCH603 cells 
it is mediated by Akt, whereas in HT1080 cells activation also Involves other pathway(s) that are activated by 
mutant Ras. A threshold level of activation of PI 3-kInase Is required In MCH603 cells before stlmulatoiy cross 
talk to the RhoA, Racl, and Raf pathways occurs, without a corresponding activation of Ras. The increased 
levels of activation seen were similar to those observed In HT1080 cells, except for Raf and MEK, which were 
more active than HT1080 levels. This cross talk results in conversion to the aggressive tumorigenlc phenotype. 
This latter observation is consistent with our previous observation that overstlmulation of the activity of 
endogenous members of Ras signaling pathways, activated MEK In particular, is a prerequisite for aggressive 
tumorigenlc grovrth. 

Members of the Ras superfamiiy are small GTP-binding 
proteins that function as activating transducers of signaling 
pathways, whose members are commonly kinases or transcrip- 
tion factors (3, 5). Three members of this family, namely, 
H-ras, Krras, and N-ras, have been implicated in human can- 
cers. Mutations in ras alleles have been found in more than 
30% of human cancers. The mutations invariably result in 
chronic GTP binding to the Ras molecule and its consequent 
chronic activation. This state results in constitutive activation 
of Ras-dependent signaUng pathways. Among these are the 
Raf, Racl, RhoA, and phosphoinositide (PI) 3-kinase signal 
transduction c^cades (29). These pathways have been shown 
to regulate mitogenesis signals, motility and invasiveness, actin 
cytoskeletal architecture, and cell survival, respectively (10,21, 
38, 39). Derangement of the normal regulation of these cellu- 
lar processes, as occurs when mutant Ras proteins are ex- 
pressed, is deleterious for the normal behavior of the cells in 
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question and contributes to the progression to a cancerous 
state. 

A variety of ejqjerimental procedures, usually utilizing ro- 
dent cells, have shown that downstream members of each of 
the signaling pathways identified above, when mutated, fimc- 
tion as transforming oncogenes (23). Among these genes are 
PI 3-kinase and its downstream target Akt, also known as 
protein kinase B (2, 41). PI 3-kinase activates Akt, a serine 
threonine kinase (25), which in turn phosphorylates a number 
of substrates, including Bad, caspase 9, Forkhead transcription 
factors, and IKKa (6, 9,13, 33). Phosphorylation of Bad, pro- 
caspase 9, and Forkhead transcription factors inactivates these 
proapoptotic molecules, whereas phosphorylation of IKKa ac- 
tivates this kinase, leading eventually to activation of the anti- 
apoptotic NF-KB transcription factor. Each of these substrates 
is implicated in cell survival. One of the major cell survival 
factors is NF-KB, whose activation status is dependent upon 
binding to the IKB protein. The IKB protein complexes with 
NF-KB and sequesters it in the cytoplasm, thereby preventing 
it from entering the nucleus. Degradation of IKB, following 
phosphorylation by IKK, releases NF-KB, which then enters 
the nucleus and activates its target genes (22, 40, 48). Activa- 
tion of NF-KB is associated with increased cell survival and cell 
proliferation (4, 49, 50). One proposed mechanism for the 
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activation of IKK is phosphorylation mediated by Akt (33,42). 
However, other mechanisms also exist that do not involve the 
degradation of IKB (27, 44). 

In addition to being activated by Ras-GTP, PI 3-kinase may 
also be activated directly by contact with activated growth 
factor receptors, including platelet-derived growth factor 
(PDGF) (20, 46). Dysregulated PI 3-kinase activity is likely to 
play an important role in cancer progression. One indication of 
this has been the identification of the PTEN tumor suppressor 
gene (26, 45). PTEN is a common target of inactivating muta- 
tions in a variety of sporadic human cancers. In addition, germ 
line mutations in the PTEN gene are associated with Cowden's 
disease, an inherited hamartoma syndrome that includes an 
elevated risk of breast and thyroid cancers (31). The PTEN 
protein fimctions as both a protein and a lipid phosphatase. It 
is the lipid phosphatase activity that is critical for its tumor- 
suppressing function (30). PTEN lipid phosphatase catalyzes 
the dephosphoiylation of the 3 position of PI 3,4,5-triphos- 
phate (PIP3) and PI 3,4,-biphosphate (PIP2), both of which are 
the lipid byproducts of the lipid kinase activity of PI 3-kinase. 
The Akt molecule binds to PIP3 via its pleckstrin homolo^ 
(PH) domain. In this complex with PIPS, Akt is then phos- 
phorylated and activated by the Pl-dependent kinase, PDK-1 
(1, 8). Thus, normal cells integrate the activities of PI 3-kinase 
and PTEN to facilitate homeostasis with respect to PI 3-ki- 
nase-mediated signal transduction and cell cycle control. Over- 
activation of PI 3-kinase or loss of PTEN function is Hkely to 
cause dysregulation of this finely balanced control. An illustra- 
tion of this is that expression of wild-type PTEN transfected 
into PTEN-null cancer cells results in induction of Gl arrest 
and/or apoptosis (12,16). Conversely, this arrest can be over- 
ridden by a constitutively active form of Akt (52, 55). 

We have developed an experimental model system compris- 
ing the human fibrosarcoma cell line HT1080, which possesses 
one mutant N-ras allele, and its derivative, MCH603, which has 
deleted the mutant allele and possesses only wild-type N-ras 
(35). Examination of these cells has shown that HT1080 has a 
typical transformed phenotype in culture, including disorga- 
nized actin stress fibers and the ability to grow in soft agar, plus 
an aggressive tumorigenic phenotype in vivo in immunodefi- 
cient mice. By contrast, MCH603 cells have "reversed" their 
transformed phenotype; they have restored a well-organized 
actin stress fiber distribution in the cytoplasm and are no 
longer able to grow in soft agar. When implanted into immu- 
nodeficient mice they continue to form tumors but with much 
slower kinetics. We have described these cells as having a weak 
tumorigenic phenotype (35). 

When we examined the activation of a number of Ras sig- 
naling pathways, namely, the Raf, Racl, and RhoA pathways, 
we found that all members were constitutively active in 
HT1080 but had basal activity in MCH603 cells (36). However, 
we noted that Akt was constitutively active in both cell lines. 
Since this was not due to oncogenic Ras expression in 
MCH603 cells, we looked for another explanation. In this 
study we found that both cell lines constitutively synthesize and 
secrete PDGF and contain cell surface PDGF receptor 
(PDGFR). Thus, this provides a mechanism for constitutive 
activation of PI 3-kinase, resulting in the activation of Akt. 

Although HT1080 and MCH603 cells have different trans- 
formed and tumorigenic phenotypes and yet both have consti- 

tutively active Akt, it is formally possible that there may be 
quantitative and qualitative differences in the activation of PI 
3-kinase and/or Akt and their downstream substrates in the 
two cell lines that play a role in the expression of these phe- 
notypes. In order to determine this, we have modulated the 
activation of PI 3-kinase and Akt by stable transfection of 
HT1080 and MCH603 cells with PTEN and an activated mu- 
tant of PI 3-kinase (hereafter termed PI3K^"), respectively. 
Examination of the biochemical and biological properties of 
the parental and transfectant cells has revealed several unex- 
pected and novel findmgs with respect to both signal transduc- 
tion pathways and biological behavior. 

MATERIALS AND METHODS 

Molecular constructs. The expression plasmids used in this study were 
as follows; PBK'^-pCMVChygjPllOCAAXS'myc is derived from pSGSPUO 
CAAXS'myc (51) and encodes the catalytic domain of PI 3-kinase. The consti- 
tutively active protein product, PI3K"", is permanently plasma membrane asso- 
ciated. The construct pCDNA3PTEN(wt) (Neo) encodes a full-length wild-type 
PTEN cDNA (52), whose expression is driven from a heterologous cytomegalo- 
virus promoter. 

Cell culture and stable transfection. The HT1080 cell line has one mutant and 
one wild-type N-ras allele (28,35). MCH603 is a variant of HTIOSO and contains 
only wild-type N-raj (35). The ceU lines were maintained m Dulbecco minimal 
essential medium (DMEM) supplemented with 10% fetal calf serum (PCS; Life 
Technologies). The HTIOSO and MCH603 cell lines were transfected with the 
PTEN(wt) and PBK"' plasmids, respectively. Clones from each transfection 
were selected and maintained in medium containing the relevant selective anti- 
biotic (either 800 ^.g of Geneticin [Gibco-BRL] or 36 U of hygromycin B 
[Calbiochem] per ml for the HTIOSO and MCH603 transfectants, respectively). 
Subconfluent (70%) 100-mm dishes of MCH603 cells or HTIOSO ceUs were 
transfected with 5 (ig of linearized DNA or vector control DNA, usmg 30 (U of 
Lipofectin (Gibco-BRL) in Optimem medium (Gibco-BRL). 

Growth In soft agar. Logarithmically growing cells (10* or 10*) were plated in 
single-cell suspension in a 0.3% top agar overlay in DMEM supplemented with 
10% PCS, above a 0.5% bottom agar layer (in DMEM-10% PCS) in eO-mm 
dishes as previously described (35). Plates were fed periodically with 1 ml of 
DMEM-10% PCS. Colonies (>0.1 mm) were inspected under the inicroscope 
and counted after 3 weeks, 

Actin cytoskeleton staining and morpholo^. Cells grown on glass slides 
(Nunc) were washed with phosphate-buffered saline (PBS) and fixed with 3.7% 
paraformaldehyde in PBS for 10 min. After a wash with PBS, cells were perme- 
abilized with PBS containing 0.1% Triton X-100 for 5 min. The slides were then 
washed, and the actin stress fibers were visualized by staining the cells with 
fluorescein-conjugated phalloidin (0.005 U/|A1; Molecular Probes) for 20 min at 
room temperature and mounted in ProLong Pade antifade (Molecular Probes). 

Immunoblot analyses. Subconfluent cells were serum starved for 18 h, and the 
cells were then lysed in lysis buffer comprised of 1% sodium dodeqrl sulfate 
(SDS) in 20 mM Tris (pH 7.4), 1 mM CaQj, 1 mM phenylmethylsulfonyl 
fluoride, and 0.2 mM sodium orthovanadate. Total cell lysates, each containing 
60 |ig of protein, were electrophoresed by SDS-7.5% polyacrylamide gel elec- 
trophoresis (PAGE) and transferred to Immobilon-P membranes (Millipore). 
The membranes were then probed with the relevant antibodies. These included 
PDGFR-B and PDGFR-|J (Santa Cruz Biotechnology), AkI/PKB, Phospho-Akt/ 
PKB (Ser473), total Bad, Phospho-Bad, total IKBH, and Phospho-lKBa (New 
England Biolabs), Following incubation with horseradish peroxidase-conjugated 
secondary antibody, boirad proteins were detected by mcubation with a chemi- 
luminescent detection system (Pierce) as previously described (7). In order to 
test for secreted PDGF in the conditioned medium, subconfluent HTIOSO and 
MCH603 cells were exposed to serum-free medium for 18 h. The conditioned 
medium was then concentrated in the Centricon (Millipore) apparatus, followed 
by PAGE under reducing or nom^ucing conditions and immunoblotting, using 
PDGF-A (E-10) and PDGF-B (P-20) antibodies (Santa Cruz Biotechnolo^). 

Activated Ras, Racl, and RhoA assays. Subconfluent cells were serum starved 
for 18 h and then lysed with 1 X Mg^"*" lysis buffer (Ras and Rac Activation Assay 
Kits; Upstate Biotechnology). Each cell lysate (500 jig) was affinity precipitated 
with 10 (1.1 of Raf-1 RBD, PAK-1 PBD agarose, or glutathione S-transferase 
(GST)-C21^epharose conjugate (43) at 4°C overnight for the Ras, Rac-Cdc42, 
or RhoA activation assays, respectively. The beads were collected, washed, and 
resuspended in 6x Laemmh sample buffer. Western blot analysis was performed 
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as described elsewhere (7), using 1 (ig of mouse monoclonal anti-Ras, anti-Racl 
(Upstate Biotechnolo^), and anti-RhoA (Santa Cruz Biotechnology) antibodies 
per ml. Horseradish peroxidase-conjugated anti-mouse iraraunoglobulin G (San- 
ta Cruz Biotechnology) was used as the secondary antibody. A chemilumines- 
cence detection system (Pierce) was used for detection of the relevant proteins. 
To determine the total Ras, Racl, or RhoA levels, immunoblots were performed 
using N-Ras(F155), Racl(C-14), or RhoA(26C4) antibodies (Santa Cruz Bio- 
technolo^) that recognize total protein. 

Kinase assays. MEK, ERK, JNK, and Akt kinase assays were performed 
according to the manufacturer's protocols (New England Biolabs), using sub- 
confluent cultures that had been serum starved (0.25% FCS) for 18 h, and have 
been described elsewhere (18). Briefly, cells were washed twice with PBS, 
scraped into 500 ixl of lysis buffer, and incubated on ice for M min. After 
centrifugation at 14,000 X g for 20 min, the supematants were incubated with the 
relevant antibodies. The resulting immunoprecipitates were employed in kinase 
assays. The activated MEK assay was carried out by incubating nnmunoprecipi- 
tated phospho-MEK with ERK protein and cold ATP (New England Biolabs 
MEKl/2Banase Assay Kit). The activated ERK assay was carried out by incu- 
batmg unmunoprecipitated phospho-ERK with Elk-1 fusion protein and cold 
ATP (New England Biolabs p44/p42 ERK Assay Kit). The JNK assays were 
carried out by incubating the JNK-c-Jun fiision protein complex with cold ATP 
(New England Biolabs JNK/SAPK Assay Kit). The Akt-P assay was carried out 
by mcubating the immunoprecipitated total Akt with GSK3 protein and cold 
ATP (New England Biolabs Akt Assay Kit). For MEK, ERK, and JNK assays, 
the relevant gel was transferred onto an Immobilon membrane, and Western blot 
analysis was performed. The blots were performed using phospho-ERK (Thr202/ 
Tyr204) monoclonal antibody for the MEK assay, phospho-Elk-1 (Ser383) poly- 
clonal antibody for the ERK assay, phospho-c-Jun (Ser63) polyclonal antibody 
for the JNK assay, and phospho-GSK3 o/p (Ser219) rabbit polyclonal antibody 
tor the Akt assay. The Raf-1 assay was performed as described by Graham et al. 
(17). For the Raf-1 assay, the -y-'^P-labeled mitogen-activated protein (MAP) 
Kinase (ERK) proteins in the gel were visualized by autoradiography. To deter- 
mine the total Raf, MEK, ERK, JNK, and Akt levels, immunoblots were per- 
formed using the respective antibodies that recognize total protein. 

Elk-1 and NF-KB ludferase reporter assays. To measure Elfc-1 activation, a 
dual luciferase reporter assay kit (Promega) was used as previously described 
(18). For NF-KB assays, approximately 2 X 10* parental HTIOSO and MCH603 
cells and the MCH603/PI3K''' or HT1080/PTEN stable transfectant cells were 
cotransfected in six-well plates with the pUC13-based d56FosdE-luc plasmid 
(measures basal expression but is not Ras responsive) and the NF-KB reporter, 
(HIV-kB)3-luc (54). The latter plasmid has three tandem copies of the two 
adjacent NF-KB sites from the human immunodeficiency vhus enhancer (six total 
tandem NF-KB sites) inserted just upstream of the minimal Fos promoter 
present m A56FosdE-l«c. The Effectene kit (Qiagen) was used for these transient 
transfections. Following transfection, the cells were kept in serum-starved me- 
dium for 24 h. Tumor necrosis factor alpha (TNF-o; 10 ng/ml) was then added 
to the culture medium, and both treated and untreated control cultures were 
incubated for a farther 4-h period. The luciferase activity of each sample was 
measured with the dual luciferase assay kit (Promega) and normalized with an 
internal control Renilla luciferase. 

Tumorigenklty assays. Cells were trypsinized and resuspended in 0.2 ml of 
DMEM, and then 10' cells were injected subcutaneously mto the flanks of 4- to 
6-week-old nude athymic mice. Tumors were measured in three dimensions with 
linear calipers at weekly intervals. 

RESULTS 

We have shown previously that HTIOSO (mutant N-ras) cells 
have constitutively active Raf-dependent (Ra^MEK/ERK/Elk- 
1), Racl (Racl/Cdc42/JNK), and RhoA signaling pathways 
(18). Conversely, MCHM3 (wild-type N-ray) cells have basal 
levels of activity of these signal transduction proteins (18). 
Interestingly, both HT1080 and MCH603 cells have significant 
levels of constitutively active Akt. The fact that MCH603 does 
not possess a mutant rm allele and yet has constitutively active 
levels of Akt, approxunating those found in HTIOSO cells, 
Infers an alternative mechanism of chronic activation. 

HTIOSO and MCH603 constitutively secrete PDGF. Concen- 
trated conditioned media and cell lysates from both HTIOSO 
and MCH603 serum-starved cell cultures were electropho- 
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FIG. 1. Western blot analysis performed on HTIOSO and MCH603 
cell lysates or their respective conditioned media to determine the 
levels of secreted PDGF-A and PDGF-B (A) or surface membrane- 
bound PDGFR-ct and PDGFR-|J (B). HT, HTIOSO; 603, MCH603; 
CM, conditioned meditmi. 

resed and immunoblotted with antibodies to PDGF-A and 
PDGF-B. Both forms of PDGF were expressed at similar levels 
by both cell types. However, whereas PDGF-A is secreted into 
the medium, PDGF-B remains associated with the cells (Fig. 1 A). 
Anatyses of PDGF dimers under nonreducing conditions indi- 
cated that the predominant secreted form is PDGF-AA (data not 
shown). Immunoblotting of cell lysates showed that both the a 
and p forms of the PDGFR are expressed (Fig. IB). Constitu- 
tive secretion of PDGF-A and subsequent binding to and ac- 
tivation of its cognate receptor is, therefore, the probable mech- 
anism for downstream activation of PI 3-kinase and Akt. It is 
known that the catatytic subunit of PI 3-kinase associates with, 
and is activated by, the autophosphOrylated PDGFR (20,34,46). 

Modulation of PI 3-ldnase and Akt/PKB activity. (1) HTIOSO 
cells. We wished to downregulate constitutive activity of PI 
3-kinase and/or Akt in HTIOSO cells. Initially, we attempted 
downregulation of PI 3-kinase activity via stable transfection 
with PI 3-kinase dominant-negative cDNAs. Unfortunately, 
none of the constructs tested (24) had the desired effect (data 
not shown). Thus, we resorted to expressing the tumor sup- 
pressor protein PTBN in these celb. PTEN is a dual-specificity 
phosphatase that catalyzes the dephosphorylation of PIP3, 
thereby inhibiting the activation of Akt (30). As shown in Fig. 
2A, severalfold-higher levels of expression of PTEN were ob- 
served in the HT1080/FTEN stable transfectants, compared to 
parental HTIOSO cells. Correspondingly, there was a decUne in 
the level of expression of activated phospho-Akt. This decHne 
in activity was confirmed in Akt assays (Fig. 3A). 

(ii) MCH603 cells. Although these cells already express sig- 
nificant levels of constitutively active Akt, and presumably PI 
3-kinase, we wanted to elevate the activity levels even farther 
in order to determine if this may have an effect on in vitro 
transformed phenotypic traits and in vivo tumorigenicity. To 
accomplish this, MCH603 cells were stably transfected with a 
constitutively activated PI 3-kinase-CAAX expression vector 
(PISK"") that contains a myc epitope tag. As shown in Fig. 2B, 
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no. 2. Western blot analysis of the ceU lysates from HT1080/PTEN transfectants (A) and MCH603/PI3K^' transfectants (B) to determine the 
levels of PTEN (A), myc-tagged PI 3-kinase (B), phospho-Akt, and total Akt. Three independent HT1080/PTEN and MCH«)3/PI3K"=* clones were 
analyzed. The fold level of the individual proteins (PTEN and phospho-Akt) is relative to 1.0 for HT1080 control cells. HT, HT1080; 603, MCH603. 

the transfectants express high levels of the myc epitope tag and, 
correspondingly, higher levels of activated Akt. 

Effects on other Ras-dependent signaling pathways, (i) 
HT1080/PTEN cells. The lipid phosphatase activity of PmN 

dephosphorylates phosphoinositides and would be expected to 
have inhibitory effects on PI 3-kinase-mediated activation of 
RhoA-, Racl-, and Raf-dependent signaling pathways. The 
protein phosphatase acivity of this dual-speciflcily phosphatase 
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using anti-Ras (A), anti-Rac (B), and anti-Rho (C) antibodies, respectively, in a Western immunoblot. Immunobiot analysis of total cell lysates 
identified the levels of total protein. 

may also have PIP3-iodependent effects on signal transduction. 
In the case of the HT1080/PTEN transfectants, however, levels 
of constitutively active RhoA, Racl, and INK and members of 
the Raf-dependent pathway (Ra^MEK/ERK/Elk-1) remained 
high, approximating the levels found in parental HT1080 cells 
(Fig. 3A and 4). These levels of constitutive activity are pre- 
sumably mediated by the mutant N-Ras protein (see Fig. 3A) 
in a PI 3-kinase-independent manner. 

(ii) MCH603/PI3K"" cells. Clear evidence of activation of 
multiple signaling pathways was found in these cells (Fig. 3B 
and 4). Persistent activation of RhoA, Racl, and INK and 
members of the Raf-dependent pathway (Ra^MEK/ERK/ 
Elk-1) were observed. However, no activation of Ras was seen 
(Fig. 4A). Thus, the activation of these pathways was indepen- 
dent of Ras activation and was due either to direct signaling 
from activated PI 3-kinase or via cross talk between members 
of the distinct pathways. Quantitation of the levels of activity of 
the various members of the signaling pathways examined re- 
vealed approximately twofold-higher levels of Akt activity in 
the transfectants, as expected. Levels of activated RhoA and 
Racl approximated that seen in HT1080 cells. A modest but 
reproducible increase in levels of activated Raf-1 (approxi- 
mately 1.5-fold) and MEK (1.5- to 1.8-fold) over that seen in 
HT1080 was observed. The levels of activated ERK and Elk-1 
were approximately the same as seen in the HT1080 cells. All 
levels of constitutive activity were markedly higher than those 
found in the parental MCH603 cells. 

Effects on NF-KB activation. Akt activation, either mediated 
by PI 3-kinase or other signal transduction pathways, has been 
shown to be an antiapoptotic survival factor via activation of 
NF-KB and/or Bad (2, 27,42). This property may well contrib- 
ute to the tumor-forming properties of cancer cells. Thus, we 
wished to determine if activation or downregulation of the 
activities of these factors affected the tumorigenic phenotypes 
of HT1080 and MCH603 cells. Akt activation has been re- 
ported to activate NF-KB via IKB degradation (33, 42), al- 
though other mechanisms of activation have been reported 
(27, 44). In our studies we examined the status of IKB-K and 
NF-KB in the parental and transfectant cells. 

(i) IKB-U phosphoiylation. Degradation of IKB subunits is 
faciUtated by their phosphoiylation by IKK (22, 40, 48). Thus, 
the level of phosphoiylated iKB-ot, relative to the levels of total 
IKB-W protein, is indicative of the degradative process. In Fig. 
5 A we see that HT1080 and MCH603 have comparable levels 
of phospho-lKB-a relative to the total IKB protein levels. In 
contrast, the HT1080/PTEN transfectants clones have reduced 
levels of phospho-lKB-ot. Interestingly, the levels of total IKB-K 

protein increased in these transfectants. Presumably, this is 
due to the increased stability of the unphosphorylated IKB-U. 

Thus, lowered Akt activity, mediated by the FTEN lipid phos- 
phatase, results in decreased degradation of IKB-K. 

The MCH603/PI3K"" transfectants exhibit the opposite 
characteristics. Increased levels of phospho-lKB-a were seen 
(Fig. 5B) with correspondingly greatly reduced levels of total 
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FIG. 5. Western blot analysis performed on HT1080/PTEN transfectants (A) and MCH603/PI3K"" (B) transfectants to determine the levels 
of phospho-IkB and total IkB in these cells. 
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FIG. 6. In vitro luciferase reporter assays were perfonned to de- 
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ment. Normal HDFs were used as a control for basal level activity. The 
NF-KB luciferase reporter activities are presented as the average fold 
activation. HT, HT1080; 603, MCH603. 

IKB-K protein. This is consistent with the increased levels of 
constitutive Akt activity in these transfectants (Fig. IB) and is 
indicative of an increased rate of degradation of IKB-U protein, 
presumably resulting in a release of iKB-bound NF-KB. 

(li) NF-KB activation. The levels of NF-KB activity in the 
parental and transfectant cells were assayed, using an NF-KB 

reporter assay (54). The relative fold activity was determined 
using an internal control, the A56FosdE-luc expression vector. 

Consistent with their essentially equal levels of constitutive 
Akt activity, HT1080 and MCH603 cells had approximately the 
same fold NF-KB activities. In the HT1080/PTEN transfectants 
the level of activated NF-KB decreased but did not decline to 
the level seen in normal human diploid fibroblast (HDF) cells 
(Fig. 6A). Since the RhoA, Racl, and Raf signaling pathways 
remain constitutively active in BTriOSO cells, we interpret this 
to indicate that activation of NF-KB occurs via Akt-dependent 
and -independent pathways in these cells. In an attempt to 
clarify this further, we treated the various cell lines with TNF- 
a, a cytokine that stimulates NF-KB activation via multiple 
pathways (15, 22). Both HT1080 and HT1080/FTEN NF-KB 

activity levels were elevated by TNF-a, whereas the level of 
NF-KB activity in MCH603 cells was unaffected by TNF-a (Fig. 
6B). However, the level of NF-KB activity in the MCH603/ 
PISK"" transfectants was substantially increased in the pres- 
ence of TNF-a (Fig. 6B). It should be noted here that the 
MCH603/PI3K'"" cells possess constitutively active RhoA, 
Racl, and Raf pathways but not constitutively active Ras (Fig. 
3 and 4). Taken together, these data suggest that NF-KB acti- 
vation in MCH603 cells is Akt dependent, whereas in HT1080 
and MCH603/PI3K'"* cells activation is mediated by both Akt- 
dependent and independent pathways. 

Effects on Bad. Another mechanism whereby activated Akt 
may function as a survival factor is by phosphorylating the 
proapoptotic protein Bad, thereby inactivating it and inhibit- 
ing the Bad-mediated apoptotic pathway (13). This is, indeed, 
what was observed: the levels of phosphorylated Bad de- 
creased in the HT1080/PTEN transfectants and increased in 
the MCH603/PI3K''" transfectante, relative to then- respective 
parental celb (Fig. 7). 

Biological effects of modulating PI 3-kinase and Akt activity. 
Activation of PI 3-kinase has been shown to have dramatic 
effects on the biological behavior of cells, including the trans- 
formation of rodent cells (24). We therefore examined a num- 
ber of phenotypic traits expressed in culture that are associated 
with neoplastic transformation, plus tumorigenic growth in vivo. 

(i) Actin stress libers. We had earlier shown (18), as is il- 
lustrated in Fig. 8A and B, that HT1080 cells have disorganized 
actin, whereas MCH603 cells have restored an extensive cy- 
toskeleton of actin stress fibers. There was no restoration of 
actin stress fibers in the HT1080/PTBN transfectants (Fig. 8C). 
Thus, it appears that phosphoinositide-mediated activation of 
the Akt pathway is not the determining factor with respect to 
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FIG. 7. Western blot analysis performed on HT1080/PTEN transfectants (A) and eOS/PISK"" transfectants (B) to determine the level of 
Phospho-Bad and total Bad in these cells relative to the levels in the parental HT1080 and MCH603 cells. 



5852        GUPTA ET AL. MoL. CELL. BIOL. 

HTiCBO ms 

m/rmi «»3^I3K'« 

FIG. 8. Actin stress iber organization in HT1080, MCH603, 
HT1080/PTEN, and MCH603/PI3K"' cells. The cells were stained 
with fluorescein-conjugated phalloidin. Magnification, X160. 

regulation of actin stress fiber formation. However, as seen in 
Fig. 8D, increased activation of Akt in the MCH603/PI3K="=' 
transfectants is associated with a dramatic loss of actin stress 
fibers. It should be noted that these cells have also constitu- 
tively activated RhoA, Racl, and RafMEK/ERK/Elk-1 signal- 
ing pathways (Fig. 3 and 4) and, therefore, more closely re- 
semble HT1080 cells in this regard. 

(ii) Anchorage-Independent growth. Our earlier studies had 
shown that HT1080 cells grow well in soft agar, whereas 
MCH603 cells are incapable of forming colonies in this me- 
dium (18). Downregulation of constitutive Akt activity in the 
HT1080/PTBN transfectants had no effect on this ability to 
form colonies in soft agar (Fig. 9), whereas MCH603/PI3K*" 
transfectants had a partially restored ability to grow. Colonies 
were able to form when cells were plated at high density (lO" 
cells per dish) but not when plated at low density (10* cells per 
dish). The HT1080 cells form colonies at both plating densities. 
It should again be noted that the expression of FDK"" in the 

transfectants activates the RhoA, Racl, and RaflMEKJEKKI 
Elk-1 signahng pathways (Fig. 3 and 4). These same pathways 
remain constitutively active in the HT1080/PTEN transfec- 
tants. Thus, the partial r^toration of anchorage-independent 
growth is not dependent on the constitutive activity of Akt per 
se but is associated with activation of other Ras-associated 
signaling pathways. 

(Hi) Tumor formation. HT1080 and MCH603 cells both 
form tumors in immune-deficient mice. However, the kinetics 
of tumor formation differ dramatically. HT1080 cells form 
aggressively growing tumors that reach a large size within 3 
weeks, whereas MCH603 cells form tumors much more slowly. 
We have termed these phenotypes as aggressive and weak 
tumorigenic pheno^es, respectively (18, 35). Stable elevated 
levels of expression of the tumor suppressor protein PTEN in 
HT1080/PTEN transfectants had no effect on the a^ressive 
tumorigenic phenotype (Fig. lOA). Conversely, elevated levels 
of activated PI 3-kinase protein in the MCH603/PI3K'"=' trans- 
fectants resulted in a conversion fi'om a weak to an aggressive 
tumorigenic pheno^e, albeit not one as aggressive as that 
seen with HT1080 and HT1080/PTEN cells (Fig. lOB). As with 
the other biological phenotypes examined, the aggressive and 
weak tumorigenic phenotypes cannot be a direct consequence 
of PI 3-kinase or Akt activity. Thus, the antiapoptotic fiinction 
of NF-KB and inactivation of the proapoptotic factor. Bad, do 
not seem to influence the aggressive and weak tumorigenic 
phenotypes of HT1080 and MCH603, respfcctively. As dis- 
cussed in more detail below, the activation of MEK in the 
MCH603/PI3K'"* transfectants is a likely candidate for orches- 
trating the conversion from weak to aggressive tumor-forming 
ability. 

DISCUSSION 

We have developed an experimental model system that uti- 
lizes the HT1080 human fibrosarcoma cell Une, possessing a 
mutant N-raj allele, and its derivative, MCH603, in which the 
mutant N-ras allele has been deleted (35). In the HT1080 cells 
all Ras-dependent pathways examined, namety, the Raf, Racl, 
RhoA, and PI 3-kinase/Akt pathways, were constitutively ac- 
tive, presumably as a consequence of the permanent activated 
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Status of the mutant N-Ras protein (18). In contrast, the de- 
rivative MCH603 cells exhibit only basal levels of activity of 
these pathways, with the singular exception of Akt and p38 
MAP kinase. We show here that this is probably due to con- 
stitutive expression of PDGF and the activation of its cognate 
PDGFR. 

Elevated levels of expression of the lipid phosphatase PTEN 
protein in HT1080 cells resulted in a significant decrease in 
activity of Akt. This indicates that the constitutive activation of 
Akt is mediated via PI 3-kinase generated PIP3, rather than 
some other pathway, for example Ca^'^-calmoduUn-dependent 
protein kinase II (53). Although Akt activity was significantly 
decreased, the levels of constitutive activity of the RhoA-, 
Racl-, and Raf-dependent pathways remained high. Presum- 
ably, this is due to the continued stimulation by the endoge- 
nous mutant N-Ras protein, whose constitutive activity was 
unaffected by PTEN. 

It is interesting that elevated levels of expression of the 
PTEN protein did not affect the proliferation of the HT1080/ 
PTEN transfectants, since others have reported that overex- 
pression of PTEN induces Gj arrest and/or apoptosis (12,16). 
However, most of these studies employed transient-transfec- 
tion methodologies. Also, the cell lines examined were null for 
PTEN activity (37). Stable transfections of endogenous wild- 
type PTEN glioma cells with wild-type PTEN cDNA and its 
subsequent overexpression did not noticeably affect the prolif- 

eration of the cells in culture (16). We experienced a similar 
lack of effect on the growth of HT1080 cells, which are PTEN 
wild type (data not shown), even though the HT1080/PTEN 
transfectants express severalfold-higher levels of PTEN pro- 
tein than the endogenous levels of wild-type PTEN expressed 
in HT1080. However, the increased levels of PTEN protein did 
correspond with a decrease in Akt activity. This suggests that 
the physiological level of endogenous wild-type PTEN in both 
HT1080 and MCH603 cells did not influence the PIP3-medi- 
ated constitutive activation of Akt and farther suggests that a 
threshold level of PTEN protein is required for its inhibitory 
effect. 

Elevating the level of activity of PI 3-kinase in the MCH603/ 
PI3K*°* transfectants had dramatic effects on the constitutive 
activities of other putative Ras-dependent pathways examined. 
The RhoA-, Racl-, and Raf-dependent pathways were all ac- 
tivated, presumably in an activated PI 3-kinase-dependent 
fashion involving positive cross talk (47, 51). Interestingly, en- 
dogenous Ras was not activated. There has been some debate 
as to whether low or high levels of activated PI 3-kinase stim- 
ulate the activation of Ras (51). In these cells there is clearly no 
activation of endogenous Ras: thus, PI 3-kinase-mediated ac- 
tivation of these "Ras-dependent" pathways occurs down- 
stream of Ras. It is noteworthy that activation of members of 
the Raf pathway, in particular MEK, exceeded the levels seen 
in HT1080 celb even though Ras itself was not activated. 

The fact that MCH603 cells have significant levels of Akt 
activity, which is PI 3-kinase mediated, and yet do not exhibit 
activation of the RhoA-, Racl-, and Raf-dependent pathways, 
suggests that a threshold level of activation is required to 
initiate the cross talk activation of multiple pathways. Whether 
this reflects an on/off switch to the activated state, as posited by 
Ferrell (14), will require fiirther experimentation to determine. 

PI 3-kinase-mediated activation of Akt and its subsequent 
upregulation of the activity of the transcription factor, NF-KB, 

have been shown to be important modulators of antiapoptotic 
cell survival (33,42). Additionally, both Akt and PI 3-kinase, in 
their activated form, have been shown to have transforming 
activity in experimental rodent and avian cell systems (2, 11, 
24). 

Examination of NF-KB activity in the HT1080 and MCH603 
parental and HT1080/PTEN and MCHeOS/PDK"" transfec- 
tant cells revealed evidence of complex, multiple pathways of 
regulation. The complexity of NF-KB activation has been ad- 
dressed by many investigators. Activation may be effected by 
oncogenic Ras through Raf-dependent and Raf-independent 
MAP kinase signaling pathways (15,19,32). The Raf-indepen- 
dent pathway appears to signal via Rac and p38 or a closely 
related kinase. Raf-dependent activation also converges with 
Raf-independent activation at the level of p38 activation. Fur- 
thermore, activation may be effected by PI 3-kinase, either as 
a consequence of activation of PI 3-kinase by oncogenic Ras or 
independently of Ras (27, 44). 

In the case of the parental HT1080 and MCH603 cells, the 
basal levels of NF-KB activity were similar and significantly 
higher than those of normal HDFs. The fact that HT1080 and 
MCH603 cells have similar levels of constitutive activity of 
NF-KB under conditions of serum starvation is interesting, 
given that HT1080 has the capacity to stimulate activity via 
oncogenic Ras-dependent signaling, as well as PDGF-medi- 
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A. Factors that are constbuHvefy active in HT1080 
(mutant N-ras) 

Has. GDP     ^      Ras. GTP * 
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▼ /    + nt^,.        4.       MEK* Akt*     •     pAKt       Rhokuiaset , 
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(wild type N-ras) 
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NFKB* 

(Weak tumorigenic phenotype) 
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MCHm3/PI3K'»^ transfectants 

Ras. GDP 

NFKB*   ^'*p38f      ♦ 
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Elk-l4 
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FIG. 11. Summary of levels of constitutive activity of members of tlie PI 3-kinase, RhoA, Racl, and Raf signaling patliways and of the 
tumorigenic phenotypes in parental HT1080 and MCH603 oeUs and their respective transfectants, HT1080/PTEN and MCH603/PI3K"='. *, Pro- 
teins constitutively active in HT1080 or MCH603; | or f , decrease or increase, respectively, in the constitutive activity of individual factors tested 
in HT1080/PTEN and MCH603/PI3K°" relative to their respective parental cells; f f, activity higher than that seen in HT1080 cells; t, not tested. 

ated PI 3-kinase and Akt signaling, whereas MCH603 cells 
possess only the latter mechanism. This presumably reflects an 
upper threshold level of activity under this physiological con- 
dition. In both HT1080 and MCH603 cells, activation of 
NF-KB appears to be associated with, and presumably depen- 
dent upon, IKB degradation and the release of NF-KB seques- 
tered in the cytosol. The parental HT1080 and MCH603 cells, 
however, differ dramatically in their responsiveness to TNF-a 
stimulation of NF-KB activity. Whereas the activity in HT1080 
cells is amplified manyfold, the activity in MCH603 ceUs is 
unaltered, as is the case with HDP cells. Thus, it would seem 
that TNF-a stimulatory effects are mediated only through on- 
cogenic Ras or one or more downstream signaling partners, 
independently of PI 3-kinase-mediated Akt activation. 

Support for this notion is given by the fact that elevated 
PTEN expression in HT1080/PTEN transfectants reduces the 
level of constitutive NF-KB activity below that seen in 
MCH603 cells but not to the level seen in HDFs. This indicates 
that the constitutive activation of NF-KB in HT1080 is depen- 
dent on both PI 3-kinase/Akt and oncogenic Ras signahng. 
Also, overexpression of activated PI 3-kinase in MCH603/ 
PI3K'"* transfectants results in levels of constitutive NF-KB 

activity that are somewhat higher than those seen in MCH603 
or HTIOSO cells. In these cells exposure to TNF-ot does result 

in an amplification of NF-KB activity to levels approximating 
those seen in TNF-a-stimulated HT1080 cells. This result is 
consistent with the observation that the RhoA, Racl and Raf 
signaling pathways all become constitutively activated in these 
transfectants. It also indicates that Ras-GTP per se is not 
directly required for TNF-a-mediated stimulation. 

A major goal of this study was to determine whether con- 
stitutive activation of PI 3-kinase and Akt contributed to the 
aggressive tumorigenic phenotype of HT1080 flbrosarcoma 
ceUs. Our data, which are summarized in Fig. 11, clearly dem- 
onstrate that downregulation of this antiapoptotic survival 
pathway does not demonstrably affect the aggressive tumori- 
genic phenotype in HT1080/P1EN transfectants. The fact that 
the HT1080/PTEN transfectants retain the oncogenic Ras- 
dependent constitutive activation of the RhoA, Racl, and Raf 
signaling pathways seems the most likely mechanism for re- 
taining the aggressive tumorigenic phenotype. Consistent with 
this notion is the observation that overexpression of activated 
PI 3-kin^e in the MCH603/PI3K'"* transfectants results in 
constitutive activation of the RhoA-, Racl-, and Raf-depen- 
dent signahng pathways, accompanied by a conversion from 
the weak to the aggressive tumorigenic phenotype (Fig. 11). 

In earher studies we have shown that, in the absence of 
mutant N-Ras in the MCH603 cells, overexpression of acti- 
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vated MEK results in the conversion to an aggressive tumori- 
genic phenotype (18). Tliis overexpression, coupled with a lack 
of effect when activated Raf or Racl were expressed, led us to 
speculate that the overexpression of activated MEK in these 
cells stimulated the activation of a possibly novel pathway that 
is critical for the conversion to an aggressive tumorigenic 
phenotype. Consistent with this notion is the observation in 
this study that the levels of endogenous activated MEK in 
MCH603/PI3K"''' transfectants are higher than that seen in 
HT1080 cells. Thus, the same putative novel pathway may be 
activated in these cells. Further experimentation is required to 
test this hypothesis. 

The generality of the phenomena described here with re- 
spect to other human cancers and cell Unes must await farther 
examination. If a novel pathway is confirmed and found to be 
general for human cancers that express mutant Ras proteins, 
this may provide an important target for cancer therapy. 
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PTEN sensitizes prostate cancer cells to death receptor-mediated and 
drug-induced apoptosis through a FADD-dependent pathway 
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The PTEN tumor suppressor is frequently mutated in 
human tumors. Loss of PTEN function is associated with 
constitutive survival signaling through the phosphatidyli- 
nositol-3 Icinase/Akt pathway. Therefore, we aslied if 
reconstitution of PTEN function would lead to the 
reversal of resistance to apoptosis in prostate cancer 
cells. Adcnovirus-mediated expression of PTEN comple- 
tely suppressed constitutive Akt activation in LNCaP 
prostate cancer cells and enhanced apoptosis induced by 
a broad range of apoptotic stimuli. PTEN expression 
sensitized cells to death receptor-mediated apoptosis 
induced by tumor necrosis factor, anti-Fas antibody, 
and TRAIL. PTEN also sensitized cells to non-receptor 
mediated apoptosis induced by a kinase inhibitor 
staurosporine and chemotherapeutic agents mitoxantrone 
and etoposide. PTEN-mediated apoptosis was accom- 
panied by caspase-3 and caspase-8 activation and was 
inhibited by a broad specificity caspase inhibitor Z-VAD- 
fmk. Bcl-2 overexpression also blocked PTEN-mediated 
apoptosis. Lipid phosphatase activity of PTEN is 
required for apoptosis as the PTEN G129E mutant 
selectively deficient in lipid phosphatase activity was 
unable to sensitize celb to apoptosis. PTEN-mediated 
apoptosis involves a FADD-dependent pathway for both 
death receptor-mediated and drug-induced apoptosis as 
coexpression of a dominant negative FADD mutant 
blocked PTEN-mediated apoptosis. Since in death 
receptor signaling, FADD mediates activation of 
caspase-8, which in turn cleaves BID, and since 
caspase-8 is activated in PTEN-mediated apoptosis, we 
examined BID cleavage m PTEN-mediated apoptosis. 
PTEN facilitated BID cleavage after treatment vrith low 
doses of staurosporine and mitoxantrone. BID cleavage 
was inhibited by dominant negative FADD. Taken 
together, these data are consistent with the hypothesis 
that PTEN promotes drug-induced apoptosis by facil- 
itating caspase-8 activation and BID cleavage through a 
FADD-dependent pathway. 
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Introduction 

The PTEN tumor suppressor (also known as MMACl) 
is one of the most frequently mutated genes in human 
malignancies and is inactivated in a wide range of 
tumors, including melanoma and cancere of the brain, 
endometrium, and prostate (Li et al., 1997a; Steck et 
al, 1997). Mice with heterozygotis disruption of PTEN 
are predisposed to develop multiple types of tumors 
(Di Cristofano et al, 1998; Podsypanina et al, 1999; 
Suzuki et al, 1998a). The PTEN protein, through its 
abiUty to dephosphorylate the lipid second messenger 
phosphatidyHnositol (PI) 3,4,5-phosphate, negatively 
regulates survival signaling mediated by the PI 3- 
kinase/Akt pathway (Maehama and Dixon, 1998), Loss 
of PTEN in tumor cells leads to persistent activation of 
the serine/threonine kinase Akt (Myers et al, 1998; 
StamboHc et al., 1998; Wu et al, 1998). 

Two major pathways leading to apoptosis have been 
elucidated (Budihardjo et al, 1999). In the mitochon- 
drial dependent pathway, stimuli such as stress, 
withdrawal of survival factors, DNA damage, or 
chemotherapeutic agents cause release of cytochrome 
c from mitochondria leading to the formation of 
'apoptosomes' consisting of cytochrome c, Apaf-1, 
and procaspase-9 (Li et al, 1997b). This results in 
autoactivation of procaspase-9 and subsequently 
activation of effector caspases and a distinct apoptotic 
cell death program. Another pathway involves the 
death signal generated at the cell membrane by 
receptors such as tiunor necrosis factor (TNF)-a 
receptor and Fas (Ashkenazi and Dixit, 1999). Binding 
of ligands to death receptors initiates recruitment and 
assembly of the death-inducing signaling complex, 
consisting of receptor cytoplasmic domains, adaptor 
proteins such as TRADD (TNF receptor associated 
death domain) and FADD (Fas associated death 
domain), and procaspase-8. Activated caspase-8 may 
directly activate downstream eifector caspases in some 
cells or alternately in other cell types the death signal 
may be amplified through mitochondria by cleavage of 
the proapoptotic Bcl-2 family member BID, which 
translocates to mitochondria and induces cytochrome c 
release from mitochondria and thereby leads to 
activation of downstream caspases (Li et al, 1998; 
Luo et al, 1998). Signahng networks initiated by 
growth factor and cytokine receptors regulate apopto- 
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sis at multiple points and more refined understanding 
of how tumor suppressors such as PTEN regulate 
sensitivity to apoptosis may lead to more specific 
targeting of tumor cells by cancer therapeutic agents. 

Prostate cancer is the second leading cause of cancer- 
related mortality in American men. Molecular mechan- 
isms underlying development and progression of 
prostate cancer remain incompletely understood. 
PTEN function is lost in a high percentage of both 
localized and advanced prostate cancer tumors and this 
is associated with constitutive Akt activation (McMe- 
namin et al, 1999; Suzuki et al, 1998b; Wu et aL, 
1998). Therefore, we asked if reconstitution of PTEN 
fimction would lead to the reversal of resistance to 
apoptosis in prostate cancer cells. We show that PTEN 
expression sensitize prostate cancer cells to multiple 
apoptotic stimuU in a caspase-dependent manner and 
that lipid phosphatase activity of PTEN is required for 
this function and that FADD-dependent signaling is 
involved in this process, both in death receptor- 
mediated and drug-induced apoptosis. 
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Adenovirus-mediated PTEN expression suppresses 
constitutive Akt activation 

Loss of PTEN function in cancer cells leads to 
constitutive survival signaling through the PI 3- 
kinase/Akt pathway (Myers et al., 1998; Stambolic et 
al., 1998; Wu et al., 1998). In order to test the 
hypothesis that reconstitution of PTEN expression in 
prostate cancer cells will restore the sensitivity to 
apoptotic stimuh, we used an adenovirus vector to 
transduce PTEN expression efficiently into PTEN-nuU 
LNCaP prostate cancer cells. As previously reported, 
LNCaP cells expressed phosphorylated, constitutively 
activated Akt, but no endogenous PTEN protein (Wu 
et al., 1998). Reconstitution of PTEN expression by 
adenoviral transduction completely suppressed phos- 
pho-Akt without affecting the total level of Akt (Figure 
la). At 24 h after infection, PTEN was expressed at a 
level comparable to endogenous levels and at 48 h after 
infection, PTEN was modestly overexpressed (Figure 
lb). 

PTEN sensitizes cells to both death receptor-mediated 
and drug-induced apoptosis 

Adenoviral PTEN expression by itself induced apop- 
tosis and inhibited growth of LNCaP cells when 
assayed 4 days after infection (data not shown), in 
agreement with a previous report (Davies et al, 1999). 
However, Ad-PTEN did not induce apoptosis in 
DU145 prostate cancer cells, which express functional 
PTEN (data not shown). We examined the effect of 
PTEN expression on the sensitivity to apoptotic stimuh 
at an early time point. At this time point, PTEN 
expression by itself had a minimal effect on apoptosis 
(Figure   2).   Ad-GFP   infected   LNCaP   cells   were 

Figure 1 Adenoviras-mediated PTEN expression suppresses 
constitutive Akt activation, (a) LbfCaP cells were infected with 
Ad-GFP or Ad-PTEN vims at multiplicity of infection (m.o.i.) of 
10. PTEN, phosphorylated Akt, and total Akt levels were 
determined by immunoblottieg 48 h after infection, (b) Expres- 
sion levels of PTEN in MCF7 breast cancer cells, LAPC-4 
prostate cancer cells (Klein et al., 1997), DU145 prostate cancer 
cells, LNCaP cells infected with Ad-GFP and Ad-PTEN, 
harvested at 24 or 48 h after infection, were determined by 
immunoblotting. Equivalent loading was confirmed by immuno- 
blotting with anti-actin antibody 

insensitive to treatment with TNF. LNCaP cells require 
treatment with cycloheximide for induction of apopto- 
sis by TNF (Kulik et al., 2001) (also data not shown). 
However, Ad-PTEN markedly enhanced induction of 
apoptosis by TNF. Cells infected with Ad-PTEN and 
treated with TNF became detached and appeared 
nonviable (Figure 2). Apoptotic cell death was 
confirmed in these cells by the appearance of the cell 
population with the hypodiploid sub-Gl DNA content 
and also by a DNA fragmentation ELISA assay 
measuring the amount of DNA-histone complexes 
released into the cytoplasm. A dose of TNF as low 
as 1 ng/ml efficiently induced apoptosis in Ad-PTEN 
infected cells whereas TNF at a dose of up to 100 ng/ 
ml did not induce apoptosis in control adenovirus 
infected cells (Figure 3a and data not shown). In 
addition to TNF, PTEN expression sensitized LNCaP 
cells to apoptosis induced by activation of other death 
receptors such as Fas and TRAIL (TNF-related 
apoptosis inducing ligand) receptor. Agonistic anti- 
Fas antibody induced apoptosis more potently in Ad- 
PTEN infected LNCaP cells compared to control cells 
(Figure 3b). Similar sensitization to apoptosis induced 
by   TRAIL   could   be   demonstrated   in   Ad-PTEN 
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Figure 2 PTEN sensitizes cells to TNF-induced apoptosis. (a) 
Cell morphology by phase-contrast microscopy after adenovinis 
infection and treatment with TNF. LNCaP cells were infected 
with Ad-GFP or Ad-PTEN and the next day TNF (40 ng/ml) was 
added. The morphology of cells is shown after 48 h of treatment, 
(b) Appearance of the apoptotic hypodiploid population after 
PTEN expression and TNF treatment. LNCaP cells were infected 
with Ad-GFP or Ad-PTEN and the next day TNF (40 ng/ml) was 
added. After 24 h of TNF treatment, DNA content was analysed 
by iow cytometry. The percentage of cells with the hypodiploid 
DNA content, indicated by the 'Ml' marker, is shown 

infected LNCaP cells (data not shown), in agreement 
with a recent report (Thakkar et al, 2001). PTEN also 
sensitized cells to apoptosis not initiated by death 
Ugands (Figure 4). Ad-PTEN infected cells became 
sensitized to apoptosis induced by staurosporine, a 
broad spectrum protein kinase inhibitor widely used to 
induce apoptosis. Mitoxantrone is a chemotherapeutic 
agent structurally related to adriamycin and is 
commonly used for treatment of metastatic prostate 
cancer. Ad-PTEN infected cells were more sensitive to 
mitoxantrone-induced apoptosis. Similar results were 
obtained with another chemotherapeutic agent etopo- 
side (data not shown). These data show that PTEN 
expression lowers the threshold for apoptosis induced 
by both death ligands and drugs. 

D Ad-GFP 

H Ad-PTEN 

■ Ad-PTEN+ 
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0        1       10     40 
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Figure 3 PTEN sensitizes cells to death receptor-mediated 
apoptosis in a caspase dependent manner. LNCaP cells were 
infected with Ad-OFP or Ad-PTEN on day 0. On day 1, cells 
were treated with following apoptotic stimuU. (a) TNF for 24 h. 
The caspase inhibitor, z-VAD-fmk (50/IM), was added at the 
same time, as indicated, (b) Agonistic anti-Fas antibody IPO-4 for 
24 h. z-VAD-fmk (25 ^M) was added at the same time, as 
indicated. The extent of apoptosis occurring with each treatment 
was determined by quantitation of DNA fragmentation with an 
ELISA assay. Results are shown relative to the background level 
of apoptosis occurring in untreated Ad-GFP infected cells 

expression or the apoptotic stimulus by itself induced 
caspase-3 activity only minimally (Figure 5a). Caspase- 
3 activity was inhibited by treatment with a broad 
specificity caspase inhibitor Z-VAD-fmk. In addition, 
z-VAD-fmk efficiently blocked apoptosis induced by 
PTEN and a second apoptotic stimulus (Figures 3 and 
4). Since death receptor signaling involves caspase-8, 
activation of caspase-8 was examined (Figure 5b). 
PTEN expression in combination with a second 
apoptotic stimulus such as TNF, anti-Fas antibody 
or staurosporine led to activation of procaspase-8 as 
evidenced by appearance of cleaved caspase-8 isoforms, 
p43 and p41, on immunoblotting. TNF and anti-Fas 
antibody by itself (but not staurosporine) stimulated 
caspase-8 activation to a minimal extent. These data 
show that PTEN-mediated apoptosis involves caspase 
activation. 

321 

PTEN-mediated apoptosis involves caspases-3 and -8 
activation and is inhibited by caspase inhibitor 

Apoptosis is generally accompanied by activation of 
caspases. PTEN expression and a second apoptotic 
stimulus such as TNF, anti-Fas antibody or staur- 
osporine led to marked activation of the DEVD- 
peptide specific caspase 3-like activity whereas PTEN 

Lipid phosphatase activity of PTEN is required for 
apoptosis 

PTEN can dephosphorylate both protein and lipid 
substrates (Maehama and Dixon, 1998; Myers et al, 
1997). Although much evidence links its tumor 
suppressive properties to its Hpid phosphatase activity, 
some studies implicate lipid phosphatase-independent 
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Figure 4 PTEN sensitizes cells to drug-induced apoptosis. 
LNCaP cells were infected with adenovirus and then treated with 
the following, (a) Staurosporine for 24 h. z-VAD-fmk (25 ^M) 
was added at the same time, as indicated, (b) Mitoxantrone for 
24 h. The extent of apoptosis was quantified by the DNA 
fragmentation ELISA assay 
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Figure S PTEN-mediated apoptosis is accompanied by caspase- 
3 and caspase-8 activadon, LNCaP cells were infected with Ad- 
GFP or Ad-PTEN and then treated with TNF (40 ng/ml), 
agonistic anti-Fas antibody IPO-4 (1 /ig/ml) or staurosporine 
(0.1 fiu). Cells were treated with the caspase inhibitor z-VAD- 
fmk (25 im), as indicated, (a) After 24 h of treatment, cell 
extracts were assayed for caspase 3-like activity by their ability to 
cleave the DEVD-pNA colorimetric substrate. The speciic 
activity was normaUzed to untreated Ad-GFP-infected LNCaP 
cells, (b) Lysates from cells treated as above were immunoblotted 
with anti-caspase 8 specific monoclonal antibody. Unprocessed 
procaspase-8a/b as well as processed p43 and p41 forms of 
caspase-8 are indicated by arrows 

pathways in PTEN function (Hlobilkova et ah, 2000; 
Maier et al, 1999; Weng et al, 2001). To assess the 
requirement for lipid phosphatase activity in sensitizing 
cells to apoptosis, we constructed an adenovirus vector 
expressing the PTEN G129E mutant and tested its 
ability to sensitize cells to apoptosis. The PTEN G129E 
mutant is selectively defective in lipid phosphatase 
activity but retains tyrosine phosphatase activity 
(Myers et al, 1998). PTEN G129E, although expressed 
at a comparable level to wild type PTEN, was unable 
to suppress Akt activation (Figure 6a). Furthermore, it 
was completely inactive in sensitizing LNCaP cells to 
apoptosis induced by TNF (Figure 6b) as well as 
agonistic anti-Fas antibody and staurosporine (data 
not shown). These data strongly suggest that PTEN- 
mediated apoptosis is completely dependent on the 
lipid phosphatase activity of PTEN. 

Bcl-2 blocks PTEN-mediated apoptosis 

In some cell types, death receptor signaling proceeds 
through caspase-8 mediated cleavage of BID, which 
then translocates to mitochondria and induces the 
release of cytochrome c from mitochondria and 
subsequent activation of caspases (Li et al, 1998; 
Luo et al, 1998). In these so-called type II cells, Bcl-2 
overexpression blocks the release of cytochrome c and 
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Figure 6 PTEN-mediated apoptosis is dependent on Upid 
phosphatase activity of PTEN. LNCaP cells were infected vrith 
one of following recombinant adenovinises: Ad-CMV containing 
the CMV promoter but no transgene, Ad-PTEN wt expressing 
wild type PTEN, Ad-PTEN G129E expressing the lipid- 
phosphatase dead PTEN G129E mutant, (a) Immunoblotting 
analysis after adenovirus infection. Cell lysates were prepared 2 
days after infection and probed for PTEN, phospho-Akt, and 
total Akt expression, (b) Cells were harvested after 24 h of 
treatment with TNF (10 ng/ml) and the extent of apoptosis was 
determined by quantitation of DNA fragmentation 
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inhibits death receptor-mediated apoptosis (Scaffidi et 
al., 1998). To determine the contribution of the 
mitochondrial pathway in LNCaP cells undergoing 
apoptosis, we examined the effect of overexpressing 
Bcl-2 on sensitivity to apoptosis. LNCaP-Bcl-2 cells 
were completely resistant to apoptosis induced by 
PTEN expression plus TNF, anti-Fas antibody or 
staurosporine (Figure 7). Control experiments verified 
similar levels of PTEN expression and suppression of 
phospho-Akt in LNCaP-Neo and LNCaP-Bcl-2 cells 
(data not shown). These data, in agreement with 
previous results (Davies et al, 1999), suggest that 
PTEN-mediated apoptosis depends on the mitochon- 
drial pathway. 

PTEN-mediated apoptosis involves a FADD-dependent 
pathway for both death receptor-mediated and 
drug-induced apoptosis 

Upon activation by binding to ligands, death receptors 
such as TNF receptor and Fas recruit and activate 
caspase-8 through an adaptor protein FADD. Drug- 
induced apoptosis under certain conditions is also 
dependent on the presence of intact FADD-dependent 
signaling pathways (Micheau et al, 1999; Tang et al, 
1999). To test the involvement of the FADD- 
dependent pathway, a dominant negative mutant of 
FADD (AFADD) lacking the N-terminal death 
effector domain was introduced via adenovirus (Chin- 
naiyan et al, 1996). Co-infection with Ad-AFADD 
efficiently blocked death receptor-mediated apoptosis 
induced by PTEN and TNF (Figure 8). Ad-AFADD 
also blocked drug-induced apoptosis by PTEN and 
staurosporine as well as PTEN and mitoxantrone. Ad- 
AFADD also inhibited apoptosis induced by higher 
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Figure 7 Bcl-2 blocks PTEN-mediated apoptosis. LNCaP-Neo 
vector control cells or LNCaP-Bcl-2 cells overexpressing Bcl-2 
were infected with Ad-OFP or Ad-PTEN. The next day. cells 
were treated with TNF (20 ng/ml), or agonistic anti-Fas antibody 
IPO-4 (1 fig/ml) or staurosporine (0.1 /JM), as indicated. After 
24 h, the extent of apoptosis was determined. Insert, immnno- 
blotting with anti-Bcl-2 antibody shows overexpression of Bcl-2 
protein in LNCaP-Bcl-2 cells 

Figure 8 PTEN-mediated apoptosis involves a FADD-depen- 
dent pathway, (a) LNCaP cells were infected with control Ad- 
CMV virus (at m.o.i. of 20 or 10), or Ad-PTEN vims (at m.o.i. of 
10), or Ad-AFADD virus (at m.o.i. of 10) or a combination as 
indicated. The total m.o.i. of each infection was kept constant at 
20. Twenty-four hours after infection, the cells were treated with 
TNF (10 ng/ml) or agonistic anti-Fas antibody IPO-4 (1 /ig/ml) 
or staurosporine (0.1 /<M). After 24 h of treatment, the extent of 
apoptosis was determined, (b) LNCaP cells were infected with 
adenoviruses as above and were treated with mitoxantrone (1 or 
2 nM) for 24 h as indicated, (c) Lysates from cells infected with 
adenoviruses as indicated above were immxmoblotted to verify 
expression of PTEN and AFADD proteins. The ^FADD protein 
appears as a doublet due to phosphorylation (Chinnaiyan et al., 
1996) 

doses of staurosporine alone or mitoxantrone alone 
(data not shown and Figure 8b). To investigate the 
possibiUty of autocrine activation by death hgands in 
staurosporine-induced apoptosis, neutralizing antibo- 
dies against Fas and TNF-Rl were utilized. Pretreat- 
ment of cells with a neutralizing antibody against Fas 
(ZB4) or TNF-Rl (H398) had no effect on staur- 
osporine-induced apoptosis (data not shown). In 
addition, quantitation of mRNA levels of components 
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of death receptor signaling such as Fas, Fas Mgand, 
caspase-8, TNF-Rl, TRADD, DR4, or DR5 by 
ribonuclease protection assays showed no diiference 
between control and Ad-PTEN infected cells (data not 
shown). These data suggest that PTEN enhances drug- 
induced apoptosis through a Hgand-independent but 
FADD-dependent signaling pathway. 

PTEN facilitates BID cleavage and dominant negative 
FADD blocks BID cleavage 

Death receptor signaling downstream of FADD mvolves 
recruitment and activation of caspase-8, which in turn 
cleaves BID. Cleaved BID subsequently activates the 
mitochondrial pathway by inducing the release of 
cytochrome c and activation of downstream caspases 
(Li et al, 1998; Luo et al, 1998). Since we have shown 
that PTEN plus staurosporine induces caspase-8 activa- 
tion (Figure 5b), we hypothesized that PTEN-mediated, 
drug-induced apoptosis may also involve BID cleavage 
downstream of FADD and examined the status of BID 
in cells undergoing apoptosis in response to PTEN plus 
drug treatment. PTEN expression and treatment with a 
low dose of staurosporine or mitoxantrone led to BID 
cleavage and thereby loss of full length BID (Figure 9). 
BID cleavage and loss of fuU length BID did not occur 
with similar drug treatment in the absence of PTEN 
expression. Coexpression of dominant negative FADD 
completely blocked BID cleavage induced by PTEN plus 
drug treatment. Taken together, these data are consistent 
with the hypothesis that PTEN promotes drug-induced 
apoptosis by facihtating caspase-8 activation and BID 
cleavage through a FADD-dependent pathway. 

Discussion 

We show that PTEN sensitizes LNCaP prostate cancer 
cells to a broad range of apoptotic stimuli. PTEN 
enhances apoptosis induced by three different death 
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Figure 9 PTEN-mediated apoptosis proceeds through BID 
cleavage and dominant negative FADD blocks BID cleavage. 
LNCaP cells were infected with Ad-CMV or Ad-PTEN or Ad- 
AFADD and treated with staurosporine (0.1 iiu) or mitoxantrone 
(2 nM) as detailed in Figure 8. Equal amounts of proteins were 
immunoblotted with atiti-BID antibody to determine the level of 
full length 22-kDa BID. Immunoblotting with anti-actin antibody 
confirmed equivalent loading 

receptors as well as by drugs and chemotherapeutic 
agents with distinctly diffefent mechanisms of action. 
This is consistent with the hypothesis that PTEN may 
target a common cellular machinery used by many 
stimuli to execute the apoptotic program. However, 
not all apoptotic stimuli tested were affected by PTEN 
as PTEN did not sensitize cells to hyperosmotic shock 
or ultraviolet irradiation (data not shown). 

PTEN regulates sensitivity to apoptosis by mechan- 
isms involving the PI 3-kinase signaling pathway as the 
lipid phosphatase-deicient mutant of PTEN that 
retains protein phosphatase activity is unable to 
suppress activated Akt and is also unable to sensitize 
cells to apoptosis. Akt transduces antiapoptotic signals, 
in part, by phosphorylating and inactivating key 
proteins of the apoptotic machinery, siich as BAD 
and caspase-9 (Cardone et al, 1998; Datta et al, 1997; 
del Peso et al, 1997). Phosphorylated BAD is unable 
to heterodimerize with Bcl-2 and is no longer 
proapoptotic. PTEN would be expected to enhance 
mitochondrial signal amplification downstream of the 
death-inducing signaling complex. The inability of 
PTEN to sensitize Bcl-2 overexpressing cells to 
apoptosis is consistent with this model, as Bcl-2 
overexpression results in inhibition of cytochrome c 
release from the mitochondria and blocks apoptosis in 
cells requiring mitochondrial amplification of signals 
downstream of the death-inducing signaHng complex 
(Scaffidi et al, 1998). 

In addition to regulating the mitochondrial pathway, 
PTEN is likely to regulate sensitivity to apoptosis 
through other mechanisms. PTEN-mediated apoptosis 
is dependent on the adaptor protein FADD as the 
dominant negative FADD mutant (AFADD) blocks 
apoptosis initiated by PTEN plus TNF or staurospor- 
ine or mitoxantrone. Since this dominant negative 
FADD mutant imcouples downstream caspase activa- 
tion from ligand-induced activation of death receptors, 
it is expected to inhibit apoptosis by PTEN plus TNF. 
However, the finding that dominant negative FADD 
also blocks apoptosis induced by PTEN plus staur- 
osporine or mitoxantrone was unexpected since staur- 
osporine and mitoxantrone have not been linked to the 
death receptor signaling pathway. Since neutralizing 
monoclonal antibodies against death receptors had no 
effect on staurosporine-induced apoptosis, these data 
raise a possibility that drug-induced apoptosis in 
LNCaP cells may involve a ligand-independent but 
FADD-dependent signaling pathway. A similar model 
has been postulated from work in other systems. 
Apoptosis induced by chemotherapeutic agents, non- 
steroidal anti-inflammatory drugs, lipopolysaccharide 
and detachment from matrix can be blocked by 
expression of the dominant negative FADD mutant 
but not by neutralizing antibodies against death 
receptors (Choi et al, 1998; Frisch, 1999; Han et al, 
2001; Micheau et al, 1999; Rytomaa et al, 1999). 
Previous reports have shown that chemotherapeutic 
agents cisplatin and camptothecin may induce ligand- 
independent aggregation of death receptors and 
recruitment of FADD to death receptors (Micheau et 

Oncogens 



FTEN sensitizes to apoptosts 
X-J Yuan and YE Whang 

al., 1999; Shao et al, 2001). Alternately, FADD may 
operate completely independently of death receptors as 
there is accumulating evidence that FADD may be 
involved in other functions in addition to death 
receptor signaling. FADD-null mice are not viable 
and FADD may be required for proliferation of T cells 
(Newton et al., 1998; Yeh et al, 1998). More work is 
necessary to elucidate how PTEN affects the FADD- 
dependent apoptotic signaling pathway. However, one 
caveat in interpretation of experiments performed with 
overexpression of a dominant negative FADD mutant 
is that the FADD mutant may nonspecifically inhibit 
molecules other than FADD. 

Death receptor-mediated apoptotic signaUng pro- 
ceeds through caspase-8 activation and BID cleavage 
downstream of FADD. Therefore, the status of caspase- 
8 and BID was examined in PTEN-mediated, drug- 
induced apoptosis. PTEN expression facihtates caspase- 
8 activation and BID cleavage in response to low doses 
of staurosporine and mitoxantrone (Figures 5b and 9). 
In the absence of PTEN, these low doses of drugs do 
not induce apoptosis or lead to caspase-8 activation or 
BID cleavage. Dominant negative FADD blocks BID 
cleavage induced by PTEN plus drug treatment, 
presumably by inhibiting caspase-8 activation. Cleaved 
BID induces oligomerization of proapoptotic BAK or 
BAX molecules on the mitochondria! membrane, 
triggering cytochrome c release (Eskes et al., 2000; 
Wei et al, 2000). A recent report shows that cells 
doubly deficient in BAX and BAK are protected from 
apoptosis induced by cleaved BID (Wei et al., 2001). 
Furthermore, these BAX, BAK-deficient cells are 
resistant to apoptotic stimuU that produce mitochon- 
drial damage, such as staurosporine and etoposide, 
suggesting that these agents require apoptotic signals 
upstream of mitochondria (Wei et al., 2001). Our data 
implicating the FADD-dependent pathway that pro- 
ceeds through BID cleavage in staurosporine- and 
mitoxantrone-induced apoptosis in the presence of 
PTEN is consistent with this idea. Taken together, 
these findings suggest the existence of an apoptotic 
signaling pathway from FADD to caspase-8 to BID to 
mitochondria in drug-induced apoptosis. PTEN expres- 
sion lowers the threshold for drug-induced apoptosis by 
facilitating caspase-8 activation and BID cleavage 
downstream of FADD. These findings are consistent 
with two recent reports demonstrating that Akt protects 
LNCaP cells from apoptosis by inhibiting BID cleavage 
(Nesterov et al., 2001; Thakkar et al., 2001). 

Another potential mechanism by which PTEN 
sensitizes to TNF- and chemotherapy-induced apopto- 
sis is through inhibition of the inducible transcription 
factor NF-KB since NF-KB activation by TNF and 
chemotherapy plays a critical role in protecting cells 
from apoptosis (Wang et al., 1996). NF-KB, normally 
sequestered in the cytoplasm in complex with IKB, 
translocates to the nucleus after signal-induced phos- 
phorylation and degradation of IKB, and in the nucleus 
activates transcription of antiapoptotic target genes. 
PTEN does not appear to affect initial steps of NF-KB 
activation   as   there   was   no   difference   in   nuclear 

translocation or induction of DNA binding activity 
of NF-KB after TNF treatment between control and 
PTEN-expressing LNCaP cells. Instead, PTEN inhibits 
the transactivation potential of the p65/RelA subunit 
of NF-KB in the nucleus and suppresses the transcrip- 
tion of certain target genes of NF-KB (M Mayo et al., 
manuscript submitted). This is consistent with the 
postulated role of Akt in activating the transcriptional 
function of the p65/RelA subunit of NF-KB (Madrid et 
al., 2000; Sizemore et al., 1999). These findings suggest 
that NF-KB is a downstream target of PTEN and that 
PTEN inhibits the antiapoptotic function of NF-KB in 
sensitizing cells to TNF-induced apoptosis. 

The effect of PTEN on TNF-induced apoptosis may 
be likened to cycloheximide, an agent that has widely 
been used to induce sensitivity to death ligands. 
Cycloheximide did not affect the activation status of 
Akt in LNCaP cells (data not shown). Cycloheximide 
is postulated to act by inhibiting translation of labile 
antiapoptotic proteins whose expression is induced by 
NF-KB. However, identity of these proteins in LNCaP 
cells has been elusive (Nesterov et al, 2001). It is 
possible that PTEN and cycloheximide may ultimately 
have similar effects if PTEN inhibits transcription of 
NF-KB target genes and cycloheximide inhibits transla- 
tion of newly transcribed genes. Further experiments 
are necessary to elucidate the target genes regulated by 
PTEN in inducing sensitivity to TNF. 

Loss of PTEN is frequently associated with both 
localized and advanced prostate cancer specimens 
(McMenamin et al., 1999; Suzuki et al., 1998b; Whang 
et al., 1998). In mouse models, inactivation of one of 
PTEN alleles leads to hyperplasia and dysplasia of 
prostate epithelial cells, eventually resulting in prostate 
cancer (Di Cristofano et al., 1998; Podsypanina et al, 
1999; Suzuki et al, 1998a). These findings point to loss of 
PTEN as one of key steps in prostate carcinogenesis. 
Data presented in this work show that PTEN plays a 
critical role in regulating the apoptotic threshold to 
multiple stimuli, including death ligands and chemother- 
apeutic agents. Therefore, reconstitution of PTEN 
function or inhibition of Akt represents a promising 
strategy for overcoming resistance of prostate cancer 
cells to chemotherapy-induced apoptosis. 

Materials and methods 

Materials and cell culture 

TNF-a, staurosporine, mitoxantrone, and propidium iodide 
were obtained from Sigma (St Louis, MO, USA). Anti-Fas 
agonistic antibody IPO-4 and antagonistic antibody ZB4 
were obtained from Kamiya Biomedical (Seattle, WA, USA). 
Anti-TNF-Rl antibody 01398) was obtained from Alexis 
(San Diego, CA, USA). z-VAD-fmk was obtained from 
Calbiochem (San Diego, CA, USA). LNCaP cells (American 
Tissue Type Collection, Manassas, YA, USA) were cultured 
in phenol red-free RPMI medium supplemented with 10% 
fetal calf serum. LNCaP cells overexpressing Bcl-2, previously 
described (Marcelli et al., 1999; Rafifo et al., 1995), were 
kindly provided by Dr Marco Marcello. 
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Construction of adenovirus 

For construction of a replication-defective recombinant 
adenovirus, Ad-PTEN, expressing PTEN from the CMV 
promoter, the PTEN cDNA was subcloned into the shuttle 
vector pACCMVpLpA (Gomez-Foix et al., 1992) and 
cotransfected into 293 cells along with pJM17. The 
recombinant adenovirus was Isolated by plaque purification. 
Ad-GFP virus expressing enhanced green fluorescence 
protein, constructed similarly, was provided by Dr Lily Wu 
(Department of Urology, University of California, LA, CA, 
USA). Another set of recombinant adenoviruses expressing 
the wildtype or the G129E mutant PTEN from the CMV 
promoter, Ad-FTEN wt and Ad-PTEN G129E, was con- 
structed using the AdEasy system as described, after 
subcloning the PTEN wt and PTEN G129E fragments into 
the pShuttleCMV vector (He et al., 1998). Ad-AFADD 
expressing the truncated dominant negative FADD protein 
was obtained from Dr David Brenner (Bradham et al., 1998). 
Recombinant adenoviruses were purified through banding in 
a CsQ gradient by the UNC Viral Vector Laboratory. 

Adenovirus infection and apoptosis assays 

Preliminary experiments with Ad-GFP showed that the 
adenovirus dose of multiplicity of infection (m.o.i.) of 10 can 
infect 99.9% of LNCaP cells (data not shown). Therefore, we 
used m.o.i. of 10 in all subsequent experiments. LNCaP cells 
were plated at a density of 5 x 10* cells per well in a 6-well plate 
the day before infection. On day 0, cells were infected with 
recombinant adenovirus. On day 1, cells were treated with 
indicated agents. On day 2, after 24 h of treatment, both 
detached and adherent cells were harvested and processed for 
quantitation of DNA fragmentation using the Cell Death 
ELISA Plus kit (Roche, Indianapolis, IN, USA) according to 
the manufacturer's directions. For determination of DNA 
content by flow cytometry, cells were fixed in 80% ethanol 
overnight and stained with propidium iodide (50 /ig/ml) and 
analysed using FACSCaHbur (Becton Dickinson). 

Caspase assay 

Caspase-3 like activity in cell lysates was assayed using a 
commercially available kit (Caspase-3 Cellular Activity Assay 
Kit PLUS, Biomol, Plymouth Meeting, PA, USA). Briefly, 
25 /ig of protein was incubated with a colorimetric substrate 
DEVD-pNA and cleavage of the substrate was monitored by 
measuring optical density at 405 nm. 

Immunoblotting 

Cell lysates were separated by SDS-polyacrylamide gel electro- 
phoresis and transferred to a nitrocellulose filter and probed 
with antibody as indicated. Goat anti-PTEN antibody (Santa 
Cruz, Santa Cruz, CA, USA) or mouse anti-PTEN monoclonal 
antibody (Cascade Bioscience, Winchester, MA, USA) was used 
to detect PTEN. Phospho-Akt antibody (CeU Signaling 
Technology, Beverly, MA, USA) detects Akt phosphorylated 
on Ser-473 whereas pan-Akt antibody (CeU Signaling Technol- 
ogy) detects both phosphorylated and unphosphorylated Akt. 
Anti-Bcl-2 monoclonal antibody (Santa Cruz), AUl mono- 
clonal antibody (Babco, Richmond, CA, USA), used to detect 
tagged AFADD, anti-BID antibody (Cell Signaling Technol- 
ogy) and anti-actin antibody (Sigma) were obtained commer- 
cially. Anti-caspase 8 monoclonal antibody (clone Cl 5) (Scafiidi 
et al., 1997) was kindly provided by Peter KrammCr. 
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PTEN Is a lipid phosphatase responsible for down- 
regulating the phosphoinositide 3-kinase product phos- 
phatidylinositol 3,4,5-triphospbate. Phosphatidyllnosi- 
tol 3,4,5-triphosphate is involved in the activation of the 
anti-apoptotic effector target, Akt. Although the AM 
pathvray has been implicated in regulating NP-KB activ- 
ity, it is controversial as to whether Akt activates NF-KB 
predominantly through mechanisms that regidate nu- 
clear translocation or transactivation potential. In this 
report, we utilized PTEN as a natural biological inhibi- 
tor of Akt activity to study the effects on tumor necrosis 
factor (TNF)-induced activation of NF-KB. We found that 
the reintroduction of PTEN into prostate cells inhibited 
TNF-stimulated NF-KB transcriptional activity. PTEN 
failed to block TNP-induced IKK activation, IitBa degra- 
dation, pl05 processing, p65 (RelA.) nuclear transloca- 
tion, and DNA binding of NP-KB. However, PTEN inhib- 
ited NF-KB-dependent transcription by blocking the 
ability of TNF to stimulate the transactivation domain 
of the peS subunit, PTEN also inhibited the transactiva- 
tion potential of the cyclic AMP-response element-bind- 
ing protein, but this was not observed for c-Jun. The 
transactivation potential of p65 following TNF stimula- 
tion could be rescued from PTEN-dependent repression 
by re-introducing expression constructs encoding acti- 
vated forms of phosphoinositide 3-kinase, Akt, or Akt 
and IKK. The ability of FTEN to inhibit the TNF-induced 
transactivation ftmction of p65 is Important, because 
expression of PTEN blocked TUF-stimulated NF-KB-de- 
pendent gene expression, thus sensitizing cells to TNF- 
induced apoptosls. Maintenance of the PTEN tumor sup- 
pressor protein is therefore required to modulate Akt 
activity and to concomltantly control the transcrip- 
tional activity of the anti-apoptotic transcription factor 
NF-KB. 
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PTEN, also known as MMACl or TEPl, is a tumor suppres- 
sor gene inactivated in many common malignancies, including 
glioblastoma, melanoma, endometrial, lung, and prostate can- 
cer (1-5). The genetic evidence that PTEN is an important 
tumor suppressor protein is supported by the fact that het- 
erozygous disruption of the PTEN gene in knockout mice re- 
sults in the spontaneous development of tumors late in life (6). 
PTEN has been implicated in regulating cell survival signaling 
through the phosphatidylinositol 3-kinase (Pl3K)VAkt path- 
way. PTEN dephosphoiylates the D3 position of the key lipid 
second messenger phosphatidylinositol 3,4,5-triphosphate 
(PIP3) (6-8). PIP3, produced by PI8K following activation by 
receptor tyrosine kinases, activated Ras, or G proteins, leads to 
the stimulation of several downstream targets, including the 
serine/threonine protein kinase Akt (also known as protein 
kinase B) (1-5). Activated Akt protects cells from apoptotic 
death by phosphorylating substrates such as BAD, pro- 
caspase-9, and forkhead transcription family members (9-11). 
Akt has also been shown to prolong cell siuvival by delaying 
p53-dependent apoptosis (12). Recently, Akt has been proposed 
to regulate permeabihty transition pore opening within the 
mitochondrial membrane by increasing the coupling of glucose 
metabolism to oxidative phosphorylation (13). Finally, multiple 
laboratories have demonstrated that the PI3K/Akt pathway 
provides cell survival signals, in part, through the activation of 
the NP-KB transcription factor (14-17). 

NP-KB, classically a heterodimer composed of the p50 and 
p65 subunits, is a transcription factor whose activity is tightly 
regulated at multiple levels (18-21). NP-KB is normaUy se- 
questered in the cytoplasm as an inactive complex bound by an 
inhibitor known as IKB (18). Following cellular stimulation, 
IKB proteins become phosphorylated by the IKB kinase (IKK), 
which subsequently targets IKB for ubiquitination and degra- 
dation through the 26 S proteasome (20). The degradation of 
IKB proteins liberates NP-KB, allowing this transcription factor 
to translocate to the nucleus. In addition to regulation by IKB, 

NP-KB is also regulated by phosphorylation events that posi- 
tively up-regulate the transactivation potential of NP-KB sub- 
units (22). The transactivation domains of NP-KB have been 

^ The abbreviations used are: PI3K, phosphoinositide 3-kinase; PIP3, 
phosphatidyUnositol 3,4,5-tripbosphate; Ilffi, IKB kinase; TNP, tumor 
necrosis factor; CEEB, cyclic AMP-response element-binding protein; 
IL, interleukin; MHC, major histocompatibility complex; GFP, green 
fluorescent protein; Ad, adenovirus; BMS.^, electrophoretic mobility 
shift assays; pfti, plaque-forming units; CaMKK, calmodulin-dependent 
kinase kinase; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; 
ELISA, enzyme-linked immimosorbent assay. 
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shown to be regulated by the catalytic domain of protein kinase 
A, casein kinase II, and by IKK itself (23-27). Although signals 
that regulate nuclear translocation of NP-KB have been re- 
garded as the primary mechanism of NP-KB activation, alter- 
native mechanisms involving the transactivation potential of 
p65 have been shown to be critical for NP-KB activation in vitro 
and in vivo (22, 28, 29). 

Several different laboratories, including our own, have 
shown that various growth factors, cytokines, and oncogenes 
require PI3K- and Akt-dependent pathways for full NP-KB 

activation (30-36). Despite this consensus, the exact mecha- 
nism by which Akt pathways activate NP-KB remains contro- 
versial (37). Activation of the Akt pathway has been reported to 
stimulate IKK-dependent IKB degradation and nuclear trans- 
location of NP-KB (14, 31). Other reports including our own (15, 
30, 36) have shown that Akt-dependent activation of NF-KB 

occurs predominantly by stimulating the transactivation po- 
tential of the p65 subunit, rather than inducing signals that 
result in NP-KB nuclear translocation via IKB degradation. 
Recently, two reports (38, 39) from independent laboratories 
analyzed the effects of PTEN-dependent iiohibition of the PI3K 
and Akt pathway on cytokine-induced activation of NP-KB. 

Both reports concluded that PTEN expression blocked IL-lg or 
TNF-induced NP-KB activation; however, major discrepancies 
exist between these two studies. Koul et al. (38) showed that 
PTEN-dependent inhibition of Akt failed to block IL-l^-m- 
duced IKB degradation and nuclear translocation of p65 but 
rather inhibited NP-KB-DNA binding. In this study, it was 
proposed that PTEN functioned to inhibit phosphorylation of 
the p50 subunit of NP-KB, thus inhibiting the DNA binding 
potential of NF-KB (38). In contrast, Gustin et al. (39) reported 
that PTEN inhibited NP-KB transcriptional activity by impair- 
ing TNF-induced activation of Akt and the IKK complex, sug- 
gesting that the PTEN-mediated inhibition of IKK activity 
blocked the TNF-induced nuclear translocation and DNA bind- 
ing potential of NP-KB. Although both of these studies (88, 89) 
demonstrate that PTEN is capable of inhibiting cytokine-in- 
duced activation of NP-KB, it remains ambiguous as to whether 
PTEN-dependent inhibition of Akt inhibits NP-KB by down- 
regulating signals that control nuclear translocation, DNA 
binding, and/or transactivation potential of NF-KB. 

To address the involvement of PI8K and Akt in TNF-induced 
activation of NP-KB, we utihzed PTEN-deficient prostate cell 
lines that constitutively express activated Akt because of a loss 
of PTEN hpid phosphatase activity (40, 41). In this study, we 
demonstrate that re-introduction of PTEN into prostate cells 
results in a down-regulation of Akt activity and a loss of TNF- 
induced NP-KB-dependent transcription without blocking IKK- 
induced IKB degradation, pl05 processing, p65 nuclear trans- 
location, or NF-KB DNA binding activity. However, we find that 
neither Akt nor IKK is dispensable for TNP to stimulate the 
transactivation potential of the p65 subunit of NP-KB in pros- 
tate epithelial cells. We demonstrate that PTEN elicits selec- 
tive inhibition by blocking signal transduction pathways that 
are responsible for targeting the transactivation potential of 
NP-KB and CREB but not for c-Jun. The ability of PTEN to 
inhibit Akt activity and subsequently block TNF-induced tran- 
scriptional activity of NP-KB led to abrogation of the anti- 
apoptotic function of NF-KB. This work demonstrates that re- 
introduction of PTEN sensitizes prostate epithehal cells to 
TNF-induced apoptosis, in part by down-regulating the trans- 
activation potential of NF-KB. Thus, NP-KB is a relevant target 
of the tumor suppressor function of PTEN. 

MATERIAI^ AND METHODS 

Cell Culture, Reagents, and Plasmid Constructs—Human prostate 
cancer cells, IrNCaP, were grown in T-media (Invitrogen) supplemented 

with 10% fetal calf serum (HyClone Laboratories, Logan, UT) and 
penicillin/streptomycin. PC-3 and DU-145 cells were cultured in Dul- 
becco's modified Eagle's medium-H (Invitrogen) supplemented with 
10% fetal bovine serum and penicillin/streptomycin. The 3X-KB lucif- 
erase (3X-sB-Luc) reporter construct contains four NF-KB DNA-bind- 
ing consensus sites originally identified in the MHC class I promoter, 
fiised upstream to firefly luciferase (42). The Gal-4 luciferase construct 
(Gal4-Luc) contains foin- Gal-4 DNA-binding consensus sites, derived 
from the yeast OAL-4 gene promoter, cloned upstream of luciferase 
cDNA (42). Plasmids encoding the Gal4-p65 fusion protein have the 
yeast Gal-4 DNA binding domain fused to the transactivation domain 1 
(TAD of NP-KB (43). Gal4-cJun-(l-223) and Gal4-CBlB-(l-283) were 
commercially purchased (Stratagene, La Jolla, CA). His-tagged P-ga- 
lactosidase encoding plasmid pCMV-LacZ was obtained from Invitro- 
gen. Expression plasmids encoding constitutively activated Ha- 
Ras(V12), PI3K*, myristoylated Akt (M-Akt), and wild-type IKKfi 
(wtlKKp) and plasmids encoding dominant negative PI3K (p85), Akt(K- 
M), and IKKp(SS S> AA) proteins have been described previously (15). 
Plasmids encoding constitutively active PLAG-tag^d CaMKKc were 
described previously (44). The expression vectors pcDNAS-PTENwt and 
pcDNA3-PrEN C124S have been described previously (41). The PTIN 
G129E mutant was constructed using the Quikchange site-directed 
mutagenesis kit (Stratagene) and verified by DNA sequence analysis. 
Becombinant human TNP was obtained from Promega (Madison, WI). 
PTEN mm. His epitope tag (G-18), IKBO (C-21), p50 (N19), and Gal-4 
(N19) antibodies were obtained from Santa Cruz Biotechnology (Santa 
Cruz, CA). Pan-Bas antibody (Ab-4) was purchased from CalMochem, 
Phospho-Akt-specific (Ser-473), pan-Akt, and IKKy antibodies were 
obtained from New England Biolabs (Beverly, MA). p65-specific anti- 
body was obtained through Rockland (Gilbertsville, PA), and M2 FLAG 
epitope tag and a-tubulin (T9026) were obtained from Sigma. The 
proteasome inhibitor MG132 (02211) was obtained from Sigma. 

Transfection and Luciferase Reporter Assays—^LNCaP cells at 60- 
80% confluency were transiently transfected using Superfect reagent 
(Qiagen, Valencia, CA) according to the manufacturer's instructions. 
Briefly, plasmid constructs (1 jtg of DNA total) were diluted in serum- 
free media and mixed with the Superfect reagent. Complexes were 
allowed to form for 10 min before serum-containing media were added 
to the mixture. The cells were washed once with Ix phosphate-buffered 
saline, and Superfect-DNA complexes were a;dded to the cells and 
placed in a humidified incubator at 37 °C with 5% COj. Three hours 
following the start of transfection, cells were washed with IX phos- 
phate-buffered saline and replenished with fresh serum^containing me- 
dia. Twenty four hours post-transfection, cells were washed once with 
IX phosphate-buffered saline and lysed in 0.25 M Tris-HCl (pH 7.4) 
following three freeze-thaws in a dry-ice/ETOH bath. Extracts were 
collected and cleared by centriftigation at 14,000 rpm. Protein concen- 
trations were determined with the Bio-Bad protein assay dye reagent. 
Luciferase assays were performed on equal amounts of protein (100 
pi^sample). D-Luciferin was used as a substrate, and relative Ught units 
were measiu^d using an AutoLumat LB953 luminometer (Berthold 
Analytical Instruments). For control purposes, all cell groups that re- 
ceived PTEN were also co-transfected with pCMV-LacZ and assayed for 
transfection efficiency by covmting ^-galactosidase-positive cells as de- 
scribed previously (45). 

Adenovirus Construction and Infection—Ad-PTEN is a replication- 
defective El-deleted adenovirus expressing PTEN under the control of 
the cytomegalovirus promoter. Becombinant PTEN adenovirus was 
constructed as described previously (46). Becombinant virus was 
plaque-purified three times, and the structure was verified by restric- 
tion mapping of Hirt supernatant DNA. Ad-GPP, similarly constructed, 
expresses enhanced green fluorescent protein and was provided by Dr. 
Lily Wu (UCLA). Adenovirus was amplified in 293 cells and purified by 
banding in a cesium chloride density gradient. 

Electrophoretic Mobility Shift Assays and Western Blot Analysis— 
Preparation of nuclear and cytoplasmic extracts and electrophoretic 
mobility shift assays (EMSAs) were performed as described previously 
(42). Briefly, nuclear extracts were prepared at the indicated times and 
incubated with P^P]dCTP-labeled, double-stranded probe containing an 
NP-KB consensus site from the class I major histocompatibiUty complex 
(MHC) promoter. Labeled probe-nuclear complexes were incubated for 
10 min at room temperature and separated on a 5% polyacrylamide gel. 
Subsequently, the gel was dried and exposed to x-ray film. Western blot 
analysis was performed by either analyzing 0.25 M Tris-HCl-lysed cell 
extracts or cytoplasmic and nuclear proteins on a 10% SDS-polyacryl- 
amide gel. Total protein (50 fig) was separated by SDS-PAGE and 
transferred to nitrocellulose membranes. The indicated primary anti- 
bodies were incubated for 30 min, washed, and visualized by incubation 
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Pro. 1. PTEN inhibits NF-KB-dependent transcription in response to TNF. A, the lipid phosphatase activity of PTEN is required to 
suppress TNP-induced activation of NP-KB. LNCaP cells were transiently co-transfeeted with an NF-KB-responsive reporter (3X-KB-LUC, 0.5 (xg) 
and the control plasmid (pCMV-LacZ) encoding the p-galactosidase enzyme. In addition, cells were also co-transfected with expression plasmids 
encoding wild-type PTEN, mutant PTEN(C124S), PTEN(G129E), or empty vector control (1 ^g each). Eighteen hours foUowing transfection, 
LNCaP cells were stimulated with TNP (10 n^ml). Cell lysates were harvested 12 h post-TNP stimulation, and luciferase activity was assayed. 
Data are presented as fold activation, where the values obtained for the vector control group were normalized to 1. Restdts represent the mean ± 
S.D. of three independent experiments performed in triplicate. Bottom panel, total protein was isolated from a representative transfection 
experiment, and immunoblot analysis was performed for PTEN and His-tagged ^-galactosidase (p-Gal) as descrihed under "Materials and 
Methods." B, PTEN inhibits Ha-Eas(V12)-induced activation of NP-KB. LNCaP cells were co-transfected with 3X-KB-LUC (0.5 ng) and with empty 
vector control plasmid or expression constructs encoding constitutlvely active Ha-Ras(V12) or CaMKK (1 jig each). In addition, cells were also 
co-transfected with either empty vector control or with wild-type PTEN (1 jxg each). Luciferase activities were determined 24 h following 
transfection. Data represent three individual experiments performed in triplicate. Western blot analysis confirmed the expression of PTEN, 
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wifli horseradish peroxidase-eonjugated secondary antibodies and ECL 
chemiluminescent reagents (Amersham Bioseiences). 

IKK Immunokinase Assay—Subconfluent LNCaP cells infected with 
either Ad-GFP or M-PTEN for 48 h were either left untreated or were 
stimulated with 10 n^ml TNP for 15 min. Whole cells extracts were 
immunoprecipitated with an antibody against IKK^y (New England 
Biolabs), and the immunoprecipitates were subject to an IKK assay (26) 
using (MT-lKBa-(l-54) (4 jig) as a substrate. Samples were resolved on 
SDS-PAGE gels, dried, and subjected to autoradiography. Immunopre- 
cipitated protein complexes were also analyzed by Western blot analy- 
sis to confirm that equal amounts of IKK-y had been analyzed during the 
IKK assay. Whole cell lysates were analyzed by Western blot analysis 
for PTEN expression. 

Northern Blot Analysis—Logarithmically growing LNCaP cells were 
infected with either Ad-GPP or Ad-PTEN virus. Twenty four hours 
later, cells were either left untreated «„) or stimulated with TNP (10 
ng/ml). Total RNAs were isolated using Trizol reagent (Invitrogen). 
ENAs (15 iig/lmie) were resolved on a denaturing 1.8% agarose-for- 
maldehyde gel, transferred to Hybond membrane (PerkinEbaer Life 
Sciences), and crossed-linked. Gene expressions were determined by 
analyzing Northern blots with '^P-labeled random probes generated 
from JVF-KBI, bcl-3, or GAPDHcDNAs, and blots were hybridized with 
radiolabeled probes in Quickhyb (Stratagene). After a 2-h hybridiza- 
tion, the blots were washed twice in 2X SSC, 0.1% SDS for 15 min at 
room temperature and twice in O.lx SSC, 0.1% SDS for 15 min at 60 °C. 
Northern blots were analyzed by autoradiography. 

Apoptosis Assay—LNCaP cells were plated at 5 X 10" cells per well 
in a 6-well plate on day 0 and infected with adenovirus at 10 pfu/cell on 
day 1. TNP was added to the media on day 2. After 24 h of incubation 
with TNP, cells were harvested, and the extent of apoptosis was deter- 
mined by quantitation of nucleosomes released into ttie cytoplasm using 
the Cell Death Detection ELISA Plus kit (Roche Molecular Biochemi- 
cals) according to the manufacturer's directions. 

RESULTS 

The Transcriptional Activity of NF-KB IS Inhibited by 
PTEN—Our laboratory has demonstrated previously (15, 36) 
that PI3K and Akt activate NF-icB predominantly by targeting 
the transactivation potential of the p65 subunit. Because 
PTEN is the predominant negative regulator of Akt in vitro and 
in vivo (1-6), we were interested ia determining whether the 
PTEN tumor suppressor gene product could inhibit NP-KB 

transcriptional activity. To address tiiis question we used the 
human prostate cell line LNCaP, in which endogenous Akt is 
constitutively active due to inactivation of PTEN (40, 41). 
LNCaP cells were transiently co-transfected with the NP-KB- 

responsive reporter 3X-KB-LUC and with wild-type PTEN or 
various PTEN mutants. Functionally inactive mutants in- 
cluded PTEN(C124S), which is defective in both protein and 
lipid phosphatase activity, and PTEN(G129E), which is selec- 
tively deficient in Upid phosphatase activity (7, 47). Following 
transfection, LNCaP cells were subsequently treated with TNF 
for 12 h, after which cell extracts were harvested and luciferase 
activities were analyzed. Cells transfected with an expression 
plasmid encoding wild-type PTEN displayed a reduction in 
TNF-induced NP-xB-dependent transcription, as compared 
with cells transfected with the empty vector control (Pig. M). 
The decrease in 3X-icB luciferase reporter activities observed 
following the expression of PTEN was not due to cell death, 
because an internal fl-galactosidase reporter displayed similar 
levels of protein expression 12 h post-TNP addition (Fig. M). 
Importantly, the ability of PTEN to suppress NP-KB-dependent 
transcriptional activity was associated with the hpid phospha- 
tase activity of this tumor suppressor gene product, because 
both PTEN(C124S) and PTEN(G129E) mutants were unable to 

block effectively the TNF-induced NP-icB transcriptional activ- 
ity (Fig. lA). In conclusion, re-introduction of PTEN into 
LNCaP cells did not block basal NP-icB activity but signifi- 
cantly inhibited TNP-induced NF-KB transcription (Fig. lA). 
These results indicate that constitutive Akt activity alone, due 
to a loss of PTEN expression, was not enough to stimulate 
NF-KB activity and indicate that cellular stimulation is re- 
quired for fiill NP-KB activation, which can be blocked by PTEN 
expression. 

To determine whether the inhibition of NP-KB-dependent 
transcription by PTEN was specific to the ability of PTEN to 
block PI3K-dependent stimulation of Akt, additional transient 
reporter gene assays were performed. LNCaP cells were tran- 
siently co-transfected with activated forms of Ha-Ras or cal- 
modulin-dependent Mnase kinase (CaMKK) in the presence of 
either PTEN or vector control plasmid. Expression of activated 
Ha-Ras(V12) in LNCaP cells effectively up-regulated the NF- 
icB-responsive reporter, which was blocked by co-expression of 
PTEN protein (Fig. IB). The expression of CaMKK, which is 
known to directly activate Akt in a PlPg-indepfindent manner 
(48), induced the transcriptional activity of NF-KB. NP-KB ac- 
tivation by CaMKK was not significantly blocked by PTEN 
(Pig. IB). These results indicate that PTEN is capable of inhib- 
iting both TNF- and Eas(V12)-induced transcriptional activa- 
tion of NF-icB, presumably through its ability to down-regulate 
PI3K-induced PIP3 levels. 

To address fiirther whether the ability of PTEN to block 
TNF-induced NF-KB transcription was associated with a down- 
regulation of Akt activity, LNCaP cells were transfected with a 
plasmid encoding a constitutively active Akt protein (M-Akt). 
Ehie to a myristoylation motif, the M-Akt protein constitutively 
inserts into the cytoplasmic membrane and no longer reqpiires 
PIP3 products generated by PI3K for kinase activity. Thus, we 
would predict that M-Akt would bypass PTEN-mediated effects 
and would allow TNF-dependent signals to activate NP-KB 

even in the presence of PTEN expression. As shown in Pig. IC, 
expression of M-Akt in LNCaP cells stimulated the transcrip- 
tional activity of NP-KB. These results suggest that the over- 
expression of M-Akt acts to stimulate NP-KB through mecha- 
nisms different from endogenous Akt activity normally 
displayed in LNCaP cells. Regardless, NF-KB activity was in- 
creased further in M-Akt-transfected cells following stimula- 
tion with TNF (Pig. IC). Consistent with the data presented in 
Fig. M, PTEN blocked TNF-induced activation of NF-KB. How- 
ever, expression of M-Akt rescued PTEN-mediated suppression 
of NF-KB following TNP addition (Fig. IC). The ability of M-Akt 
to overcome PTEN-mediated effects on TNF-depefndent activa- 
tion of NF-KB was not due to disproportionate transgene 
expression, because Western blot analysis demonstrated ap- 
propriate protein expression of PTEN, Akt, and the p-galacto- 
sidase control in co-transfection experiments (Pig. IC). There- 
fore, expression of a constitutively active Akt mutant 
overcomes the ability of PTEN to block TNF-induced activation 
of NF-KB. 

PTEN Inhibits NFKB through Mechanisms Independent of 
IKBO Degradation, plOS Processing, and p65 Nuckar Translo- 
cation—^To elucidate the molectdar mechanisms by which 
PTEN suppresses NF-KB-dependent transcription, LNCaP 
cells were infected with adenovirus directing the expression of 
either PTEN (Ad-PTEN) or green fluorescent protein (Ad- 

HA-tagged Ha-Ras(V12), and FLAG-tagged CaMKK proteins. C, constitutively active Akt rescues TNP-induced activation of NP-KB foUowing the 
expression of PTEN. LNCaP cells were co-transfected with 3X-KB-LUC (0.5 )j.g) and with empty vector control plasmid or expression constructs 
encoding constitutively active Akt (M-Akt), wild-type PTEN, or M-Akt and PTEN (1 ^ each). Eighteen hours following transfections, cells were 
stimulated with TNP (10 ng'ml). Cells were harvested 12 h foHowing the addition of TNP, and luciferase activities were analyzed. Results represent 
the mean ± S.D. of three independent experiments performed in triplicate. Bottom panel, Western blot analysis demonstrating expression of 
HA-tagged M-Akt, PTEN, and His-tagged p-galactosidase. 
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Pro. 2. TNF stimulates BKK-dependent IicBa degradation, p65 
nuclear translocation, pl05 processing, and NF-KB DNA binding 
activity in LNCaP ceDs despite PTEN expression. A, ectopic ex- 
pression of PTIN efficiently down-regulates constitutively active Akt in 
LNCaP cells. LNCaP cells were infected with adenovirus encoding 
either green fluorescent protein <M-GFP) or PTEN (Ad-PTEN) at 10 
pfu/cell. Twenty four hours following infection, eels were stimulated 
with TNP (10 n^ml) over the time course indicated, and nuclear and 
cytoptomic proteins were harvested from cells. Western blot analysis 
was performed using cytoplasmic extracts, and ectopic expression of 
PTEN was detected. Endogenous Akt activity was assessed using the 
phosphospeciiic antibody that detects phospho-Ser-473 on Akt. Total 
Akt protein levels were detected using a pan-specific antibody. B-E, 
PTEN expression in LNCaP cells fails to inhibit IKK activity, TNP- 
induced degradation of iKBa, pl05 processing, and nuclear transloca- 
tion of the p65 protein. B, cytoplasmic extracts (25 fig/lane) from Ad- 
GPP- and Ad-PTBN-infected LNCaP cells were analyzed for IxBa 

GFP). Adenoviral-mediated gene transfer is extremely efficient 
in these cells where, at 10 plaque-forming units (pfii) of virus 
per cell, 100% of cells display transgene expression (data not 
shown). Nuclear and cytoplasmic extracts were isolated from 
adenoviral infected cells following the addition of TNF over the 
time course indicated. As shown in Fig. 2A, cytoplasmic pro- 
teins isolated from LNCaP cells infected with Ad-PTEN dem- 
onstrated PTEN protein expression, as compared with Ad- 
GFP-infected control cells. Importantly, ectopic expression of 
the PTEN protein was fiinctional in LNCaP cells, because lipid 
phosphatase activity of this tumor suppressor protein signifi- 
cantly down-regulated the level of activated phospho-specific 
Akt protein (Pig.M). The inabilily to detect phosphorylated 
Akt in Ad-PTEN-infected cells was not due to differences in 
protein loading, because similar levels of total Akt protein were 
detected when blots were re-analyzed using a pan-Akt antibody 
(Pig. M). 

To elucidate whether PTEN expression blocks TNP-induced 
phosphorylation and proteasome-dependent degradation of 
IKB, cytoplasmic extracts were analyzed for the presence of 
IKBO protein. As shown in Fig. 2B, TNF-stimidated extracts 
displayed a loss of IKB« protein with similar kinetics in both 
Ad-GFF- and Ad-PTEN-infected LNCaP ceUs. Moreover, anal- 
ysis of the p65 subimit of NF-KB confirmed that the addition of 
TNF led to an increase in nuclear accumulation regardless of 
whether the cells overexpressed the PTEN tumor suppressor 
gene product (Fig. 2E). Collectively, these results indicate that 
PTEN did not inhibit the transcriptional activity of NP-KB 

through a mechanism that blocked IKBO degradation and nu- 
clear translocation of p65 in LNCaP cells. 

Because Akt has been reported to be required for TNP- 
induced IKK activity (81, 39), LNCaP cells expressing PTEN 
were analyzed for IKK activity following TNP stimulation. As 
shown in Fig. 2C, LNCaP cells expressing PTEN displayed 
similar TNF-induced IKK activity, as compared with control 
cells. These results indicate that PTEN expression did not 
block TNF-induced IKK activity in these cells. Moreover, al- 
though LNCaP cells express constitutively active Akt, these 
cells fail to display constitutive IKK activity. 

PTEN has also been reported to negatively regulate NP-KB 

through mechanisms affecting p50 activity (38). Because p50 
activity is regulated predominantly through IKK-dependent 
phosphorylation and proteolysis of the pl05 precursor protein 
(49-51), we analyzed whether PTEN blocked p50 activity by 

protein levels following TNF stimulation. Total IKBO and a-tubulin 
protein levels were detected. C, TNP-stimulated LNCaP cells express- 
ing either GFP or PTEN were analyzed for IKK activity. Whole cell 
lysates (100 ^g) were immunoprecipitated with anti-IKKy and incu- 
bated with GST-IKB«-(1-54) in the presence of [T-^P]ATP. Immuno- 
precipitates and whole cell extracts were analyzed for IKKy and PTEN 
expression, respectively, by Western blot analysis. D, p50 activity was 
measured as a function of pl05 processing in TNP-stimulated LNCaP 
cells expressing either GPP or PTEN. LNCaP cells were infected with 
adenovirus, as described above, or treated with the piroteasome inhib- 
itor MG132 (20 ^M) 1 h prior to the addition of TNP for 30 min. Total 
proteins (50 ji^ane) were subjected to SDS-PAGE, and Western blots 
were analyzed for protein expression. E, cytoplasmic (O and nuclear 
(2V) extracts were analyzed for TNP-induced nuclear translocation of 
the p65 subunit of NP-KB. F, PTEN fails to block TNP-induCed DNA 
binding of NP-KB. Nuclear proteins (8 jigA-eaction) were incubated with 
a '*P-labeled double-stranded oligonucleotide corresponding to the 
NP-KB consensus site located in the MHC class I promoter. DNA- 
protein complexes were resolved on a non-denaturing polyacrylamide 
gel. The NP-KB-specific complex (composed of p65 and p50) is indicated 
by an arrow, as is a nonspecific (JVS) band, which in&ates relatively 
equal amoimts of nuclear extract in each reaction. An asterisk indicates 
the p50 homodimer. Nuclear extracts isolated from LNCaP cells in- 
fected with the Ad-SRIisBa and then treated with TNP served as a 
positive control. 
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inhibiting pl05 processing in LNCaP cells following TNP stim- 
ulation. LNCaP cells did not display significant increases in 
pl05 processing following the addition of TNP (Pig. 2D). More- 
over, p50 levels did not change following the expression of 
PTEN or following the addition of the proteasome inhibitor 
MG132 (Pig. 2D). Consistent with Pig. 2B, PTEN also did not 
block TNP-induced degradation of iKBa, but degradation was 
blocked by pretreatment with MG132 (Pig. 2D). Therefore, in 
contrast to previous reports (38), PTEN failed to block TNP- 
induced NP-KB activity through mechanisms iavolving p50 
activation. Collectively, these results are consistent with our 
findings that PTEN expression in LNCaP cells does not block 
IKK-dependent IitBa degradation or pl05 processing nor does 
it affect p65 nuclear translocation following TNP stimulation 
(Pig. 2, B, D, and E). 

To elucidate whether PTEN expression affected TNP-in- 
duced activation of NP-KB through mechanisms involving DNA 
binding, nuclear extracts were analyzed in EMSAs. As shown 
in Pig. 2F, adenoviral infected LNCaP cells expressing PTEN 
displayed similar NP-KB DNA bmding profiles following the 
addition of TNP, as compared with cells receiving the Ad-GPP 
control virus. Interestiagly, nuclear extracts fi-om LNCaP cells 
infected with Ad-PTEN displayed shghtly elevated DNA bind- 
ing activity of NP-KB at 1 h post-TNP addition, as compared 
with Ad-GPP-infected cells (Pig. 2F). As a control, nuclear 
extracts isolated from LNCaP cells infected with Ad-SMKBa, 
encoding a mutated form of IKBO that cannot be degraded 
following TNF stimulation, failed to display TNP-induced 
NF-KB activity (Pig. 2F). Similar amounts of nuclear extracts 
were analyzed in EMSAs, because the detection of a nonspecific 
band displayed comparable levels of intensity in all lanes. 
Moreover, re-analysis of nuclear extracts by EMSA displayed 
equal levels of Oct-1-DNA binding complexes that served as a 
loading control (data not shown). 

To determine whether the PTEN effects were specific only to 
LNCaP cells, we analyzed two other human prostate cell lines, 
PC-3 and DU-145. PC-3 cells contain not only constitutive Akt 
activity due to the loss of PTEN function (40, 41) but also 
display constitutive IKK activation, DNA binding, and NF-KB- 

dependefnt transcription (52). On the other hand, DU-145 cells 
express a functional PTEN protein (41) and consequently do 
not display constitutive Akt activity. In this way, we could 
determine whether PTEN expression blocked either basal or 
TNP-induced nuclear translocation in either PC-3 or DU-145 
cells. PC-3 and DU-145 were infected with Ad-GPP, Ad-PTEN, 
or Ad-SRiKBa, and nuclear extracts were harvested following 
TNP stimulation. Interestingly, expression of PTEN did not 
block the high basal NP-KB DNA binding activity normally 
observed in PC-3 cells nor did it inhibit TNP-induced increases 
in NP-KB binding, as compared with Ad-GPP-infected control 
cells (Pig. 3, left panel). Ectopic expression of PTEN also did not 
inhibit TNP-induced NP-KB nuclear DNA binding activity in 
DU-145 cells (Pig. 3, right panel). However, expression of the 
SE-IKB« protein blocked basal NP-KB DNA binding activity in 
PC-3 cells and also inhibited TNP-induced NF-KB activity in 
both PC-3 and DU-145 cells (Fig. 8). The inability of PTEN to 
block TNP-induced nuclear translocation signals was not due 
to differences in adenoviral mediated expression of PTEN, be- 
cause PTEN was effectively expressed in both PC-3 and DU- 
145 cells, and constitutively active phospho-Akt was down- 
regulated in PC-3 cells (data not shown). We found that TNP 
weakly stimulated Akt activity in DU-145 cells, and the expres- 
sion of PTEN or exposure to the PI3K inhibitor, LY294002, 
blocked TNF-induced NP-KB transcriptional activity in tran- 
sient reporter assays. However, consistent with the data here, 
LY294002 failed to block TNP-induced nuclear translocation of 

PC.3 'Dll-MS 

m-m 

FIG. 3. Expression of PTEN fails to block TNF-induced nuclear 
translocation and DNA binding activity of NF-KB in PC-S and 
DU.145 prostate cells. PC-3 and DU-145 cells were infected with 
Ad-GPP, Ad-PTEN, or Ad-SRlKBa virus (50 pfii/cell). Twenty four hours 
following infection, cells were either left untreated or stimulated for 30 
min with TNP (10 n^ml), and nuclear extracts were isolated and 
analyzed by BMSA Arrows identify the NP-KB-DNA binding complex 
(composed of p65 and p50), the p50 homodimer (indicted by an asterisk), 
and a nonspecific (NS) band that demonstrates that equal amounts of 
total extract were analyzed in each lane. 

NP-KB in DU-145 cells, as measured by EMSA (data not 
shown). PTEN did not affect TNP-induced nuclear transloca- 
tion and DNA binding of NP-KB (composed of p65 and p50 
heterodimer) m LNCaP, PC-3, or DU-145 ceUs. Therefore, de- 
spite PC-3 cells displaying a loss of p50 homodimer binding 
(compare Fig. 2F with Pig. 3), we predict that this effect could 
not account for the abihty of PTEN to inhibit NP-xB-dependent 
transcriptional activity. Collectively, these results indicate 
that the expression of PTEN in LNCaP, PC-3, or DU-145 cells 
failed to block NP-KB DNA binding, suggesting that PTEN 
fimctions to block NP-KB-dependent gene expression through 
an alternative mechanism. 

PTEN Regulates NFKB by Repressing the Transactivation 
Domain of the p65 Subunit—To determine whether PTEN 
could modulate NP-KB by blocking the transactivation flmction 
of p65, we utUized a plasmid encoding a Gal4-p65 fiision pro- 
tein. In this fusion protein, sequences encoding the DNA bind- 
ing domain of the yeast Gal4 transcription factor have been 
joined with sequences encoding the transactivation domain I of 
p65 (43). Experiments were performed by co-transfecting cells 
with an expression plasmid encoding Gal4-p65 and with a 
Gal4-responsive luctferase reporter (Gal4-Luc). In addition to 
analyzing p65, we also evaluated whether PTEN could modu- 
late the transactivation domain of CREB, a transcription factor 
known to be directly phosphoiylated by Akt (53), and c-Jun. As 
shown in Pig. 4A, the transactivation potential of p65, CREB, 
and c-Jim was increased in LNCaP cells following the addition 
of TNP. The expression of PTEN blocked the ability of TNF to 
stimulate the transactivation domain of p65 and CREB (Fig. 
4A). Interestingly, PTEN expression did not inhibit the abihty 
of TNF to stimulate the transactivation domain of c-Jun (Pig. 
4A). These results suggest that PTEN inhibits TNF-induced 
NP-KB activation by blocking the transactivation potential of 
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Fio. 4. PTEN blocks TiNP-mduced activation of NF-KB by mod- 

ulating the transactivation domain of p65. A, PTIN inhibits the 
ability of TNF to stimulate the transactivation domain of the p65 
subunit of NP-KB. LNCaP cells were co-transfected with plasmids en- 
coding the Gal4-p65, .Gal4-CREB, or Gal4-cJim ftision proteins and 
with the 4xGaI4-Luc reporter. In addition, cells were transfected with 
either the empty vector control or with an expression vector encoding 
wild-type PTEN. Eighteen hows following transfection, cells were ei- 
ther left untreated or were stimulated with TNF (10 ng/ml). Eighteen 
hours following stimulation, cells were harvested, and luciferase activ- 

p65 and that down-regulation of PIPg by PTEN expression also 
modulates CREB transactivation function. 

To understand better the signaling pathways by which 
PTEN inhibits the transactivation potential of p65, we inves- 
tigated whether active PI3K or Akt proteins could rescue PTEN- 
dependent inhibition in response to TNF. As shown in Fig. 4B, 
the expression of either PI3K or Akt proteins alone was capable 
of up-regulating the transactivation potential of p65 above 
vector control plasmid levels in unstimulated LNCaP cells. 
This effect was farther elevated following tiie addition of TNP 
(Pig. 4B). PTEN expression failed to inhibit the ability of con- 
stitutively active PI8K to target the transactivation domain of 
p65 following TNP stimulation (Fig. 4B). Moreover, PTEN ex- 
pression was unable to block the synergistic activation induced 
by M-Akt following TNP stimulation (Pig. 4B). Therefore, these 
results suggest that M-Akt can bypass the requirement for 
PIP3 activity, although TNF still provides an inducible signal 
(Pig. 4B). 

Several reports including our own (15, 30,36) have indicated 
that IKK participates in targeting the p65 transactivation do- 
main in response to activated Akt. Recently, we have shown 
(36) that serine residues 529 and 536, located in the transac- 
tivation domain of p65 and shown to be targeted by CKII and 
IKK, respectively, are both required for Akt-induced activation 
of NP-KB. Therefore, although in Pig. 2D we demonstrate that 
PTEN did not block the abihty of IKK to phosphorylate iKBa 
following TNP stimulation, additional transfection experi- 
ments were performed to determine whether IKK alone was 
enough to target the transactivation domain of p65 following 
TNF stimulation. As shown in Pig. 4B, the expression of IKKp 
activated the transactivation domain of p65 in unstimtdated 
LNCaP cells, which was further enhanced following TNP stim- 
idation. PTEN was capable of inhibiting TNF-stimulated 
LNCaP cells expressing wild-type IKKp (Fig. 4B). These re- 
sults suggest that in order for TNF to up-regulate the transac- 
tivation domain of p65 in LNCaP cells, both Akt and IKK are 
required. This hypothesis is stipported by the observation that 
co-expression of both M-Akt and IKKp strongly activates the 
p65 transactivation domain, without the need for TNP stimu- 
lation (Pig. 4B). Moreover, this activation could not be inhibited 
by the expression of PTEN (Pig. 4B). 

To determine whether Akt and IKK are required for TNP- 
dependent signals to target the transactivation potential of the 
p65 subunit of NP-KB, LNCaP cells were co-transfected with 
Gal4-p65, the Gal4 reporter, and plasmids encoding for various 
dominant negative proteins. As shown in Fig. 40, cells express- 

ities were analyzed. Data presented represent the mean ± S.D. of three 
independent eisperiments. Bottom panel. Western blot analysis of cell 
extracts demonstrate PTEN and Gal-4 protein expression. B, activated 
forms of PI3K and Akt proteins overcome the ability of PTIN to block 
TNF-induced stimtilation of the p65 transactivation domain. LNCaP 
cells were co-transfected with Gal4-p65, Gal4-Luc reporter, and with 
plasmids encoding activated PI3K, Akt, IKKp, Akt, and IKKp or empty 
vector control. Additionally, cells were co-transfected with plasmid 
encoding PTEN or empty vector control. Eighteen hours following 
transfection cells were either left untreated or were stimulated with 
TNF (10 ng/ml). Cell extracts were harvested 18 h following the addi- 
tion of TNF, and equal amounts of protein lysates were assayed for 
luciferase activity. Data represent the mean + S.D. of two individual 
experiments performed in triplicate. C, the ability of TNF to stimulate 
the p65 transactivation domain is blocked by PTEN and dominant 
negative forms of PI3K, Akt, and IKK. LNCaP cells were co-transfected 
with Gal4-p65, Gal4-Luc reporter, and with expression plasmids en- 
coding PTEN, dominant negative (DN) PI3K (Ap85), AktCLys -^ Met), 
IKI^ (SS :» AA). Eighteen hours following transfection cells were 
stimulated with TNP, and 18 h following the addition of TNP, cells were 
harvested, and luciferase activities were determined. Results represent 
three separate experiments performed in triplicate, and the mean ± 
S.D. are shown. 
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PIG. 5. Eeintroduction of PTEN into LNCaP ceUs blocks TNF- 
induced NF-sfi-dependent gene expression. LNCaP cells were in- 
fected with eitlier Ad-GPP or Ad-PTEN. Twenty four houra following 
infection cells were either left untreated or were stimulated with TNP. 
Total ENAs were isolated, resolved on a formaldehyde gel, and Hotted 
onto nitrocellulose. Gene expression for NF-KB1, bcl-3, and OAPDH 
were determined by analyzing Northern blots with radiolabeled cDNAs 
corresponding to these genes. Equal amounts of RNA were loaded in 
each lane because no differences were observed for GAPDH expression. 

ing plasmids encoding PTEN or dominant negative PI3K, Akt, 
or IKKp all blocked the ability of TNP to stimulate the trans- 
activation domain of p65 in LNCaP celk. Similar results were 
observed in PC-3 cells, where expression of PTEN or dominant 
negative constructs encoding PI3K, Akt, or IKK^ inhibited the 
basal transactivation potential of the p65 subunit. The abiMty 
of PTEN to inhibit the p65 transactivation domain was not 
specific only to TNP, as this effect was also observed for inter- 
leukin-ip (data not shown). These results indicate that PTEN 
modulates NP-KB transcriptional activity through a mecha- 
nism that controls the transactivation function of the p65 sub- 
unit and not by inhibiting signals that control nuclear translo- 
cation or DNA binding of NF-KB. 

The Ability of PTEN to Block the Transactivation Potential of 
the p6B Subunit ofNFKB Is Associated with a Loss ofNE-nB- 
dependent Gene Expression—Our results suggest that the abil- 
ity of PTEN to inhibit PIPg and down-regulate Akt activity 
alone is enough to inhibit the transactivation potential of the 
p65 subunit, which would be predicted to block endogenous 
NF-KB-dependent gene expression (Pig. 4). To determine 
whether the expression of PTEN blocked NP-KB-dependent 
gene expression following TNP stimulation, we analyzed the 
expression of two NF-icB regulated genes, NF-KB1 and bcl-3 
(54, 55). LNCaP cells were infected with either Ad-PTEN or 
Ad-GPP control virus, ENAs were isolated, and Northern blot 
analysis was performed. As shown in Pig. 5, LNCaP cells in- 
fected with control virus displayed an increase in both NF-KB1 

and bcl-3 transcripts by 2 h, which persisted for 4 h following 
TNP stimidation. Consistent with the ability of PTEN to block 
NP-KB transcriptional activity in transient reporter assays, 
LNCaP cells expressing PTEN displayed a significant decrease 
in both JVF-KBJ and bcl-3 transcripts (Pig. 5). The differences in 
gene expression were not due to imeven loading of RNAs, 
because re-analysis of blots for GAPDH displayed equal levels 
of transcripts (Pig. 5). These results are consistent with otir 
finding that the abiUty of PTEN to down-regulate the transac- 
tivation domain of p65 following TNP stimulation is associated 
with a loss of NP-KB-dependent gene expression. 

PTEN Potentiates TNF-induced Apoptosis—Thas far, we 
have established that the re-introduction of the PTEN tumor 
suppressor protein into LNCaP cells affects the abihty of these 
cells to respond to TNF-induced NP-KB transcriptional activa- 
tion. Since it has been well estabUshed that TNF-induced ac- 
tivation of NP-KB is required to overcome the abihty of this 
cytokine to induce apoptosis (56-61), we next investigated the 
effect of PTEN on cellular sensitivity to TNF-induced apo- 
ptosis. As shown in Fig. 6, LNCaP cells became markedly 
sensitized to TNF-induced apoptosis following Ad-PTEN infec- 
tion at a dose as low as 10 ng/ml TNP for 24 h, as compared 

lAd-GFP 
lAd-PTEN 

i«        m 
TNF(npi)= 

Ad-GFP 
0    10  M 40"T 

Ad-PTEN 

rriNH 
W2040+ TNICW^nil) 
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PIG. 6. Ectopic expression of PTEN sensitizes LNCaP cells to 
TNF-induced apoptosis, Subconfluent LNCaP cells were infected 
with either Ad-GPP or Ad-PTEN (10 pfu/cell) 24 h prior to the addition 
of varying concentrations of TNP (0,10,20, and 40 n^ml). Twenty four 
hours following the addition of TNP, adherent and non-adherent cells 
were harvested and assayed for the presence of histone-associated DNA 
fragments using the Cell Death Detection ElISA kit (Roche Molecular 
Biochemicals). Relative apoptosis was plotted, where Ad-GPP-infected 
LNCaP cells grown in the absence of TNP was normalizied to one. Data 
presented were performed in duplcate, and similaf results were ob- 
tained in three independent experiments. Western blot analysis for 
PTEN expression demonstrated transgene expression over the 48-h 
time course of the experiment. 

with LNCaP cells infected with the Ad-GPP control. The his- 
tone-associated DNA fragments detected using the Cell Death 
Detection ELISA (Kg. 6), were also confirmed using standard 
agarose gel electrophoresis analysis (data not shown). Collec- 
tively, these results indicate that ectopic expression of PTEN in 
LNCaP cells sensitized these cells to TNF-induced apoptosis. 
This work is consistent with the idea that niodulation of NF-KB 

transcriptional activity by the abihty of PTEN to down-regu- 
late Akt activity sensitizes the LNCaP cell Hne to TNF-induced 
apoptosis. 

DISCUSSION 

In this report, we demonstrate that the down-regulation of 
Akt activity by the re-introduction of the PTEN tumor suppres- 
sor protein in prostate epitheMal cells inhibits the abihty of 
TNP to stimulate NF-icB-dependent traiMcriptiOn. The ability 
of PTEN to block TNP-induced activation of NF-KB is depend- 
ent on the lipid phosphatase activity of PTEN and dn the 
concomitant down-regulation of Akt activity. In support of this, 
we found that constitutively active Akt overcame the ability of 
PTEN to suppress NP-KB activation following TNP stimula- 
tion. CaMKK, which has been shown to activate Akt through 
PI3K-independent pathways (48), was capable of activating 
NF-KB even in the presence of PTEN. In our model system, the 
inhibition of Akt activity by the expression of PTEN did not 
block TNP-induced IKK activation, IKB« degradation, pl05 
processing, p65 nuclear translocation, or DNA binding of NP- 
(cB. Rather, cells expressing PTEN displayed equal or even 
better NP-KB DNA binding activities following TNP stimula- 
tion, as compared with cells expressing GFP contrbl protein. To 
determine mechanistically how FTEN-dependent inhibition of 
Akt blocked the abiMty of TNF to stimulate NP-KB, we evalu- 
ated whether PTEN down-regulated the transactivation poten- 
tial of the p65 subunit of NP-KB. We found that PTEN inhibited 
the abiUty of TNF to stimulate the transactivation potential of 
p65, as well as CREB, but not c-Jun. The transactivation po- 
tential of p65 following TNP stimulation coidd be rescued from 
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PTEN-dependent repression by re-introducing activated forms 
of PI3K and Akt or Akt and IKK. The abiUty of TNF to stim- 
ulate the transactivation domain of p65 was not only blocked by 
PTEN but also by the expression of dominant negative forms of 
PI3K, Akt, or IKKp proteins. These residts suggest that all of 
these signaling molecules are important for full NP-KB-depend- 
ent transcriptional activity. Modulation of the transactivation 
function of p65 by PTEN is important for NP-KB-dependent 
transcription, because PTEN blocked TNP-induced up-regula- 
tion of JVF-KBI and 6cl-3 transcripts. Consistent with a previ- 
ous report (16) that used a PI3K inhibitor, we find that expres- 
sion of PTEN restilts in a loss of Akt and NF-KB activities and 
sensitizes LNCaP cells to TNP-induced apoptosis. 

During the preparation of this manuscript, two other inde- 
pendent reports were published that address the effect of the 
PTEN tumor suppressor gene expression on NP-KB activation 
following stimidation by proinflammatory cytokines (38, 39). 
The basic conclusion in both of these studies was that PTEN 
was capable of inhibiting NP-KB-dependent gene expression in 
transient reporter gene assays. However, some major discrep- 
ancies exist between our results and the other reported molec- 
ular mechanisms by which PTEN inhibited NP-KB (88, 89). In 
the other studies, it was argued that expression of PTEN, 
either transiently or stably, results in a loss of NP-KB DNA 

binding potential. Under no circumstances did we observe this 
effect in any of the cell lines we tested. Rather, as shown in 
Pigs. 2E and 3, expression of PTEN results in a sUght increase 
m NP-KB DNA binding following TNF stimulation. This effect 
was not specific to TNP, because PTEN also failed to block 
NP-KB-DNA binding activity in LNCaP cells following IL-ip 
stimulation.^ Koul et al. (38) also indicated that PTEN expres- 
sion down-regulated the p50:p50 homodimer DNA-binding 
complex of NP-KB. Although we did observe this effect in PC-3 
cells, this mechanism did not account for PTEN-dependent 
inhibition of NP-KB activity and was not observed in either 
LNCaP or DU-145 cells (Pig. 2B and 3). In contrast, in our 
model system PTEN did not block TNP-induced DNA binding 
of the transcriptionally active p65:p50 heterodimer of classical 
NP-KB. Gustin et al. (39) indicated that PTEN expression 
blocks the abihty of the IKK complex to stimulate IKBC* phos- 
phorylation. Our data strongly indicate that this is not the case 
in LNCaP, PC-3, or DU-145 cells. On the contrary, we observed 
instead a normal increase in IKB« phosphorylation and degra- 
dation and nuclear translocation of p65 (Pig. 2, B, D, and £ and 
data not shown). Moreover, LNCaP cells expressing PTEN 
display normal TNP-induced IKK activity, indicating that 
PTEN does not block the ability of IKK to phosphorylate IicBa 
(Pig. 20. If PTEN was functioning to inhibit the abihty of the 
IKK complex to phosphorylate IKB, then one would predict that 
PTEN-deficient cells would maintain constitutive Akt phospho- 
rylation and IKK activity and display constitutive NP-KB DNA 
binding. However, these results are not what was observed in 
LNCaP cells nor what was reported for PTEN null MEP cells 
(6). In contrast, cells constitutively expressing active Akt still 
require a stimulus to induce IKB degradation, DNA binding, 
and NP-KB-dependent gene expression. This is supported not 
only in our study, but also in other recent reports (38, 39). Our 
results and the results of others (38) indicate that constitu- 
tively active endogenous Akt alone is not enough to activate 
effectively the IKK-dependent pathways. Conversely, the inhi- 
bition of Akt via PTEN is incapable of fully inhibiting IKK 
activity and IKBO phosphorylation and degradation (Pig. 2, 
B and O (88). 

llie abihty of PTEN to block NP-KB-dependent gene expres- 

'■ M. W. Mayo, unpublished observations. 

sion and sensitize cells to TNP-induced apoptosis may allow 
insight into the use of pharmacological inhibitors of the PI3K 
pathway to therapeutically treat human tumors that have lost 
functional PTEN expression. NP-KB is known to protect cells 
from apoptosis by up-regulating target genes that restrict cy- 
tochrome c release from the mitochondria and inhibit caspase 
activation. To date, these NP-KB-regulated genes include 
cIAP-1, cIAP-2, MAP, Bd-Ki,, Al/Bfl-1, NrlS, lEX-lL, and the 
recently discovered iVDSD (61, 62). Although the down-regula- 
tion of PI3K activity has been shown to induce apoptosis that 
can be rescued by the overexpression of the p65 subunit of 
NP-KB (16), we cannot exclude the possibihty that PTEN in- 
duces cell death through other meschanisms as well. For exam- 
ple, as we have described here, another pro-survival transcrip- 
tion factor, CEEB, is also negatively regulated by PTEN 
activity. Huang et al. (68) recently reported similar results 
indicating that PTEN-mediated repression of phosphorylation 
of CREB at serine 133 was associated with the transcriptional 
down-regulation of the bcl-2 protooncogene in human prostate 
cells. Because Akt has been shown recently (64) to provide 
protection from the TRAIL/Apo-2L pathway by inhibiting BID 
cleavage, it is possible that the inhibition of Akt via PTEN 
expression would sensitize prostate cells to siniilar death path- 
ways initiated by TNP. Moreover, because Bcl-2 and Bcl-X^ 
block TRAIL-induced apoptosis, it could be that a combination 
of these different signahng events is required to allow PTEN to 
sensitize prostate cells to apoptotic stimuh. 
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Abstract 

To investigate whether the tumor suppressor gene PTEN affects the activity of the 

androgen receptor (AR), we monitored the expression of the apoptotic gene Bax (inserted 

in an adenovirus where it is driven by the androgen receptor responsive promoter 

ARRiPB) in the presence or absence of dihydrotestosterone, in PTEN (+) or (-) prostate 

cancer cell lines, infected with an adenovirus containing wild type PTEN (Av-CMV- 

PTEN) or a control LacZ-expressing construct. Our results showed that AR 

transcriptional activity was antagonized by PTEN expression. This antagonism was not 

cell Ime dependent, as it was observed m both LNCaP and LAPC-4 cells, or promoter 

dependent, as it was observed for a reporter gene (Bax) driven by an exogenous 

androgen-responsive promoter (the ARR2PB promoter), and for a native gene (PSA) 

driven by an endogenous AR-responsive promoter. Additional experiments performed 

with viruses containing constitutively active (Adeno-myrAkt) or dominant negative 

(Adeno-dnAkt) forms of Akt demonstrated that Akt, a protein kinase whose activation is 

known to be mhibited by PTEN, mediated the observed antagonism between PTEN and 

AR transcriptional activity. Recently two putative Akt phosphorylation sites have been 

identified in the AR sequence. Site directed mutagenesis was utilized to convert these 

two serme into alanine residues. The resulting construct, named CMV-AR 

S213A&S791A was transfected in AR (-) and PTEN (-) PC-3 cells in the presence or 

absence of Av-CMV-PTEN and of a reporter plasmid (GREaElb-Luc) containing the 

luciferase gene driven by a well-characterized androgen responsive promoter. These 

experiments demonstrated that similarly to the wt molecule, AR S213A&S791A was 

transcriptionally inhibited by PTEN, suggesting that Akt does not have an effect on AR 



\1i 

transcription by direct phosphorylation, but probably by affecting the availability of a 

downstream molecule whose main mechanism of action is that of modulating AR 

transcription. The data presented in this communication suggest that loss of PTEN 

function may facilitate activation of AR signaling and progression to androgen 

independence in prostate cancer. 
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INTRODUCTION 

The widespread use of prostate specific antigen (PSA) has significantly increased 

our ability to correctly identify patients affected by prostate cancer (CaP). This powerful 

diagnostic tool has changed the epidemiology of CaP and an increasing number of 

patients are now diagnosed with organ-confined disease (Hankey et al., 1999). In 

addition, overall death rates are falling in many industrialized countries due to early 

diagnosis (OUver et al., 2001). Despite these encouraging statistics, prostate cancer is 

still the most frequently diagnosed visceral cancer in American men, and there will be an 

estimated 189,000 new cases and 30,200 deaths fi-om it in 2002 (Jemal et al., 2002; 

Schroder, 1999). 

CaP can be eradicated when organ-confined, but systemic disease is incurable. 

Systemic prostate cancer is usually treated with hormonal ablative therapy, but virtually 

all patients receiving this treatment relapse and develop androgen-independent tumors for 

which only experimental treatments exist (Schroder, 1999). Urgently needed is a better 

understanding of prostate cancer progression to androgen-independence at the molecular 

level, in order to identify new targets for novel therapy design. 

Centrally located in the pathway activated by circulating androgens is the 

androgen receptor (AR), a member of the nuclear receptor family. After bmding ligand, 

this molecule becomes activated with an associated change in conformation, translocates 

to the nucleus and binds DNA, ultimately regulating the transcription of androgen- 

responsive target genes (Balk, 2002). In the prostate, AR is believed to work by 

stimulating activities which antagonize apoptosis and induce cell proliferation 

(Denmeade et al, 1996). AR is expressed in a normal or ampUfied way in patients with 



androgen-independent disease, and mutations of its ligand-binding domain have been 

described which expand binding specificities (Tapiin et al, 1999; Van-der-Kwast et at, 

1991; Visakorpi et al, 1995) and are associated with dise^e progression. Nevertheless, 

the large majority of AR analyzed at the molecular level does not contain mutations 

(Marcelli et al, 2000), and so other mechanisms must be involved with progression to 

androgen-independent disease. 

According to a recent paper, presence of AR is essential for androgen independent 

CaP cells proliferation (Zegarra-Moro et al, 2002). In addition, AR expression level 

increases in androgen independent prostate cancer (Balk, 2002). Therefore, to reconcile 

the apparent contradiction that AR is essential for proliferation of androgen-independent 

prostate cancer cells (Zegarra-Moro et al, 2002) but use of AR antagonists in association 

with inhibitors of testosterone synthesis is ineffective in patients with androgen 

independent disease (Eisenberger et al, 1998), many authors have hypothesized that AR 

can ftmction in a Ugand-independent way. In support of this hypothesis, a wide body of 

literature has been published demonstrating that AR can be activated by mechanisms 

involving protein kinase A, or tyrosine kmase receptors pathways (Craft et al, 1999; 

Culig et al, 1994; Nazareth and Weigel, 1996; Ueda et al, 2002a; Ueda et al, 2002b; 

Yeh era/., 1999). 

A frequent molecular abnormality detected in advanced prostate cancer consists in 

loss of the tumor suppressor gene PTEN (Dong et al, 2001; McMenamin et al, 1999; 

Suzuki et al, 1998). This molecule works by antagonizing the PI3K pathway to induce 

apoptosis and growth arrest (Cantley, 2002). The predommant enzymatic activity of 

PTEN consists in dephosphorylatmg the glycerophospholipidphosphatidylinositol 3,4,5- 



triphosphate (PI3,4,5,P3) at the D3 position to form phosphatidylinositol 4,5-biphosphate 

(PI4,5,P2) (Vivanco and Sawyers, 2002). PI3,4,5P3, the main substrate formed after 

activation of the phosphatidylinositol 3-kinase (PI3K) pathway, is essential to achieve 

activation of the serine/threonine kinase Akt by anchoring it to the inner surface of the 

cell membrane through its PH (pleckstrin homology) domain (Andjelkovic et al, 1997). 

Once anchored to the plasma membrane, Akt achieves its final active state through 

phosphorylation at threonine 308 by 3-phosphoinositide dependent protein kinase 1 

(PDKl) (Vanhaesebroeck and Alessi, 2000), and at Ser473 by PDK2 (Vanhaesebroeck 

and Alessi, 2000). Thus, the main mechanism through which PTEN exerts tumor 

suppression consists in antagonizing PI3,4,5P3 formation, and thus preventing Akt 

activation (Stocker et al, 2002), which signals survival and mitogenesis to the cell. 

PTEN and AR play opposing roles in the prostate (AR induces proliferation and 

antiapoptosis (Denmeade et al, 1996), while PTEN, induces apoptosis and growth arrest 

(Yuan and Whang, 2002)). Previous studies have linked PTEN (and Akt signaling) and 

AR activity, but the conclusions are controversial, as Li and collaborator have shown that 

PTEN (through down regulation of Akt) works as an antagonist of AR activity (Li etal, 

2001a), while Lm and collaborator have provided evidence in support of the fact that Akt 

signaling inhibits AR activity (Lin et al, 2001). To fiirther characterize the modality of 

AR-PTEN (Akt) interaction, we took advantage of adenoviral constructs developed in our 

laboratories, to perform a number of experiments using PTEN positive (+) or negative (-) 

prostate cancer cell lines. Our data suggest that PTEN antagonizes AR transcriptional 

activity through inhibition of Akt activation and that this effect is not cell line or 

promoter-dependent. In addition, our data suggest that PTEN inhibition of AR 



transcription does not depend on prevention of Akt-mediated AR phosphorylation. This 

suggests that the effect of PTEN on AR transcription is probably mediated by one of the 

downstream post-translational/transcriptional effects mediated by Akt. As PTEN is 

frequently inactivated in androgen independent prostate cancer, these results suggest that 

loss of PTEN ftmction may facihtate activation of AR signaling and progression to 

androgen mdependence, and identifies the PTEN-Akt pathway as an additional 

therapeutic target for the treatment of androgen-independent prostate cancer. 



MATEMAL AND METHODS. 

Materials 

Fetal bovine serum, tissue culture media and antibiotics were from Invitrogen 

Corporation (Carlsbad, CA). Chemicals were from Sigma (St. Louis, MO) unless stated 

otherwise. Restriction endonucleases were from New England Biolabs (Beverly, MA), 

Hybond ECL nitrocellulose membranes and ECL+plus Western Blotting Detection 

System were from Pharmacia Biotech (Piscataway, NJ) (Cat. # RPN303D and RPN2132, 

respectively). Antibodies were: PTEN (C^cade BioScience, Winchester, MA) (Cat. No, 

ABM-2052, working dilution: 1000:1), Akt (total) (Cell SignaHng, Beverly, MA) (Cat. 

No, # 9272, working dilution: 1000:1), (phospo)-Akt (^'^Ser) (Cell Signaling, Cat. No. # 

9271, working dilution: 1000:1), PSA (Dako, Carpinteria, CA) (Cat, # A0562, working 

dilution: 1000:1), p-Actin (Sigma, Cat. # A5441, working dilution: 5000:1), Bax (BD- 

Biosciences, Franklin Lakes, NJ) (Cat. # 554104, working dilution: 1000:1), AR (Santa 

Cruz Biotechnology, Santa Cruz, CA, Cat. #816, working diluition 300:1), Secondary 

antibodies were: Anti-mouse IgG, peroxidase-linked (Amersham-Biotech, Piscataway 

NJ, Cat. # NA931, working dilution: 1000:1) and Anti-rabbit IgG, peroxidase-linked 

(Amersham-Biotech, Cat. #NA934, working dilution: 1000:1). Dihydrotestosterone was 

from Steraloids (Newport, RI, Cat, # A2571-000). R1881 was from NEN (Boston, MA), 

The PI3K inhibitor LY 294002 was from Cell Signaling (Cat, # 9901). 

Plasmids 

pCMV-AR contains the wt AR cDNA imder the control of the CMV promoter 

(Tilley et aL, 1989). pCMV-AR S213A&S791A contains an AR cDNA in which the 

putative Akt phosphorylation sites S213 and S791 have been mutated from serine to 



alanine residues. GRE2E lb-Luc is a luciferase reporter plasmid driven by two androgen 

response elements from the tyrosine amino transferase promoter, followed by the 

adenovirus Elb TATA box (AUgood et al, 1993). PRL-CMV-TK contains the Renilla 

luciferase cDNA (Promega, Madison WI) under the control of the constitutively active 

CMV promoter. 

Adenoviral constructs 

The following adenoviral constructs were used: Av-ARRiPB-Bax, Av-CMV- 

PTEN, Av-CMV-PTEN(mut), Av-CMV, Adeno-myrAkt, Adeno-dnAkt, Av-CMV-GFP 

and Av-CMV-LacZ. 

Preparation of adenovirus Av-ARRiPB-Bax has already been described (Andriani 

et al, 2001). This adenovirus contains a HA-tagged cDNA of the pro-apoptic protein 

Bax under the control of the ARR2PB (Zhang et al, 2000) promoter. The ARR2PB 

promoter is inducible by AR only in AR (+) cell hues deriving from prostatic epthelium, 

after addition to the medium of dihydrotestosterone or non-metabolizable androgens such 

as mibolerone or Rl 881. The HA-Bax protein induced from this system after addition of 

androgens to the medium is recognizable from the wt form because is slightly larger by 

immunoblot analysis, 

Adenoviruses Av-CMV-PTEN and Av-CMV-PTEN(mut) and Av-CMV have 

been previously described (Yuan and Whang, 2002). Av-CMV-PTEN contams the wild 

type PTEN cDNA under the control of the CMV promoter. Av-CMV-PTEN(mut) 

expresses a mutant form of PTEN (G129E), which has lost its lipid phosphatase activity 

and the ability to inhibit Akt activation (Yuan and Whang, 2002). Adenovirus Av-CMV 

contains the CMV promoter and no cDNA's subcloned downstream to it, Adenovirus 
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Av-CMV-LacZ has already been described, and contains the LacZ cDNA subcloned 

downstream of the CMV promoter (Marcelli et al, 1999). Both Av-CMV and Av-CMV- 

LacZ were used as a control to Av-CMV-PTEN. The dominant-negative Akt mutant 

(Adeno-dnAkt) has alanine residues substituted for threomne at position 308 and serine at 

position 473 (Suhara et al, 2001). The constitutively active Akt (Adeno-myrAkt) has the 

c-src myristoylation sequence fused in frame to the N-terminus of the wild-type Akt 

coding sequence that targets the fusion protein to the membrane. Membrane-bound Akt 

is constitutively active (Suhara et al, 2001). The cDNA's of these Akt mutants were 

subcloned under the control of the CMV promoter, and inserted in the context of a 

replication-defective first generation adenovmis. Both these adenoviral constructs 

constructs were gifts of Dr. K. Walsh, Tuft University. 

Adenovirus Av-CMV-GFP contains the cDNA of the green fluorescent protein under the 

control of the CMV promoter in the context of a first generation repUcation-defective 

adenovirus. This construct was a gift of M. Ittmann (Baylor College of Medicine), and 

was used to identify the ideal MOI for the various cell lines and as a negative control 

when required. 

Cell Lines 

Prostate cancer derived LNCaP (Horoszewicz et al, 1980) (maintained m RPMI- 

1640,10% FBS and 1% P&S), LNCaP-LP (maintained in RPMI1649,10% FBS and 1% 

P&S), LAPC-4 (Klein et al, 1997) (provided by Dr. Charies Sawyers of UCLA, 

maintained m Iscove's Modified Dulbecco's Medium [Invitrogen, Cat. No. 12382-016], 

15% FBS and 1% P&S) and PC-3 (Kaighn et al, 1979) (maintamed m F12 + 10% FBS + 

1% P&S) were used for the experiments reported in this paper. LNCaP, LNCaP LP and 
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LAPC-4 were chosen because they contain the androgen receptor (AR), which is wild 

type in LAPC-4 (Klein et al, 1997), and contains a well characterized (T877A) mutation 

in LNCaP and LNCaP LP cells (Veldscholdte et al, 1990). The difference between 

LNCaP and LNCaP-LP cells is that while the former have been continuously passaged in 

our laboratory for the last 8 years, LNCaP-LP (low passage) were recently purchased 

from the ATCC (Manassas, VA), and used immediately after thawing in the experiments 

described below. PC-3 was chosen because this cell line is an example of an AR(-) 

(Tilley et al, 1990) PTEN(-) (Li et al, 1997) cell line of prostatic derivation. 

Cell Proliferation assay 

5X10* LNCaP cells were seeded per well in a 24-well plate and then infected 

with adenovirus Av-CMV or Av-CMV-PTEN (MOI10) in media with charcoal stripped 

serum. 24 hours after uifection, R1881 (0.05 nM) or vehicle was added to media. This 

dose of ligand was used because AR agonists are known to have a bifasic effect on 

LNCaP cells proliferation, consisting in a stimulatory activity at subsaturating doses, and 

an inhibitory activity at saturatmg doses (Lee et al, 1995; Sonnenschein et al, 1989; 

Zhao et al, 1997). Cell proUferation was determined using the colorimetrie MTT assay 

at 24 hour interval. Results shown are the MTT OD readings of triplicate wells expressed 

as the mean +/- SD and are representative of at least three independent experiments. 

Measurement of PSA production by LNCaP cells 

LNCaP cells (10* per well) were seeded in a 6-well plate. After 24 hours, cells 

were washed with phosphate-buffered saline and then incubated with 2 ml of serum-free 

medium. Then dihydrotesterone (2 nM) or LY294002 (10 or 20 fxM) or vehicle as 

indicated was added to medium. After 24 hours, supernatant was collected and analyzed 
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for PSA by a commercially available ELISA assay (ICN Pharmaceutical, Costa Mesa, 

CA), PSA levels in the collected supemantant are expressed as ng/ml and represent the 

mean +/- SD of two independent experiments. 

Experimental protocols 

Two days before adenoviral infection, 1x10^ cells were seeded in each well of a 

six well plate. On the day of infection, cells from one well were detached with trypsin 

and counted. This information was used to infect each cell line at the desired multiplicity 

of infections (MOI). Infections were carried out with 500 nL of infection medium (the 

same medium used for each cell line with 2% FBS and 1% penicillin and streptomycin) 

in a 5% COj incubator at 37 "C for 1 hour on a rocker. Pilot experiments with an 

adenovirus containing the green fluorescent protein (GFP) cDNA (Av-CMV-GFP) 

determined the optimal MOI for the cell lines used ui this investigation. Based on this, 

LAPC-4 and LNCaP were infected with a MOI of 100:1 with every adenovmis used, 

except AvCMV-FTEN which was used at MOI of 1000:1 to achieve complete 

dephosphorylation of Akt in LNCaP cells. 

These experiments were performed in regular fetal bovine serum (FBS). Use of 

regular FBS did not have consequences on AR trascriptional activation, as we have found 

Aat the concentrations of testosterone or dihydrotestosterone determined by 

radioimmunoassay in the FBS from Invitrogen are extremely low [17 ng/dl (59 pM), and 

3 pg/ml (0.01 pM) for T and DHT, respectively] and unable to induce ARR2PB activity 

under the experimental conditions used throughout these studies (data not shown)'. 

Zhang Y., MarceUi. M.: Manuscript in press in Human Gene Therapy 
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LNCaP, LNCaP-LP or LAPC-4 cells were infected with Av-CMV-PTEN, Av- 

CMV-PTEN(mut) or Av-CMV-LacZ on day 0. In some experiments adeno(dn)Akt or 

adeno(myr)Akt were infected simultaneously with the PTEN construct. After 48 hours 

cells were infected with Av-ARRiPB-Bax and treated in the presence of vehicle alone or 

vehicle + DHT 2 nM. After 24 hours of hormonal stimulation cells were harvested and 

immunoblot analysis was performed for: PTEN (to control for successfiil infection with 

Av-PTEN or Av-PTEN-mut), total and ""^Ser-phospho-Akt (to control for wt PTEN 

activity, which is expected to prevent Akt phosphorylation, but not total Akt levels), p- 

actin (to control for equal loading in each lane), Bax to control for hormonal induction of 

AvARRa-PB-Bax (the AR inducible construct in which Bax is controlled by the 

exogenous ARR2PB promoter). In some experiment immunoblot analysis was performed 

for PSA (to control for DHT-induction of an endogenous AR-responsive gene). In each 

experiment the same number of ng of cell lysate was loaded. When precise quantitation 

was required, densitometric analysis was performed to correct expression of the protein 

of interest with that of p-actin, which was immunodetected in the same sample (Li et al, 

2001b). Densitometry was done by importuig images to a Macintosh G4 personal 

computer using the Chemi Doc™ Documentation System, and the Quantity One 

quantitation software (both from BioRad, Hercules CA). Arbitrary densitometric units of 

the protein of interest were then corrected for the densitometric unite of p-actin. 

Site directed mutagenesis 

8213 and S791are two putative Akt phosphorylation sites identified in the 

sequence of AR (Wen et al, 2000). One possible mechanism used by PTEN to control 

AR transcriptional activation may be by modulating phosphorylation of these sites by 
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preventing Akt activation. To test this hypothesis, we performed site directed 

mutagenesis to obtain an AR cDNA in which S213 and S791 were changed into Alanine 

residues, using the QuickChange™ XL Site-Directed Mutagenesis kit (Stratagene, La 

JoUa CA), The procedure was performed according to the specifications of the 

manufacturer, using as a template the wt pCMV-AR expression plasmid, and primers 

^'CGAGGG AGO GCGCGGGGGCTC CCAC^'and^GTGGGAGCC CCC GCG 

CGC TCC CTC G^' to obtain S213A-AR, and 5'TGA GGC ACC TCG CTC AAG AGT 

TTG G3' and 5'CCA AAC TCT TGA GCG AGG TGC CTC A^ to obtain S791A. 

Presence of the desired nucleotide substitutions and absence of unwanted PCR-related 

mutations in the resulting plasmids was confirmed by sequence analysis with a pubUshed 

sequence of wt AR (Tilley et al, 1989). This analysis confirmed that S213 (HCG) and 

S791 (TCT) were mutagenized into alanine residues (GCG and GCT, respectively). The 

two resulting plasmids CMV-AR S213A and CMV-AR S791A were subsequently 

digested, and the two mutated fragments Ugated to obtain plasmid CMV-AR 

S213A&S791A in which both mutations were correctly inserted within the same AR 

cDNA. 

Transient transfections to evaluate the transcriptional activity of CMV- 

ARS213A&S791A 

Non-recombinant adenoviral-mediated DNA transfer technique 

To stody if PTEN affects transcription of an AR cDNA mutated in its two 

putative Akt-phosphorylation sites, AR(-) and PTEN(-) PC-3 cells were infected with a 

virus encoding wt PTEN (or a control vuus encoding LacZ) at MOFs of 5000:1. After 

48 hours cells were transiently transfected with the non-recombinant adenoviral-mediated 
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DNA transfer technique (AUgood et at, 1997) using 10 ng of CMV-AR, or CMV-AR 

S213A&S791A in association with 0.5 ng of the androgen-inducible GREaElb-Luc 

reporter (expressing firefly luciferase activity upon induction), and 10 ng of the 

constitutively active pRL-CMV-TK plasmid (expressing renilla luciferase activity). 

Plasmids were incubated with the coupled virus (at a multiplicity of infection of 500:1) 

for 30 minutes. Subsequently, additional poly-L-lysine (1.3 (ig/ |xg of DNA) was added 

to shrink the DNA onto the viral surface. The virus-DNA complex was added to the cells 

and allowed to infect them for 2 hours in serum-free medium after which time the 

medium was supplemented with charcoal stripped serum to a final concentration of 5%. 

Each experiment was performed a minimum of three times. 

Cell Treatment 

Twenty-four hours after transfection, transfected PC-3 cells were treated with 2 

nM DHT or 0.2% ethanol vehicle for 24 hours. 

Western analysis for AR 

Cell lysates from each well were divided into two aliquots. The first was used for 

the detection of luciferase activity (described below). Cell lysate volumes from the 

second aliquot equal to 10 jAg of proteins were utilized for the immunodetection of AR 

and p-actin by Western analysis. Arbitrary densitometric units of the AR band of each 

well were corrected for the densitometric units of the corresponding p-actin band 

(AR/p actin DU ratio). 

Luciferase activity 

Luciferase activity was measured using the Dual-Luciferase® Reporter (DLRTM) Assay 

System (Promega, Madison Wisconsin). Results were expressed as LU/s (lucifer^e units 
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per second), and represent the ratio of the firefly (representing DHT-inducible luciferase 

activity from plasmid GREiElb-Luc) and renilla (representing the constitutive luciferase 

activity from plasmid pRL-CMV-TK) luciferases activities detected m the cell lysate. 

Renilla luciferase activity was generated by a constitutively active pl^mid and it was 

measured to correct firefly luciferase activity for differences of transfection efficiency 

among the various plates. The LU/s units obtained after this initial correction were 

further corrected for the AR/pactin DU ratio derived from the cell lysates of the same 

well, to normalize for differences in AR expression detected by the Western analysis step 

described above. 
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RESULTS 

PI3K signaling inhibition prevents known effects ofAR in LNCaP cells 

PTEN(-) LNCaP cells were infected with adenoviral constracts Av-CMV-PTEN 

or Av-CMV and stimulated with R1881 (0.05 nM) or vehicle. Proliferation was 

significantly enhanced in Av-CMV infected cells after stimulation with R1881 in 

comparison with Av-CMV infected cells treated with vehicle alone. In contrast, R1881- 

stimulated proliferation was significantly mhibited in Av-CMV-PTEN infected cells (Fig. 

1 A). In additional experiments, we determined DHT-stimulated PSA concentration in 

the supernatant of LNCaP cells treated with 0, 10 or 20 JAM of the PI3K mhibitor 

LY294002. Under these experimental conditions, DHT induced significant increase of 

PSA only in control cells, while increasing concentrations of LY294002 inhibited 

production of this surrogate marker of endogenous AR activation (Fig. IB). These 

experiments suggested the possibility that mhibition of PI3K signaling may reduce AR 

activity. To rule out that reduced AR activity was due to decre^ed AR expression, 

quantitation of immunoreactive AR was performed during inhibition of PI3K signaling 

through LY294002 treatment or adenoviral-mediated PTEN re-expression, and no 

changes were detected compared to vehicle treated cells (Fig. IC). 

PTEN reduces AR transcriptional activity in a cell line and promoter-independent 

fashion 

Further experiments were performed to determine how PTEN interferes with AR 

function. LNCaP cells were infected with Av-CMV-PTEN or Av-CMV-LacZ as a 

control, followed after 48 hours by infection witii AvARRaPB-Bax and treatment for 24 

hours with 2 nM DHT. Western analysis of the resultmg cell lysates are shown in Fig. 2. 
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Adenoviral-mediated expression of wt PTEN in high and low passage LNCaP cells 

inhibited Akt phosporylation, while no effect on total Akt expression was detected [Fig. 

2A: compare lanes 1 and 2 (Av-CMV-LacZ infected) with 3 and 4 (Av-CMV-PTEN- 

infected), and lanes 5 and 6 (Av-CMV-LacZ infected) with 7 and 8 (Av-CMV-PTEN- 

infected) in LNCaP low and high passage, respectively]. Following infection with Av- 

ARRiPB-Bax, treatment with DHT induced significant expression of HA-Bax in the 

absence of PTEN (recognizable by the appearance of the larger HA-Bax band in lanes 2 

and 6 which were infected with the control virus Av-CMV-LacZ). However, when DHT 

was administered to LNCaP cells previously infected with Av-CMV-PTEN, mduction of 

HA-Bax expression was significantly lower than in control cells infected with Av-CMV- 

LacZ [compare lanes 4 and 8 (infected with Av-CMV-PTENwt) with lanes 2 and 6 

(infected with Av-CMV-LacZ)]. At least eight experiments were carried out looking at 

PTEN-mduced inhibition of HA-Bax expression under these experimental conditions, 

and an average of 65% inhibition was seen. For mstance the experiment of Fig. 2 A 

(lanes 4 and 8 compared to 2 and 6, respectively) shows 100% inhibition, while the 

experiment of Fig. 2C (lane 2 compared to 4) shows 55% inhibition. 

In addition to Av-CMV-LacZ, also the inactive lipid phosphatase deficient form 

of PTEN was used to control these experiments (Yuan and Whang, 2002). As shown in 

Fig 2C, despite its dramatic overexpression this form of PTEN was ftmctionally mactive 

{shown by its inability to prevent Akt phosphorylation [compare lane 1 and 2 which were 

infected with Av-CMV-PTEN with lanes 3 and 4 which were infected with AvCMV- 

PTEN(mut)]}. HA-Bax expression jfrom the androgen responsive virus AvARRaPB-Bax 

was inhibited by the wild type (Fig. 2C lanes 1 and 2), but not mutant form of PTEN 
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(Fig. 2C, lanes 3 and 4), or the control virus Av-CMV-LacZ (Fig. 2C, lanes 5 and 6) 

following treatment with DHT. 

PTEN-mediated inhibition of AR activity was also observed with PSA, an 

endogenous AR-regulated gene. The experiment of Fig. 2B showed that PSA expression 

is dramatically stimulated by DHT in LNCaP cells, and that this effect is prevented by 

adenoviral-mediated expression of wild type PTEN. This experiment was further 

controlled using the mutated PTEN adenovirus. Fig. 2C shows that PSA expression is 

inhibited by the wtPTEN, but not by the mutated PTEN or the control adenovirus Av- 

CMV-LacZ, 

These experiments suggested therefore that in LNCaP cells wt PTEN antagonizes 

the ability of AR to induce expression of a reporter gene (HA-Bax) driven by an 

exogenous androgen-responsive promoter, and of a native gene (PSA) driven by an 

endogenous AR-responsive promoter. These experiments also demonstrated that the 

lipid phosphatase function of PTEN was required to achieve inhibition of DHT-induced 

expression of HA-Bax and PSA. 

PTEN-mediated inhibition ofAR activity is not cell line-dependent 

We utilized AR(+) and PTEN (+) LAPC-4 cells to determme if the inhibitory 

effect of PTEN on AR activity is present in CaP cell lines other than LNCaP cells. The 

experiments of Fig. 3 show that adenoviral-mediated PTEN overexpression is associated 

in LAPC-4 cells with decreased DHT-dependent induction of HA-Bax, and PSA. Thus 

PTEN-induced antagonism of AR transcription is not cell line dependent. 

PTEN-mediated inhibition ofAR activity is Akt dependent 
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The fact that the lipid phosphatase activity of PTEN is necessary to antagonize 

Akt activation and AR transcription, led to the hypothesis that Akt is the mediator of the 

observed inhibitory effect of PTEN on AR transcription. Additional experiments were 

performed to demonstrate this pomt, LNCaP cells were again infected with Av-CMV- 

LacZ (MOI 100:1) or Av-CMV-PTEN (1000:1) for 48 hours, followed by Av-ARRjPB- 

Bax (100:1) for 24 hours and treatment with 2 nM DHT for 24 hours. As shown in 

Figure 3, under control conditions (lanes 3 and 4) DHT induced significant amount of 

HA-Bax expression, while presence of wild type PTEN inhibited HA-Bax induction by 

85% (lanes 5 and 6). In additional experiments, LNCaP cells were infected with Av- 

CMV-PTEN (MOI 1000:1) and Adeno-dnAkt (MOI 100:1) or Adeno-myrAkt (MOI 

100:1) for 48 hours, followed by treatment for 24 hours with 2 nM DHT.   Association of 

PTEN with the dominant negative Akt construct completely prevented HA-Bax 

expression (lanes 1 and 2), while association of wt PTEN with the constitutively active 

Akt construct (lanes 7 and 8) was able to revert (at least partially) the inhibitory effect of 

PTEN on HA-Bax expression observed in lanes 5 and 6. HA-Bax expression was 

rescued by 62% when LNCaP cells were infected with PTEN + myrAkt compared to 

PTEN alone. These experiments showed that a dominant negative form of Akt 

contributed with PTEN to inhibit AR transcriptional activity. In contrast, the 

constitutively active form of Akt antagonized this effect of PTEN, Together with the 

observation that the phosphatase deficient form of PTEN did not have an effect on Akt 

activation and AR transcription (Fig. 2C), these experiments supported the hypothesis 

that PTEN inhibits AR activity in an Akt-dependent way. 

Does Akt modulate AR activity through its directphosphorylation? 
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Investigators have reported that two putative Akt phosphorylation sites within the 

sequence of AR undergo Akt-mediated phosphorylation (Lin et al, 2001; Wen et al, 

2000). We reasoned that if PTEN modulates AR transcription by mhibiting Akt 

activation, absence of these putative Akt phosphorylation sites should prevent inhibition 

of AR by PTEN. We performed site directed mutagenesis of these two putative 

phosphorylation sites to produce plasmid CMV-AR S213A&S791A, in which serine 

residues 213 and 791 are replaced by alanines. PC-3 cells were initially infected with 

Av-CMV-PTEN (or Av-CMV-LacZ as a control) for 48 hours, and subsequently 

transfected with pCMV-AR or pCMV-AR S213A&S791 A and with reporter plasmids 

GREaElb-Luc and PRL-CMV-TK. Vehicle or vehicle plus DHT were then added to the 

culture plates for 24 hours. This experiment showed that transcriptional activity of both 

AR plasmids w^ similarly inhibited by PTEN, therefore inhibition of AR transcriptional 

activity does not depend on prevention by PTEN of Akt-mediated AR phosphorylation, at 

least in the two putative sites mutated in this experiment and in the cell line PC-3. 
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DISCUSSION 

This paper provides evidence in support of the hypothesis that in prostate cancer 

cell lines PTEN antagonizes AR transcriptional activity through inhibition of Akt 

activation, and that this effect is not cell line or promoter-dependent. Recent papers have 

suggested that two serines (S213 and S791) located in the midst of two Akt-consensus 

sites in the coding sequence of AR are phosphorylated by Akt, and that AR activity is 

affected by Akt-mediated phosphorylation. Based on this, we set an experiment to test 

the hypothesis that the observed ability of PTEN to antagonize AR transcription is due to 

direct Akt-mediated AR phosphorylation. An AR construct with alanine residues 

inserted in replacement of S213 and S791 was prepared and transfected in AR (-) and 

PTEN (-) PC-3 cells. PTEN exerted a similar inhibitory effect on transcriptional activity 

of both wt AR or AR S213A&S791A, suggesting that lack of the two putative Akt 

phosphorylation sites does not affect PTEN-mediated inhibition of AR transcription, 

Akt regulates its target molecules by phosphorylation, and its activity results in 

survival, proliferation and cellular growth (Vivanco and Sawyers, 2002). Some of the 

activities resulting in survival consist in direct inactivation (by phosphorylation) of 

factors mediating cell death such as the apoptotic proteii^ Bad (Zha et al, 1996) and 

Caspase-9 (Cardone et al, 1998). In alternative, Akt-mediated phosphorylation 

stimulates survival by activating other factors such as Mdm2, a molecule whose ability to 

function as a survival factor depends on facilitating degradation of the pro-apoptotic 

tumor suppressor gene p53 (Mayo and Donner, 2001; Zhou et al, 2001). A third 

mechanism through which Akt affects survival is by activating or inhibiting transcription 

factors responsible for the synthesis of antiapoptotic or proapoptotic genes, respectively. 
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For instance Akt indirectly (through phosphorylation of IKB) activates the transcription 

factor NF-KB (Romashkova and Makarov, 1999), which affects survival by transcribing 

the antiapoptotic genes TRAFl, TRAF2, c-IAPl, cIAP2 and c-FLIP (Micheau et al, 

2001; Wang et al, 1998).  An example of a transcription factor responsible for the 

transcription of pro-apoptotic molecules such as FAS ligand (Brunet et al, 1999) and 

BIM (Dijkers et al, 2000) is the Forkhead transcription factor FHKR. Akt inhibits 

FHKR by anchoring it to the cytosol through phsphorylation (Brunet et al, 1999). In 

addition to regulating cell survival, Akt also induces cellular proliferation and growth by 

phosphorylating a variety of substrates using the same general mechanisms (Vivanco and 

Sawyers, 2002), Based on this, one can conclude that PTEN-mediated inhibition of Akt 

activation has several potential ways to affect AR transcription. Akt could affect AR 

transcription by post translationally modifying substrates required for AR activation or 

repression, or in alternative could modulate in a positive or negative way the transcription 

of such factors. Identification of these Akt-regulated regulators of AR transcriptional 

activity is one of the projects currently going on in or laboratory. 

A number of studies have recently examined the interaction existing between AR 

and PTEN/Akt signaling, and the conclusions are controversial. Wen and collaborators 

were the first to identify the presence of two Akt consensus sites in AR in Ser213 and 

791, and to show that Akt can directly bind to and phosphorylate AR (Wen et al, 2000). 

Lin et al (Lin et al, 2001) demonstrated Akt-mediated AR phosphorylation in Ser213 and 

791. These authors also described that active Akt inhibits AR transcriptional activity, 

and that this effect is mimicked by the constitutively active form of Alct, and inhibited by 

the dominant negative Akt construct. According to these authors, inhibition of AR 
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activity goes through two steps, a first step of Akt-mediated phosphorylation and a 

second step of Mdm2-mediated ubiquitination (Lin et al, 2002), The reasons for the 

discrepancy between ours and their data is not clear, but has probably to do with the fact 

that we used different cell lines (LNCaP and LAPC-4 instead of DU-145). Additionally, 

we used assays meMuring the mitogenic and anti-apoptotic effects of AR, while Lin et al 

used a model of AR-induced apoptosis. 

Posttranslational modifications of AR such as phosphorylation have been 

suggested to be an important mechanism modulating AR activity for a number of years 

(Blok et al, 1996; Kemppainen et al, 1992). Using a combination of peptide mapping, 

Edman degradation, and mass spectrometry (Gioeli et al., 2002), Gioeli et al have 

mapped the phosphorylation sites of AR, which do not include S213 and S 791, possibly 

due to the non-selectivity of the in vitro kinase reactions which were utilized to identify 

these two sites. In agreement with the data of GioeU, we did not find differences in the 

transcriptional activity of CMV-AR and CMV-AR S213A&S791A and detected similar 

degrees of suppression when the experiments were done in the presence of PTEN, 

suggesting that these two phosphorylation sites are not used by Akt to modulate AR 

activity, at least in PC-3 cells. 

The negative interaction between inhibition of the PI3K pathway and AR 

transcriptional activity described in this paper is supported in the literature by the papers 

of Li (Li et al, 2001a) and Sharma (Sharma et al., 2002). Similarly to us, Li and 

collaborators foimd that PTEN antagonizes AR signaling, and that this occurs in an Akt- 

dependent way, Sharma et al. not only described a negative interaction between PI3K 
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inhibition and AR signaling, but also that this is mediated by downregulation of p- 

catenin, an AR co-activator (Truica etal, 2000). 

In conclusion, otir studies support the theory that PTEN fiinctions as a 

transcriptional inhibitor of AR by preventing Akt activation, and that a downstream effect 

of the protein kinase Akt mediates this interaction. Unchecked Akt activation, which is 

frequently observed in advanced prostate cancer, may be associated with uncontrolled 

AR signaling, which may explain why androgen independent prostate cancer cells are 

insensitive to hormonal manipulation, but still require AR for their survival/proliferation. 

Furthering our knowledge on the PTEN (Akt)-AR axis will most likely create new 

therapeutic targets for androgen-independent prostate cancer. 
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LEGENDS 

Fig. 1: Inhibition of the PDK pathway prevents established functions of AR. A: LNCaP 

cells were infected with adenoviral constract Av-CMV-PTEN (wt) or with the empty 

control Av-CMV and grown in the presence of vehicle or R1881 (0.05 nM). At 24 hr 

interval, the relative cell growth was detemuned by the MTT ^say. Data are expressed 

as MTT OD, and represent the mean ± SD of triplicate wells. B: LNCaP cells were 

incubated in the presence of DHT (2 nM) or vehicle, and subjected to fiirther treatment 

with LY294002 20 yM, 10 JAM or vehicle. The amount of PSA in the culture supernatant 

was determined by an ELISA assay from aliquots of the supernatant obtained after 24 

hours of treatment. Data represents the mean ± SD of two independent experiments. C: 

LNCaP cells were treated with the PDK inhibitor LY 294002 (20 pM) (lanes 1 and 2) 

vehicle alone (lanes 5 and 6) or were infected with Av-CMV-PTEN (lanes 3 and 4) for 24 

or 48 hours.   Lysates from each experiment were subjected to western analysis for the 

immunodetection of AR and P-actin. The ratio of the AR/p-actin densitometric units did 

not show any difference in the six lanes of the experiment (not shown). Data represent a 

representative image of three independent experiments. 

Fig. 2: PTEN inhibits expression of exogenous and endogenous AR-regulated genes. A: 

LNCaP cells (high and low passage clones) were infected with MOI 1000:1 of 

adenovirus Av-CMV-PTEN (WT) or Av-CMV-LacZ on day 0. After 48 hours cells were 

infected with AvARRaPB-Bax (MOI 100:1) and incubated with DHT or vehicle for 

additional 24 hours. Immunoblot analysis was performed for P-actin (to control for equal 
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loading), p-Akt, total Akt, PTEN and Bax (the gene placed under the control of the AR- 

responsive promoter ARR2PB). Note that exogenous Bax contains a HA tag, and runs 

slightly higher than endogenous Bax. B: LNCaP cells were infected with Av-CMV- 

PTEN (lanes 1, 2) or a control adenoviras Av-CMV-LacZ (lanes 3, 4) and treated with 2 

nM DHT or vehicle for 24 hours. Immunoblot analysis was done for PTEN, P-actin (to 

control for equal loading), and PSA. The experiment of panel B was performed with the 

same cell lysates of panel A. C: LNCaP (high passage) were infected with Av-CMV- 

PTEN, Av-CMV-PTEN(mut) or Av-CMV-LacZ (MOI1000:1) at time point 0. After 48 

hours cells were infected with Av-ARRiPB-Bax and incubated with 2 nM DHT or 

vehicle for the following 24 hours. Cell lysates were utilized to perform Western 

analysis of P-actin, total Akt, p-Akt, PTEN, Bax and PSA. The data suggest that wt (lanes 

1 and 2) but not mutant PTEN (lanes 3 and 4) or the control adenovuris Av-CMV-LacZ 

(lanes 5 and 6) inhibits DHT-mediated expression of the exogenous (Bax) and 

endogenous (PSA) AR-dependent genes. 

Fig. 3: PTEN inhibits the AR-induced expression of endogenous (PSA) and exogenous 

(HA-Bax) AR-dependent genes in the cell line LAPC-4. Cells were seeded on day 0. 

After 24 hours cells were infected with adenoviras Av-CMV-PTEN or Av-CMV-LacZ 

(MOI 100:1). After 48 hours cells were infected with adenoviras Av-ARR2PB-Bax 

(MOI 100:1), followed by mcubation in the presence of DHT or vehicle for additional 24 

hours. Cell lysates were subjected to westem analysis for P-actin (to control for equal 

loading), Bax (the gene placed under the control of the AR-responsive promoter 
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ARRiPB), PTEN, total Akt, p-Akt, and PSA (the endogenous AR-responsive gene). 

Note that the endogenous level of Bax in this cell line is much lower than in LNCaP, and 

that a band migrating below HA-Bax is visible only in lane 2. The data suggest that 

DHT-mediated induction of Bax and PSA is inhibited m the cells infected with the PTEN 

viras [compare lane 2 (addition of DHT and absence of PTEN) with lane 4(addition of 

DHT and PTEN)]. 

Figure 4: A constitutively active Akt construct antagonizes PTEN while a dominant 

negative Akt construct has an additive effect on DHT-induced Bax expression from the 

Av-ARRaPB-Bax construct. LNCaP cells were seeded on day 0, infected with Av-CMV- 

PTEN (lanes 1,2, 5,6, 7, and 8) or with the control adenovkus Av-CMV-LacZ (lanes 3 

and 4) on day 1 (MOI 1000:1), Some wells were also infected with Adeno-dnAkt (lanes 

1 and 2) or Adeno-myrAkt (lanes 7 and 8) viruses (MOI 100:1). After 48 hours cells 

were infected with Av-ARRiPB-Bax (MOI 100:1), followed by incubation with DHT for 

24 hours. Under control conditions (lanes 3 and 4) DHT induced large amount of HA- 

Bax from construct ARRiPB-Bax. Bax induction was reduced in the presence of wt 

PTEN (lanes 5 and 6). This effect was antagonized in the presence of myrAkt, and 

further stimulated in the presence of dnAkt. 

Fig. 5: PTEN similarly inhibits DHT-induced luciferase activity from PC-3 cells 

transfected with a wt AR construct or an AR construct with mutagenized Ser213 and 791. 
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Cells were infected with a control viras (Av-CMV-LacZ), or with Av-CMV-PTEN on 

day 0. After 48 hours cells were transfected with pCMV-AR (wtAR in the figure) or 

pCMV-AR S213A&S791 A (mutAR in the figure), the reporter plasmid GRE2Elb-Luc, 

and the constitutively active plasmid PRL-CMV-TK expressing Renilla luciferase. Cells 

were then incubated with 2 nM DHT or vehicle for additional 24 hours. Luciferase 

activity was determined and corrected for transfection efficiency and for AR expression 

as described under "Material and Methods". Data are compared to cells infected with 

Av-CMV-LacZ + wtAR + DHT set at 100% and represents mean±SD of six wells.   One 

of three experiments is shown in the picture. 
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