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ABSTRACT 

p27"p' in prostate cancer: pmgnostic vaiue and role in mediating effect of higb 

dose dihydrotestosterone in LNCaP. Master of Science, 1999, John Tsihlias, institute 

of Medical Science, University of Toronto. 

p27 is a cyclin-dependent kinase inhibitor capable of inducing ce11 cycle arrest. p27 is 

abundant in multiple humm epithelial tissues, however, the protein is less abundant and 

its expression more heterogeneous in rnalignancies from these tissues. in a study of 

archiva1 tumoun from patients with clinically localized adenocarcinorna of the prostate, 

low p27 predicted shorter disease free survival. Androgen deprivation therapy pnor to 

surgery tended to increase the p27 level. Low p27 in such nimours was an even stronger 

predictor of earl y recurrence. G 1 arrest of LNCaP cells by high dose dihydrotestosterone 

Ieads to a four-fold increase in p27 level-, three-fold increase in p27 bound CO cyclin E 

complexes, and inhibition of cycl in E-associated kinase activity . These data raise the 

h ypothesis that changes in pathways that regu late p27 levels may contribute causal1 y to 

tumour progression and growth modulation of human prostate cancer cells in response to 

various androgenic stimuli. 
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This thesis addresses the role of the cyclin dependent kinase inhibitor p27"P' in 

human prostate cancer. The work is presented in four chapters. 

Chapter one is a version of a review article currently in press. The chapter serves 

as an introduction to the cell cycle and its regdatory proteins. discussing how these 

molecules are iinked to cancer. Prognostic studies of the cyclin dependent kinase 

inhibitors are reviewed. 

Chapter two is a version of a published manuscript that demonstrated an adverse 

prognostic outcome for low p27 in tumour nuclei from clinically localized 

adenocarcinorna of the prostate treated by radical retropubic prostatectomy. 

in chapter three a Iink between androgen mediated growth effects on human 

prostate cancer and the ce11 cycle regdators is demonstrated. Specifically, evidence 

shown supports an important role for p27 in mediating growth arrest of LNCaP human 

prostate cancer cells. 

Finally, chapter four pmvides a sumrnary of the thesis and a look at future work 

related to these findings. 



CHAPTER 1 

The Prognostic Significance of Altered Cdk Inhibiton in Human 
Cancer 

(A  version of this chapter was published in Ann. Rev. Med. 1999,SO:JOl-23 by I. Tsihlias. MD. 
FRCSC'. L. Kapusa MD. FRCPC', and I. Slingerland. MD. FRCPC. P~D') 

1 Rrviewed the litentute and wrote the manuscript- 
2 Generated Figure 2. 
3 Supervisor and mentor of -mduate snident. Criticaily reviewed che manuscript and suggested changes. 



GBSTRACT 

Progression through the cell cycle is govemed by cyclin dependent kinases (cdks). 

The cdk. inhibitoa inhibit the activity of cdks. Cyclins, cdks and cdk inhibitors are 

frequently deregulated in cancers. In this chapter, we review the literanire to determine 

the prognostic significance of aiterations in cdk inhibitors. Loss of p27 protein provides 

independent prognostic information in breast, prostate, colon. and gasiric carcinomas and 

immunohistochemical (MC) staining for p27 rnay become part of routine histopathologic 

processing of cancers in the future. Loss of MC staining for p21 may be prognostic in 

certain cancers but conflicting results are reponed in breast cancer. Reports on 

homozygous deletion of pi6 and.pi5 genes suggest a need for larger. prospective studies 

with standardized treatment protocols to definitively estabiish the prognosric utility of 

p l S / p l 6  deletions in acute leukemias. Curent data do not support the routine 

detemination of cdk inhibitor statu in tumours in the clinicai setting. Larger trials and 

the development of a consensus on methods for deletion analysis. MC staining and NmOr 

scoring will be needed to move these molecular assays from bench to bedside. 

INTRODUCTION 

The Ceil Cvcle 

The ceIl division cycle 

phase, followed by gap l or G 1. 

has four phases. Mitosis and cell division occur in M 

Late in GI. a ce11 commits to enter DNA replication in S 
1 

phase and this is followed by gap2 or G2 which precedes the next M phase. Progression 

through the ceIl cycle requires active cyclin dependent kinases (cdks). The activity of 

cdks is regulated by phosphorylation (1.2). activated by binding of cyclins (3.4) and 



reduced or inhibited by cyclin dependent kinase inhibitors (5,6). The cdks regulate 

biochernical pathways, or checkpoints. which integrate mitogenic and growth inhibitory 

signais. monitor chromosome integrity and CO-ordinaie the precise timing of ceIl cycle 

transitions (7.8). Passage through G1 into S phase is reglated by the activities of cyclin 

D-, cyclin E-, and cyclin A-associated kinases (see (3) for review). The activities of the 

Gl cdks are influenced by extracellular growth factors, cellcell contact and growth 

inhibitory signals. B-type cyclin associated kinases regulate the G2/M transition. 

Two families of cdk inhibiton negatively regulate cdk activities and mediate ce11 

cycle anest following growth inhibitory stimuli (5). The IM(4 uhibitor of c d m  farnily 

wK4B ~ 1 6 ~ ~ ~ ~ .  p18NK4C and pl9 memben. pl5 , mKJD inhibit specifically cyclin D- 

associated kinases (9.10). p16'N"A was finf identified as the product of the multi-tumor 

suppressor I (MTS 1)  gene. which is deleted or mutated in many hurnan cancers and 

tumor derived ceIl lines ( 1  1.12). p15""B plgs a role in GI arrest (13) and its loss may 

contribute to deregulated proliferation in cancers. Thus both p 15 and p 16 rnay function 

as tumor suppressor genes. 

Memben of the KIP @nase bhibitor potein) farnily, currently composed of 

7 1 Cip l"Haf1lSdi 1 
P- , p27"p'. and p57"P2. bind and inhibit many cyclidcdk complexes in-virro 

and overexpression of these KIP molecules induces G1 arrest (5). p2 I is a transcriptional 

target of p53 ( 14), and is involved in senescence (15) and differentiation (16-18). The 

expression of p21, is usually reduced or absent in quiescent epitheiial cells. p21 may be 

primarily involved in the control of cdk activity in proliferating cells and in the co- 

ordination of DNA damage repair with ce11 cycle arrest (see (5) for review). 



The KlP family meniber p27K'p' 

p27Kip1 is a 27kD protein that was first discovered as the inhibitor responsible 

for growth arrest in cells treated with transfoming growth-a (TGF-B) and is regulated by 

gowth inhibitory cytokines and by contact inhibition (19-23). p27 is strongly expressed 

in non-proliferating cells and may play important roles in the regulation of both 

quiescence and GI progression. p27 appears to be an important regulator of adhesion 

dependent effects on cell cycle kinetics (24). Normal cells undergo proliferative arrest 

w hen contact with the substratum is inhibited and p27 levels have been noted to increase 

in that setting, suggesting a contributory role for p27 (25-27). Tumour-derived ce11 lines 

exhibit an increase in p27 levels when transferred from two-dimensional culture to three- 

dimensionai cultures, where tight multicellular spheroids are observed (28). Use of 

antisense p27 in that mode1 leads to reduced intercellular adhesion. increased proliferative 

fraction of tumour spheroids. and renden tumour cells more susceptible to cytotoxic 

drugs. 

Several areas of evidence point to an important role for p27 dunng growth and 

development. p27 increases during differentiation in many ceII types both in-vitro and in- 

vivo (29JO). p27 knock-out cells manifest altered differentiation programs (3 1 ). p27 

knock-out mice demonstrate a characteristic syndrome of multi-organ hyperplasia 

(including benign prostatic hyperplasia). gigantism, pituitary and parathyroid tumors. 

indicating an important antiproiiferative role for p27 dunng development (32-34). 

p27 regulation appears to occur post-translationally. Mutations of p27 in human 

cancers have been identified only rarely (35-37). p27 mRNA levels remain relatively 

constant throughout the ce11 cycle. This mRNA stabiiity suggests that loss of p27 occurs 



due to increased protein degradation and turnover (38,39). Initial evidence suggested that 

ubiquitination was involved in the mechanism that targets p27 for proteolysis. Currently. 

the role of the ubiquitin pathway in this setting remains controversial, and it appears 

likely that proteolysis of p27 occun independent of ubiquitination. 

In quiescent cells p27 is stable and levels of the protein are high. The protein 

levels fall during progression through GI and reach a nadir in S phase (10,3840). In 

human osteosarcorna cells and fibroblasts phosphorylation of p27 is maximal in G 1, just 

before the drop in p27 protein that occun in S phase (41). Active cyclin Wcdk 2 

complexes can phosphorylate p27 on its threonine 187 (T187). and thereby target the p27 

for proteolysis. Certain ceIl types require ras for p27 degradation to occur ( 4 2 4 ) .  p27 

contains severd MAP kinase (MAPK) consensus sites and MAPK can phosphorylate p27 

in-vitro (4445). Therefore. ras-de penden t p27 degradation in-vivo may occur b y a 

mechanism involving MAPK. In summary. the accumulated data at present supports a 

mode1 of p27 regulation where post-translational events determine p27 activity. in 

particular, it appears that specific phosphorylation of p27 is required for p27 to be 

directed to the proteolytic pathway. 

The Cell Cycle and Cancer 

hcreasing evidence suggests that cyclins, cdks and cdk inhibitors are rither 

targets for genetic change in cancer or are disrupted secondarily by other oncogenic 

rvents (46). Cdc25 B. a positive regulator of the ceil cycle, is overexpressed in human 

cancers (47). as are cyclins D 1. E and A (48-54). increased expression of cyclin E protein 



in tumors may predict a poor patient prognosis (55,56). Overexpression of D-type cyclins 

is oncogenic in several systems (57-60). 

Since they oppose mitogenic stimuli. the cdk inhibiton are good tumor suppressor 

candidates. The p l 6  gene appean to be a tumor suppressor; its deletion or mutation 

favors oncogenic transformation or Nmor progression (6 1 ). Loss of p 16 expression may 

be one of the steps required to overcome ce11 cycle arrest at senescence leading to 

immortalization in certain cell types (62-64). Germline deletions in the pl6  gene 

predispose to melanoma (65). As rnentioned above, however. mutations in p27 have been 

identified only rarely in human cancers. (35-37). Given that loss of p27 protein hûs been 

shown to contnbute to resistance to growth inhibitory facactors(10.19.20.27.66-68). 

deregulation of cell prolifention and oncogenic change (46,69), this KIP molecule may 

represent a novel paradigrn for a tumour suppressor. 

Cylin dependent kinase inhibitors us p rognostic markers in cancer 

Since the discovery and cloning of the cdk inhibitors in 1993-1995. there has been 

a proliferation of studies that address the potential prognostic utility of changes in cdk 

inhibitor genes or protein expression in human rnalignancies. Many molecular markers 

that are aberrantly regulated in cancers are directly involved in ce11 cycle replation. 

Examples of such marken include the cyclins, the cdks. the retinoblastoma protein. 

(pRB), p53, and markers of proliferative ,index, such as PCNA, Ki67. and MIB 1. This 

review focuses on studies that address specifically the prognostic utility of the cdk 

inhibiton, genenlly excluding studies that described how cdk inhibitor protein 



Cyclin BIA \ I 

D Cyclins p l 5  
+ CDK2 ~ 1 6  

CDK4 } p l 8  
CDK5 ~ 1 9  
CDK6 ~ 2 1  

Cyclin E 
+ CDK2 ) p21, p27. p57 

Figure 1: The ceIl cycle is govemed by a family of cyclin dependent kinases (cdks). whose 
activity is regulated by binding of the cyclins. by phophorylation. and by negative regulaton. 
the cdk inhibitors (p15, p 16. p18. p 19. p l l .  p27. and p57). Adapted from Sherr. C.J. 
Mammalian G 1 cyclins. Cell. 73: 1059-1065. 1993. 



expression differs in normal and malignant tissues without providing statistical analyses 

of longitudinal follow-up and prognostic value. 

LOSS of p27"p1 PROTEIN PREDICTS POOR PROGNOSIS IN MANY HUMAN 

CANCERS 

Loss of pZ7 May be a Powefil Prognostic Factor in Breast Cancer 

Three recent reports suggest that low protein Ievels of the cdk inhibitor, p27. may 

prove to be a powerful predictor of poor outconie in breast cancer (55.7OJ 1). Al1 three 

reports demonstrated intense p27 staining in benign mammary epithelium. with variable 

loss of p27 in invasive and non-invasive carcinoma. 

Tan et al. studied p27 protein by immunohistochemistry (MC) in 202 srnall (< 1 

cm) invasive carcinomas (70). Median patient age was 62 years and median follow-up 

was 5.5 years. Nucleu p27 staining wûs heterogeneous in both intensity and distribution 

in these carcinomas. Low p27. defined as 40% of tumor nuclei positive for p27. was 

observed in 102 of 202 specimens. A rnultivariate analysis of clinicopathological 

parameters alone (age: lymph node status: tumor size: grade; and extensive intraductal 

cornponent) demonstrated that the only independent marker of survival was axi l lq  nodal 

involvement (&k ratio, 4.9. 95% C.I. 1.9- 12.5. p=û.001). Multivariate anûlysis of 

biologicd parameters (c-rrbB-2, p53, p27. cdc25B. estrogen receptor and progesterone 

receptor immunostaining, and microvessel density) showed that low p27 was an 

independent predictor of increased mortality (risk ratio 3.4. 95% C.I. 1.1-10.3. pd.03). 

b the rnultivariate mode1 including al1 panmeters, only nodal status and p27 (p=û.03) 

were of independent prognostic significance. Reduced p27 conferred an increased risk of 



death of 3.5 (95% CI 1.0-12.2, pa.04) (M. Loda persona1 communication). This study 

suggests that Iow levels of p27 may identify small node negative breast cancers that will 

have an unfavonble prognosis. 

Although the majonty of breast cancer patients are post menopausai at 

presentation. it is the premenopausal wornen for whorn morbidity is the greatest in terms 

of years of life lost. Porter et al carried out MC analysis of both p27 and cyclin E in 246 

primary breast cancers from a cohon of young patients (age < 45 years) with a median 

follow up of 5.2 years (55).  Rather than the 50% cut off reponed in the previous two 

studies, p27 intensity was scored as low, intemediate. or high. For regression analysis. 

the low category was cornpared to the other two categories combined. A multivariate 

analysis examined p27 dong with traditional factors (lymph node stanis. tumor size and 

grade) and rnolecular markers including erbB-2. p53. Ki-67. and cyclin E. Low p27 was 

an independent predictor of overall survival (risk ratio 7.7, p=0.01), as were positive 

lyrnph nodes (risk ratio 4.5. p4.001)  and a high cyclin E level (risk ratio 2.4, p=0.03). 

Tumon having both low p27 and high cyclin E demonstnted the highest monality, with a 

relative risk of death of 8.6 (95% C.I. 3.6-20.4. p4.001).  Porter et al. recently analyzed a 

larger subset of this cohon (n=811) and found that low p27 remains an independent 

predictor of reduced survivai for both node positive (n=34 1 ,  nsk ratio 2.6. CI 1.6-1.1 ). 

and node negative (n470, risk ratio 2.7. CI 1.3-5.3) breast cancers. Combined 

expression of high cyclin E and low p27 .mains strongly associated with poor survival in 

node negative women, risk ratio 7.0 (CI 2.2-22.41, although the association is less 

pronounced when anaiyzed in a multivariate model. risk ratio 2.1 (CI 0.6-7.2) (P. Porter. 

personal communication). 



Catzrivelos et al. (7 1 ) examiwd a group of 168 patients rhat was representative of 

the whole spectrum of breast cancer patients. Mean patient age was 62 years, 72% of the 

patients were post menopausal, only 48% of the cancers were node negative and 68% of 

the tumors expressed the estrogen receptor. Loss of p27 protein by MC was seen in both 

in-situ and invasive lesions in pnmary breast cancers. 56% of the invasive turnors 

studied showed low p27 (tumon with 40% of nuclei staining) and this was associated 

with high grade histology (p=û.001) and with negative estrogen receptor (pd.001) and 

progesterone receptor (pd.001) status. Sufficient data for rnultivatiatc analysis wiis 

available in 144 patients. p27 was a strong independent predictor of reduced disease-free 

survival (DFS). second only to nodal status. Low p27 levels conferred a 2.1 fold increase 

in the risk of disease recurrence (95% C.I. 1-2-3.4, pd.02). 

These studies of p27 consistently demonstrated an adverse outcorne for breast 

cancer patients whose tumors had low levels of p27 protein. Two studies demonstrated 

increased monality in patients with such tumors. Although the third study did not detect a 

difference in overall survival an effect on DFS in breast cancer usually tnnsiates into an 

effect on overall survival with prolonged follow-up. Loss of p27 was a stronger 

prognostic factor than hormone receptor status and Nmor grade. pz? scoring may be 

associated with less controversy and subject to less inter-observer variability than 

assessrnent of histologic gnde in breast cancer. 

A new and powerfùi prognostic facror would be of particuiar value in the 

management of node negative breast cancer. The traditional propostic factors do not 

reliably exclude patients frorn adjuvant therapies. nor do they predict failure of 

conventional adjuvant thenpy with suficient accuracy to justiS the use of more 



Figw 2. p27Kip' nuclear staining in benign prostatic glandular epithelium, prostatic 
adenocarcinorna and prostatic intraepithelial neoplasia (PM) Black chevron, benign 
prostatic glandular epithelium; solid black triangular arrow heads, prostatic 
adenocarcinorna; white chevron, prostatic intraepithelial neoplasia. (A) p27 negative 
intennediate grade adenocarcinoma sunoundhg a benign gland. (B) p27 positive 
intennediate grade adenocarcinorna and adjacent benign gland. (C) PIN with variable 
p27Kip1 nuc lear staining. (D) p27 positive adenocarcinoma and adjacent p27 positive 
PIN. (E-G) Prostatic adenocarcinoma with variable p27 nuclear staining and adjacent 
PM. (H) p27 negative adenocarcinoma with adjacent PIN with near negative nuclear p27 
staining. Magnification = 2ûûx for A-G, 400x for H. 



aggressive or experimental treatment moddities. If larger. prospective studies 

confirm the initial observation that loss of p27 is a strong independent prognostic factor 

for breast cancer, use of p27 as a marker may move rapidly from the bench to the bedside. 

Loss of pz7 Predicts Poor Outcome in Prostate Cancer 

Recent studies correlate loss of p27 immunoreactivity in prostate cancer with 

increasing tumor grade (72.73) and proliferative index. measured by Ki-67 (73). In a 

study of 1 13 men who undenvent radicd prostatectomy for clinically locdized prostate 

cancer. Tsihlias et al. demonstrated intense nuclear immunoreactivity for p27 in benign 

glands adjacent to prostate cancer (73). Both invasive cancer and prostatic intraepitheiial 

neoplasia (PIN) showed variable reductions in the intensity of staining and in the number 

of nuclei stained. Loss of p27 (defined as ~ 2 5 %  tumor nuclei p27 positive) correlated 

with seminal vesicie invasion (pd.0032) and increasing Gleason grade in the resected 

specimen (p=O.Ol). This snidy cornpared visual p27 scoring with computer assisted 

analysis. demonstrating the reliability of visual scoring (73). Multivariate analysis of 102 

node negative cancers identified low p27 (p=0.05). seminal vesicle involvement (p=û.03), 

and positive surgical margins (p=0.05) as independent predictors of treatment failure. 

When patients who received androgen ablation therapy pre-operatively were excluded. 

muitivariate analysis of the remaining 79 patients demonstrated that Gleuon grade was 

the only independent prognostic marker (pd.003). 

Yang et ai. also identified low p27 (~30% nuclei positive) as an adverse 

prognostic marker. predicting poor DFS in their cohort of 86 patients with clinically 

locaiized prostate cancer who underwent radical prostatectomy (74). A multivariate 

analysis revealed that loss of p27 was a strong independent predictor of disease relapse 



(risk ratio 3.0, p=û.02), second only to the risk conferred by advanced Iocd pathologie 

staging (T3c-T4, N 1-2) (risk ratio 6.73, p=.ûûûl). 

hrnunohistochemical andysis of p27 staining may prove usehl in stratifying 

patients for adjuvant treatment after radical prostatectomy. Funhermore. the Tsihlias 

snidy nised the intriguing possibility that androgen ablation may work through 

upregulation of p27 and ihat peaistently low p27 levels after neo-adjuvant hormone 

therapy may identify de-novo hormone resistant mmors or tumors unlikely to have a 

durable response to androgen ablation. if p27 staining of needle biopsy samples 1s found 

to reliably predict p27 levels in resected nimon. this marker may assist in selection of 

tumon that are appropriately managed by radical surgery. 

Loss of p2 7: an Independent Prognostic Factor in Colon Cancer 

Loda et al. examined a series of 149 primary human colorectal carcinomas and 

found that p27 w u  absent in IO% of tumors. low (550% cells staining positive) in 60% 

of tumors. and high (>50% staining positive) in 30%. Median survival was significantly 

worse in tumors lacking p27 than in p27 positive tumors (69 months vs. 15 1 rnonths). 

Muitivariate anal ysis determined that p27 was an independent prognostic muker. with 

absence of p27 confemng a risk ratio for death of 2.9 (p=0.003). 

Loss of pz7 Predicts Poor Outcorne in Gastric Cancer 

Mon et al. reponed on p27 protein levels in a cohon of 138 patients with primary 

gastric carcinoma (75). Low p27 (stainiqg in 550% of cells on immunohistochemistry) 

was present in 86 tumors (62%) md correlated significantly with increased turnor size. 

invasion beyond the gastic wall. the presence of lymph node metastases. increasing 

stage, and noncurative gastrectomy. Loss of p27 staining, increased depth of tumor 



invasion, and lymph node metastases were independent prognostic markers for survival 

on multivariate analysis (relative risks 2.64,2.23, and 1.69, respectively ; p<0.01 for each 

rnarker). 

Loss of pt7: an Adverse Marker in Lung Cancer 

A recent study of 133 non-small cell lung carcinomas (NSCLC) showed a 

sipifkant correlation between low p27 staining scores (< 50% nuclei positive) and two 

other poor prognostic factors, high tumor grade (p=0.01) and large NmOr size ( p a . 0 4 ) .  

There was no correlation between p27 levels and ras mutations (pd.4) (7'6). Although 

clinical follow-up dam was available for only 67 patients in this study, 21 of 22 

recurrences and al1 of the 16 deaths occumng over a median follow-up of 2.1 years 

occurred in patients whose tumors showed 40% p27 nuclear staining. Another study 

assayed p27 expression by MC. Western blotting. and Northem blotting in 108 patients 

with NSCLC (77). Levels of p27 scored by iHC correlated well with p27 protein detected 

by Western blotting of tumor samples. Four year actuarial survival was directly 

correlated with p27 staining scores (p=û.ûûI). Taken together, these studies sugest a 

potential role for loss of p27 as a predictor of poor outcome in NSCLC and support the 

undertaking of larger studies to address the potential independent prognostic value of p27 

in lung cancer. 

Loss of p2 7 in Esophageal Cancer 

Singh et al. found low p27 (do% mmpr cells positive) in 45 of 54 ( 8 3 4 )  cases of 

Barrett's Associated Adenocarcinorna (BAA) of the esophagus (78). Low p27 was 

correlated with increasing gnde (p<0.0001), depth of invasion (p=0.0 11, lyrnph node 

involvement (pd.2) .  and poor survival (pd.0 197). Although the smple size was too 



small to allow rnultivariate analysis, this study was unique in that it showed prognostic 

reievance for cytopiasmic Iocdization of p27. Altered subtellular localization of p27 

from the nucleus to the cytoplasm predicted poor survival (pd.02). 

Table 1 Studies of 027 rrs a pmgnostic factor in h u m  cancers 

Rcferrncc Site End' na Cutoff Untvmatc ~ul t ivmore~  

Paner et ul. 
1997 

Tsihlicrs 
cr ul. 1998 

Gposito et Non smdl 
ul. 1997 ceil lune 

Lado cf ul. colon 
1997 

Mon rr al. gi~smc 
1997 

Singh cf ul. BAA' 
1998 

OS 

DFS 

OS 

OS 

D FS 

DFS 

D l 3  

OS 

OS 

os 

OS 

<5O%>sO% 
low p17 (56)  

<50%.250% 
low p17 (56) 

low. int/highr 
low pz7 (-1 

Law. int. high 
low p27 (63) 

4096.250% 
low p t 7  (50) 

<30%.230% 
low p27 1-1 

550%s50% 
low p17 (62) 

C5O%ssO% 
low p27 (83) 

Footnotes 
' Outcome: DFS. disease-free survivril; OS. ovenll survival 

Represents rhe number of cases for multivwiate analysis. whrn donc. Sample size for univariate analysis 
may be larger. 
' Sraining categories. Second Iine states the category associateci with poor prognosis: values in parentheses 
represent percentage of entire cohort within that category. 
d Results of muttivariate rinalysis: p-value. relative risk. (95% confidence interval). 

Not significant 
' Low venus intemediate plus high p27 staininp intensity. 

Multivuiate mode1 compared p27 to c-erb B-2. pS3. cdc3B. estrogen receptor and progesterone receptor 
status: noi to lymph node status, tumour size or grade. 
h Andysis of the subset of cohort that did not receive neo-adjuvant hormonal therapy prior to surgecy. 
BAA, Barrett's associated adenocvcinoma 



p2 7 and Cancer Progression 

In cancen where both invasive and non-invasive tumors CO-exist. loss of p27 is 

seen in +bath in situ and invasive cornponents, suggesting that events leading to 

deregulation of p27 rnay precede invasion. In a snidy of prostate carcinoma (73)- tumors 

were selected that allowed the cornparison of p27 staining in benign epithelium. prostatic 

intraepithelial neoplasia (PIN). and invasive carcinoma. Variable degrees of reduction in 

p27 staining were frequently observed in the PIN adjacent to invasive carcinoma (see 

Figure 2). Similady, loss of p27 was frequently observed in non-invasive in siru ductd 

carcinoma of the breast (71). In both the in situ and invasive components. lower p27 

staining wûs observed in hi@ grade breast cancen. A recent cornparison of p27 levels in 

prirnary colon carcinorna and subsequent metastasis revealed a significant reduction of 

p27 staining in the metastatic tumors (79). Thus. loss of p27 rnay contribute CO rnalignant 

tumor progression in the transitions from non-invasive CO invasive. and from localized 

disease to metastatic dissemination. Loss of p27 was not significantly correlated with 

tumor proliferation in several of these studies and may refiect alterations in differentiation 

and adhesion-dependent growth regulation germane to oncogenesis and tumor 

progression 

In dl normal epithelia examined. including epithelia of breast. prostate, ovary, and 

skin. as well as oral, esophapd. gastnc. colonic and pulmonary mucosa. p27 protein is 

expressed at high levels. and loss of this protein is frequently seen in carcinomas 

invoiving these tissues (see Table 1). Multivariate analysis have demonstrated loss of 

p27 protein to have independent prognostic value not only in breast cancers (34.70.7 1 ). 

but also in colon @O), prostate (73.74) and gastric carcinomas (75). Small sample sizes 



or insufficient follow-up precluded multivariate anaiysis of p27 in the cohorts with 

NSCLC (77) and BAA(78) of the esophagus; thus, the demonstration of an independent 

role for p27 in these tumors awaits further study. Loss of p27 may dso be of prognostic 

vaiue in neopiasms of nonepithelial origin, such as melanoma (81). As mentioned 

above, p27 gene mutations are rare in cancer. instead. loss of p27 in human cancers 

appears to refiect al tered proteasorne mediated degradation. S pecirnens from colon. 

breast. lung and esophageal cancers with low p27 protein display high proteolytic activity 

toward recombinant p27 protein in vitro (70,77,78.82). Thus. p27 presents a novel 

paradigrn as a Nmor suppressor: the primary deregulation of p27 appears to involve not 

mutational change of the p27 gene. but rather alteration in the proteolytic pathways that 

pvem p27 levels and activity. 

PROGNOSTIC ROLE OF 1 

1 in Breost Cancer: Conflichg Results 

Five studies have addressed the prognostic role of p21 protein expression in breast 

cancer. Normal marnmary epithelium exhibits rare or absent reactivity for p2 1. whereas 

both in situ and invasive cancers rxhibit heterogeneous staining for p2 1. Diffennt 

investigators have used varying criteria to define "high" and "low" p2 1 staining, making 

direct cornparisons of study results difficult. The conclusions are contradictory, in that 

two groups reported adverse outcomes for NmOfS with relatively high staininp for pZ1. . 
whereas two others reponed favorable outcomes for such tumon. A fifth study did not 

demonstrate any predictive value for p21 staining. Although two studies showed a 



correlation between loss of p21 staining and high p53 protein expression (83.84), others 

did not (85,86). 

Barbareschi et. al. studied 91 pnmary invasive breast cancers with a median 

follow-up of 4.8 years (85). Twenty-four of 91 tumors (26%) were considered p21- 

positive using > 10% stained tumor nuclei as the cut off for p21-positivity. High p2 1 

staining was significantly associated with increasing grade ( p d . 0 3 )  and predicted early 

disease relapse on multivxiate analysis (p=0.006, risk ratio 2.9). Johnson et al. evaluated 

p21 by IHC in 90 node-negative infiltrating ductd breast carcinomas (87). Strong 

(>20%) nuclear immunoreactivity was observed in 26 of 90 (79%) tumors. in a 

univariate analysis, high p2 1 protein expression was associated with early disease relapse 

(p=0.004). Multivariate analysis was not reponed. 

In contrast. in over 200  cases studied by Jiang et ai (84) and Wakasugi et u1.(83), 

loss of pZ1 predicted poor outcorne for breast cancer patients. Wakasugi et al. assessed 

p21 in 104 pnmary invasive breast carcinomas (53). The patients were followed for a 

median of 3.1 years. As in the Barbareschi study. high p2 1 staining was defined as >IO% 

of nuclei immunoreactive for p2 1. A higher proportion of tumon. 49%. showed high p2 I 

staining . Benign glands and ducts were pz 1 -negative. In ihis study, p2 1 -positive nimors 

tended to have a favourable phenotype. High p21 level correlated with low grade 

(p<O.000 1). negative lymph node status ( p 4 . 0  1 ). and estropen receptor expression 

(p4 .0  1 ). Histologie grade and low pZ 1 staining were the strongest independent 

predicton of disease free survival on rnultivan'ate analysis. with loss of p2 1 conferring a 

5.4 fold higher risk of relapse (958 confidence interval 1.1-27.1: ~ 4 . 0 3 8 2 ) .  



Jiang et al. evaluated p21 protein in 106 breast cancers with follow-up of 3 

months to 7 yevs (mean 4.3 yean) (84). 32% of the specimens had "high p2 1" (defined 

as >25%4mmunoreactive Nmor nuclei). In contrast to the findings of Barbareschi et ai., 

low p21 correlated with high tumor grade (peO.05) and positive lymph nodes (p<0.05). 

Lymph node involvement (risk ratio 2.5. p=0.002), low p21 staining (risk ratio 1.9. 

pd.03) and high Ievels of p53 expression (risk ratio 1.9. pd.03) were independent 

predictors of DFS on multivariate analysis. Low p21 conferred a 3.0 fold increased risk 

of death (95% CI 1.4\6.5. p=0.005). 

Diab et al. stained 1 15 primary lymph node negative breast cancers for p2 1 and 

found no significant association with disease relapse or overall survival on univariate or 

multivariate andysis (86). The p2I imrnunoreactivity of tumors in this study tended to be 

considerably less than in other reports. Although 50 of 115 (43%) showed p21 nuclear 

staining (defined as an! p2 1 -positive cells detected). only five of these tumors had greater 

than 10% of tumor nuclri staining positively. Thus. the majority of tumors in the pZI 

positive group would have been categorized as exhibiting low p2 1 expression by other 

authon. No correlation was seen between p2 1 statu and other tumor pararneters. 

in summary. al1 studies showed rare or absent p21 staining in normal tissues. with 

heterogeneous p21 staining in breast cancer. Paradoxically. although two studies 

concluded that high p21 (>IO% or >20% nuclear staining) is an adverse tumor marker. 

two reached the opposite conclusion. and a fifth study failed to demonstrate any 

prognostic role for p21 in breast cancer. An explanation for the contradictions is not 

readily apparent, however, it is likely that differences in technique andor patient 

populations studied could explain these contradictions. 



These conflicting results undencore Our poor understanding of the biologicd 

significance of p2l expression during tumor progression in breast cancer. h tissue 

culture, p2 1 expression is minimai in quiescent ce11 lines (5). Levels of p21 proteins rise 

when cells enter cycle and increase further in response to differentiation or DNA damage. 

Given the very Iow to absent proliferation in normal adult human mammary epithelium 

(63.88.89). Barbareschi et al suggest that tumon manifesting increased p2 1 and poorer 

prognosis in their study could represent a more proliferatively active subset. in the 

studies that correlated loss of  p21 with a more aggressive tumor phenotype, the authors 

suggest that loss of p21 rnay reflect a loss of differentiation or loss of responsiveness to 

DNA damage, which couid contnbute to genetic instability. 

A tentative explanation for differences in the prognostic effects of low and high 

pZ I protein levels in these different breast cancer studies may lie in the different stages of 

disease in the populations examined. The studies that found high p21 to predict poor 

outcome had more patients at an earlier stage of disease progression. Barbareschi's study 

included 63% node negative tumon and Johnson included only node negative cases. 

Small tumors (c2 cm) comprised 37% of cases in Barbareschi's group in contrast to 21% 

and 29% in the srudies that found low p2 1 expression to be a poor prognosticator. In a 

recen t study of p2 1 in melanoma. normal melanocytes did not express p2 1 , eari y stage 

tumors showed relatively high p2l. and more advanced or metastatic lesions showed a 

105s of pZ 1 (90). In both melanoma and breast cancers. an increase in p2 1 in early stage . 
disease may reflect the presence of prolilerating cells or geneticaliy unstable cells 

"responding" to DNA damage. Later in disease progression, loss of p21 may reflect 

different processes including loss of Functional p53 and confer loss of responsiveness to 



growth inhibitory factors and to DNA darnage. Current data are insuffcient to predict 

whether p21 will prove to be of practical utility as a prognostic factor in breast cancer 

(see Table 2). Larger studies or a meta-andysis that stratifies according to Nmor size and 

nodal status are needed to resolve the matter. 

Studies of p2 l in Other Cancers 

Two reports suggest that loss of p21 may predict poor outcome in gastric 

carcinoma. MC of p2 1 in 172 prirnary giistric carcinoma specimens (9 1 ) showed loss of 

p2 1 in 60% of the tumors (defined as 6% tumor nuclei positive). Low p2 1 levels were 

associated with other poor prognostic features including increasing histologie grades 

depth of invasion, lymph node. Iiver. and peritoneal metastases. The survival rate after 

curative surgery (n=133) was significantly lower in patients with p2l-negative tumours 

by Kaplan-Meier analysis (p<0.05). In another study of 93 patients with advanced gasrric 

carcinoma (serosal invasion and Iymph node metastases), tumors showing an? pZ 1 

staining had a better 5-year survival rate than did p2l-negative tumours (p<0.05) (92). 

Multivariate analysis was not perfonned in either of these two studies. 

p21 MC status was not prognostic for survival (pd .88 )  (93). b a second study 

of 75 patients with endometrial carcinoma (94). tumors with loss of pZI protein tended to 

have poorer actuarial survival. however. this trend was not statistically significant. Both 

endometrial cancer studies found no correlation between p2 1 immunoreactivity and p53 

overexpression and/or p53 mutation. These in vivo data support in vitro observations in 

tissue culture demonstrating that p3 1 expression is controlled by other factors in addition 

to p53 activity. 



a study of 42 squamous ce11 carcinoms of the head and neck, increased p2 1 

predicted poor disease outcome (95). High p2l (defined as >20% of tumor cells stained 

positive).was seen in 67% of the samples. High p21 expression did noi correlate with 

histologie gade or p53 mutation status. bcreasing p21 expression correlated with 

increased expression of proliferation markee. such as PCNA and Ki-67 and univariate 

analysis showed that high p21 levels predicted shortened DFS (pd.002) and overall 

survival (pd.007). 

Although p21 levels may ultimately prove to be of prognostic value independent 

of p53 status, present data are too limited to support the use of p2 1 as a prognostic marker 

in these tumors (see summary. Table 2). The published data do not provide a clear 

picture of the appropriate cut off levels defining "low" and "high" p2 I protein expression. 

Larger studies with adequate follow-up are needed to detenine whether pZ 1 levels 

provide independent prognostic information in these tumors. 

I W  G E M  AND PROTEIN ABNORMALITIES AND CANCER PROGNOSIS 

The prognostic rofe of p l 6  ~ N K ~ A ,  l 5 ~ ~ K d 8 ,  and ltNKIC in t h t e  Lymphob fustic Lethmia 

Deletion at chromosome 9p21 is a frequent cytogenetic abnormaiity in acute 

l ymphoblastic leukemia (AU), occumng in 7- 1 3% of newly diagnosed cases (96.97'). 

The tandemly linked genes encoding cdk inhibiton p 16 and p 15 are located at this 

chromosomal site ( 1 1.12.46.65). Okuda et al. assessed the frequency of p 16 and p l 5  

gene deletions in pediatric AU. (98). They found deletions of the p l6/p 15 gene locus in 

18 of 20 blast sarnples with a known chromosome 9p21 abnomality. Five of 23 samples 

that appeared normal at 9p2 1 also contained p 164 15 deietions. in this small study of r 



Table 2 Studies of p21 as a prognostic factor in human cancersa 

Refexcncc Site End n Cutoff Univaririte MultivYiait 

W.&;isugi er 
ul. 1997 

Jiang et al. 
1997 

Diab 2r ul. 
1997 

B ~ ~ c h i  
et ut. 1996 

Johnson cr 
( i f .  1996 

Opwa et ai. 
t 997 

Ciilmyo et ut. 
1 997 

Ito et al. 
1997 

Backc er ul. 
1997 

Erber er al. 
1997 

DFS 

D n  

OS 

DFS 

OS 

DFS 

DFS 

OS 

OS 

OS 

OS 

DFS 

OS 

Footnotes 

"te Footnotes a-e in Table 1.  
SCC. squamous ce11 carcinoma. 

highly selected cohort of patients. ALL cases with homozygous pi5/p16 deletions 
. 

showed a trend toward poorer survival. Sevenl larger studies have addressed the 

prognostic implications of deletions and/or mutations of these INK4 farnily genes in ALL 



using Southem blot analysis, polyrnerase chah reaction-single strand conformation 

polymorphisrns (PCR-SSCP), and fluorescence in-situ hybridization (RSH). 

Four other studies of pediatric ALL found hornozygous deletions of pl5 and/or 

pi6 genes to be more prevdent in T-ALL than in B-cell precunor (BCP)-AU, and 

demonstrated prognostic signi ficance of these genetic changes. in a relative1 y small 

study. Kees et al. demonstrated homozygous deletion of pl6 in 9 of 48 cases (38 T - W .  

4/40 BCP-ALL) (99). pl6 deletions were significantly associated with other predictors of 

high-risk disease: agecl or > 10 years. increased while blood count (wbc), and T-cell 

phenotype. Although it wûr significwtly associated with other poor prognostic factors. 

homozygous p l 6  deletion was an independent predictor of relapse (risk factor 14.0. 

~4.0004) and death (nsk factor 15.6. pc0.0008) on rnultivariate analysis. The 

magnitude of these efTects should be inierpreted wiih caution. given the small cohon size 

and Iow study power. which resulted in very wide 95% confidence intervals. h second 

study identified inactivation of p l 5  andlor p l 6  (homozygous deletion or loss of one allele 

coupled with mutation of the other) in 24 of 79 pediatric ALL cases (308) (100). Cox 

regression analysis showed independent prognostic significance for elevated wbc 

( p 4 . 0  1 ) and inactivation of p lS /p l6  genes (pd.04). 

Zhou et al. ( 10 1) examined 105 pediatric AU. cases and reponed p 16 gene 

deletions in 28% of BCP-AU. and in 68% of T-ALL samples. In 37 of 38 cases with pl6 

deletion, the pl5 gene was also deleted. Jsolated p 15 deletions were not detected. This 

group also noted an increased prevalence of these deletions in T-ALL subtypes (pc0.005) 

and an association of p I 6 / p l j  deletion with other adverse factors. such as age cl year and 

wbc greater than 50 x 10' per litre. The five-year disease-free survival was 68% for 



patients without p l 6 / p l 5  deletions and 35% for those with p16/p15 deletions (p<O.W5). 

The independent significance of p I 5 / p l 6  deletions was not addressed in this report. 

Given the increased incidence of p15/pi6 gene deletions in pediatric T-AU, 

Diccianni et al. (102) investigated the prognostic vdue of these genetic abnormaiities 

within this subgroup in a snidy of 103 patients with T-ALL. They detected p l6  

alterations in over 60% of cases at first presentation. Of the prirnary samples with p l 6  

deletions, 72% also had pl5 mutations. in contrast to other reports which included al1 

ALL sub-types, Diccianni et al found that the presence of p 1 6 / p l j  Jeletions did not 

correlate sipificantly with other poor prognostic factors (higher wbc or mediastinal 

mass), nor was it predictive of relapse or duration of first remission. However, a Kaplan- 

Meier analysis for post-relapse survival did demonstrate a significantly worse outcome in 

patients having homozygous p l 6  deletions. compared to patients with intact or 

hemizygous deletions. No deletions or point mutations were found in the pl8 gene. 

Two other groups failed to demonstrate any prognostic significance for 

homozygous deletions of p i 6  or p 15 in pediatnc ALL ( 103,104). However both of these 

concurred with other reports in their conclusions that these genetic events were 

significantly associated with T-ALL phenotype. 

In summary. pl6 and p i 5  deletions are commonly found in ALL. whereas p l  8 

gene abnormaiities are not. Although p l 6  and p i  5 deletions commonly CO-exist. p l  6 

deletions do uccur in the absence of p i 5  deletions, whereas rhe latter rarely occur in 

isolation. Investigators showed a consistent correlation between homozygous deietion of 

p l S / p l 6  and adverse risk factors such as T - W  subtype, ageclyear. higher white blood 

ce11 counts. or the presence of a mediastinai mass at initiai diagnosis. The evidence for an 



independent prognostic role for p l Y p 1 6  deletions is inconclusive. given the discrepancies 

between different reports. However, the small retrospective analyses published to date 

are sufficiently promising to support the initiation of larger. prospective studies with 

standardized treatment protocols in order to definitively establish the prognostic utility of 

p15/p16 deletions in A U .  

p 1 6INKdA Deletions/Renrranpeme~ in B-ce11 Non-Hodgkin 's Lvmphoma 

The frequency and significance of pl6 gene deletions/reamngements was 

examined in a retrospective analysis of 103 cases of B ceil non-Hodgkin's lymphoma 

(MIL) (105). p l 6  gene abnormalities were associated with other poor prognostic 

indicators. but none of these trends was statistically significant. The presence of pl6 gene 

abnormalities was an independent prognostic marker of poor overall survival in a 

multivariate ûnalysis (pd.04). 

p 16 Protein Analvsis by I H C  

Whereas research into the prognostic rolc of loss of pi6 expression in AU. has 

focused on genetic abnormalities, several authors have assessed p i 6 protein expression in 

other maJipancies using MC. The results of studies in non-srnail ceIl lune carcinoma 

(NSCLC), ovarian cancer, and melanoma are reviewed below. 

Two groups reported that loss of pl6 protein is an adverse prognostic factor in 

NSCLC. Taga et al. assayed p 16 expression by MC in NSCLC carcinomas resected with 

curative intent ( 106). p 16 was absent in 3 1 of 1 15 (27%) tumors and was more likely to 

be lost in squamous cell carcinoma (40%) than in adenocarcinorna (20%) (p=0.03). No 

correlation with histologie grade was observed. Univariate anaiysis demonstrated shorter 

survival in p 16-negative tumors (pd.04). These findings were confirmed independently 



by a second group. Knake et al. found absence of p 16 in 5 1% of surgically resectable 

NSCLCs frorn 100 evaluable patients ( 107). Loss of p 16 correlated with increasing stage 

(pa.02) and was the only independent significant predictor of poor overail survival in 

the study group (pd.03) .  

Straume et al. assessed the prognostic role of p 16 in 102 nodular type mdignant 

melanomas (108). This group used a cornplex staining index based on intensity and area 

stained to score p l 6  into 10 expression categories. Moderate pl6 stahing was observed 

in the majority of tumon. pl6 expression was absent or weak in 9% of the tumors. Loss 

of pl6 predicted shorter DSF (p4 .02)  and overall survival (p=0.02) on univariate 

anal ysis and was the strongest independen t predictor of DFS on mu1 tivariate anal ysis 

(regression coefficient 1.4. p=O.O I ). 

Although other repons of p l 6  expression in cancers suggest that loss of this 

negative growth regulator con fers a poor prognosis. a recent study of epithelial ovarian 

cancers showed that NmOn with high pl6 levels (> 10% nuclei pl6-positive) had a 

significantly poorer overall survival than those with low p l 6  on univanate analysis 

(p=0.0004) (109). pl6 staining scores tended to be higher in late stage tumors (p=O.OOJ) 

and in tumors with poor differentiation (p<O.ûûl). However. pl6 did not have 

independent prognostic marker on multivariate analysis. The pathophysiological 

expianation for this observation awaits further study. Studies sumrnarizing the utility of 

p 1 6 as a prognostic factor in non-hematologic rnalignancies are summarized in Table 3. 



TaMe 3 Shidies of p I6 as a prognostic factor in non-hematoIogicd h u m  cuicen" 

Rcfcrcnct Site End n Cutoff Univiuiare Mulfivyiatc 

Tqa er a!. NSC Lung 
1997 cab 

OS 1 15 absentprrscnt pd.043  - 
low pl6 (27) 

Knczke er ul. NSC Lung 
1997 cab 

Dong et (il. Ovarian 
t 997 

DFS 81 absrni/wc3kC pd.022  pd.013.  1.42 
low pi6 (9) 

OS 159 510%.>1056 p=U.(lo4 NS 
high p l 6  (691 

Footnotes 

"ee Footnotes a-c= in Tribie 1 .  
b NSC Lung Ca. non-srnall cell Lung carcinoma. 
' Cutoffs used were absent. weak, moderare, and suong. For statisticai analysis, p2 1 staining was 
dichotomized ris absent or weak (9% of sampies) versus moderate or strong (91 96). 

kIETHODOLOGICAL ISSUES AND CONCLUDING REMARKS 

Recent evidence suggests thai cdk inhibitors rnay represent novel prognostic 

markers in human cancers. Loss of p27 shows independent prognostic potential in breast. 

prostate, colon. and gastric carcinomas and may also be prognostic in NSCLC and in 

adenocarcinorna of the esophagus. Evaluation of p27 is inexpensive and c m  be reiiably 

perfomed on fixed. paraffin embedded nimor specimens. Further work will define the 

appropriate cut off levels that distinguish prognostically signifiant p27 protein levels in 

different cancers. p27 staining may become an adjunct to the routine histopathologic 

processing of tumors in the near future. and could provide valuable assistance in clinical 

management decisions. 



The use of p21 MC staining may have prognostic value in gasuic. endometrial, 

and head and neck squamous ceil cancers. Conflicting results have been reported on p21 

expression in breast cancer. Some studies show an increase in p21 Ievels to confer a poor 

prognosis, whereas others show loss of this cdk inhibitor to confer an adverse outcome. 

While many smdl retrospective studies address the prognostic role of the cdk 

inhibitors in human rnalipancies, a number of concems need to be addressed if the initial 

encouraging results are to be validated, and if these markers are to contribute to the 

routine assessrnent and clinical management of human cancers. Larger studies will 

permit the multivariate analysis required to confimi the independent prognostic utility of 

these markers and to move these tests into the clinical setting. Important advances have 

been made both detection and treatment of many cancers and these advances may have 

di fferentiall y affected outcome of patien ts included in man y of these retrospective 

analyses. in the studies of pl6 gene deletions in ALL, differences in chemotherapeutic 

regimens may have influenced outcome. Prospective studies or studies that stratify for 

different treatments are needed. It will also be of interest to determine whether the 

different cdk inhibitors have predictive value for responses to different thenpeutic 

regi mens. 

Optimum methods for detection of p15/p16 deletions rnust be defined. Another 

requiremeni is a consensus of the best MC stnining protocols including which ûntibodies 

to use and the most appropriate methods for scoring of stained tumor specimens. The 

siqificance of cytopiasmic staining for p27 warrants closer investigation. as it may 

reflect functional deregulation of p27 and be a significant indicator of maiignant 

progression in certain tumor types. In the case of p27 staining in breast cancer. we are 



probably closer to achieving consensus on methodology than in studies assessing p21 

protein expression. However, in the MC studies of p21 protein in breûst cancer, the 

contradictory conclusions do not appar to result from inadequate staining techniques or 

important differences in antibodies used. 

Larger snidies will provide the necessary power for analysis of specific clinical 

sub-groups. In the case of prostate cancer, for example, p27 rnay play a valuable 

prognostic role in tumon with intermediate Gleason scores, for which grade is not 

strongly indicative of outcome. in breast cancer, larger studies may define whether pZ 1 

staining patterns differ and have different prognostic significance in early versus late 

stage disease. 

in conclusion. it is wonh noting that novel prognostic factors are of limited value 

in cancers for which curative therapies are lacking. Tme importance of the studies of the 

cdk inhibitors in human cancers rnay lie in their ability to provide a bais for therapeutic 

innovation. The finding that iosses of p21 and p27 correlate with aggressive tumor 

phenotypes in vivo suggest that these inhibitors rnay be critical regulators of proliferation 

and that their derangement may be germane to tumor progression. A better understanding 

of the roles of these critical negative regulators of epithelial cell growth rnay lead id0 the 

development of dmgs that modulate cdk inhibitor degradation pathways. or target their 

c yclin-cdk partners. Further understanding of these regulators rnay also lead to novel 

gene therapy strategies that cm overcome accelerated cdk- inhibitor proteolysis by tissue 

targeted gene overexpression. 



Loss of cycün dependent kinase inhibitor p27KP' is a novel prognostic 
factor in localized human prostate adenocarcinorna 

( A  version o f  this chaptcr was publisbed in Cancer Reseorch 1998.58: 542-548 by John ~sihlias', 
Linda R. ICapusta', Ccrrit ~ e ~ a e r ' .  lznbello !Morava-~rotzner', Ingrid ~b icnnowsk i~ .  Nondita 

~hnttacharya'. C. Charles ~ntnve~os' .  Laurence H. ~ l o d ,  and Joyce M. slingerland9) 

Reviewed the patient records for relevant data. compiled the data base. performed 
immunohistochemisuy on the tumour sections, coordinated compilation and interpretation of al1 data. 
including resul ts of statisticd analysis and preparation of manuscript. 
Co-fint author on the manuscript. Selected representative btocics from ruchival tumour specimens and 
prepared sections for staining. Independently scored the stained sections to quantify p27 
immunoreactivity. Performed image rinalysis. Assisted in the interpreution of data and preparation of 
manuscript. 
Performed the statisticd analysis and assisted in the interpretation of data. 
Independently scored the stained sections to quanti@ p27 immunoreactivity. 
Assisted in perforrning image analysis. 
Provided technical assistance with p27 immunostainin?, developed protocol for striining of sections. 
Assisted in the interpretation of data. 
Supervisot and mentor. Assisted in the interpretation of data and review of manuscript. 
Supervisor. mentor. and principal investigator. Assisted in compilation and interpretation of al1 data. 
including results of statistical analysis and preparation of manuscript- 



ABSTRACT 

p27"P' is û cyclin dependent kinase inhibitor that negatively regulates ce11 

proliferation by mediating ce11 cycle arrest in the G1 phase. The present study was 

undertaken to assess the prognostic value of p27"P' in localized human prostate cancer. 

Archival materid from 1 13 radical prostatectomy specimens obtained between 1985 and 

1993 was stained irnmunohistochemically for p27GP' protein using a commercidly 

available antibody. Patient charts were reviewed for pre-operative serum prostate- 

specific antigen (PSA), clinical and pathological staging. Gleason Nmor grade, time to 

biochemical and clinical recurrence. and survival. Strong p27"p' staining was uniformly 

seen in benign prostatic epitheliai cornponents in al1 tumor sections. p27"p' staining was 

reduced in most prostate cancers and was variable in prostatic intraepithelial neoplasia. 

Decreased p27"P1 staining ( 4 5 %  of nuclei stained positive for p27"Pl) correlated with 

seminal vesicle involvement (~20.0032) and with higher Gleason grade (p=O.O 1 14). On 

univariate analysis. low p27"Pi predicted an increased risk of treatrnent failure in the 

node negaiive cohort (p=0.0037) and in the subset who did not receive neo-adjuvant 

hormonal therapy (p=0.049). Low p27"Pl expression was an independent predictor of 

treamient failure on multivariate analysis of lyrnph node negative prostate cancers 

following radical retropubic prostatectomy (n=102; p=0.047). Srminai vesicle 

involvement (pd.034) and positive sugical margins (p=0.047) were also independent 

prognostic factors for disease recurrence. Ln patients who received pre-operative neo- 

adjuvant hormonal thenpy, low p27fiP' in the pathologic specimen was an even stronger 

predictor of outcome than in the entire group (n-23, p d . 0  15). 



INTRODUCTION 

Prostate carcinoma is the most cornmon solid rnalignancy and the second most 

comrnonxause of cancer related death in men. There were 337,000 estirnated new cases 

of prostate cancer. and 45,400 estimated prostate cancer related deaths in North Arnenca 

in 1996 ( 1  10,111). Many of these cancers are slow growing, well differentiated tumors 

that do not affect longevity. Others are rapidly growing and aggressive ( 1  12-1 14). 

Traditional parameten used to predict extent of disease and natural history include: 

clinicai stage, tumor grade. and semm prostate specific antigen (PSA). Published 

nomograms allow more accurate prediction of pathological stage using these three 

parameters ( 1 15). Most patients, however, faIl in a middle zone where meaninghil 

prognostication based on these factors is difficult. A more accurate prognostic marker for 

this patient group would permit assignment of more aggressive treatment to those most 

likely to fail and would justify expectant management (defenal of active treatment) in 

those likely to have indolent disease. 

There is increasing evidence that ce11 cycle regulators are disrupted in human 

cancers (46). The ce11 cycle is govemed by cyclin dependent kinases (cdks), whose 

activity is regulated by binding of positive effectoa, the cyclins (3,4). by negative 

regulators. the cdk inhibitors (5). and by phosphorylation and dephosphorylation events 

( 2 ,  6 The cdks integrate mitogenic and growth inhibitory signais and coordinate cell 

cycle transitions (7.8). Passage through GI into S phase is regulated by the activities of 

cyclin D-. cyclin E-. and cyclin A-associated kinases. B-type cyclin-associated kinases 

regulate - M .  Two families of cdk inhibitors have been identified. iNK4 famiiy 

rnembers pl5 NK4B , p 1 6mK4A, p 1 8HKU: and p 19"K4D, bind cyclin D-dependent kinases. 



specifically cdk4 and cdk6. Kinase inhibitor protein (W) family members, including 

p2 , p27"pt and p57'Gp', bind and inhibit target cyclinkdk complexes. The cdk 

inhibiton regulate entry into and progression through the cell cycle by modulating the 

activity of cdks in response to mitogenic and anti-mitogenic stimuli. The cyclins. cdks, 

and cdk inhibitors are frequently altered in cancer or dismpted secondarily by other 

oncogenic events (46). 

p27"P' is a cyclin dependent kinase inhibitor, which regulates progression from 

G 1 into S-phase by binding to the cyclin E k d U  complex and inhibiting this kinase (6). 

Regulation of this protein appears to occur pnmarily at the post-translational level by 

ubiquitin mediated degradation (38). p27"p1 binds and inhibits its target cdks in a 

stoichiornetric manner. Thus. the availability of p27Gp' is crificd in the replation of 

cyclidcdk activity. Although mutations in the p27K*1 gene are rare in human Nrnors (35- 

37). decrcased p27"p' protein has potential imponance as a prognostic factor in breast 

(70,71), colon @O), and gastric carcinoma (75) and its reduction may be associated with 

Nmor progression. The present study demonstrates that the loss of p27api appean to be 

of prognostic value in primary resectable prostate carcinoma. 

PATIENTS AND METHODS 

Patient population. The study goup  consisted of 1 13 patients who had 

undergone radical prostatectomy at Sunnybrook Health Science Center. by one of two 

surgeons between January 1986 - April 1993 and for whom ciinical follow up was 

available. Paraffin blocks from the embedded radical prostatectomy specimens were 

selectrd on the basis of having both benign and malipant histology present within the 



same tumor section. The clinical database prepared from patient records included pre- 

operative PSA. clinicai and pathological staging, Gleason tumor grade, time to treatment 

failure, and survival. The patients were staged according to the Tumor, Nodes, 

Metastasis (TNM) system (1  17). Treûtment failure was defined as any one of the 

following: institution of hormonal therapy post-operatively. failure of the PS A to retum 

to undetectable levels post-operatively ( < O 2  le/l: Hybritech assay). or any new PSA 

elevation above undetectable levels on two successive readings during post-operative 

foilow-up. Patients who had lyrnph node metastasis at the time of surgery were treated 

routinely with postoperative (adjuvant) hormonal therapy. Since institution of hormone 

therapy is within our definition of treatment failure. node positive cases were excluded 

from the prognostic factor analysis. 

Immunohistochernistry. Expression of p27Qp' protein was determined 

irnmunohistochemically. Paraffin sections of tumor blocks were deparaffinized wiih 

xylene. rehydnted, and microwaved for 10 minutes in l O m M  citrate buffer (pH 6.0). 

Sections were blocked with 3% hydrogen peroxide in methanol followed by nomal horse 

semm (120 dilution) in 0.1 M phosphate buffered saline (PBS) at pH 6.0 and then 

incubated ovemight at 4OC with ar1ti-~27"~' monoclonal antibody (Transduction 

Laboratories, Lexington, KY) diluted 1:IOûû (0.25 pglml) in PBS. Slides were then 

reacted with biotin-labeied anti-mouse immunogiobuiin G and incubated with pre-formed 

avidin-biotin-peroxidase cornplex (Vector Laboratories, Burlingarne. CA). Metal- 

enhanced diaminobenzidine (DAB) substrate (Pierce, Rockford. IL) was then added in the 

presence of horseradish peroxidase. Sections were counter-stained with hematoxy lin, 

dehydrated and mounted. The degree of p27"P1 staining was scored independently by 



two pathologists (LRK and IMP). Al1 sections selected contained both benign and 

malignant histology, which allowed cornparison of immmunohistochernical staining of 

p27"P' in benign and maiignant tissue. Negative controls using isotype-specific 

polyclonal mouse immunoglobulin showed no staining. Furthemore. the pattern of p27 

staining in tumor simples obtained with the monoclonal antibody from Transduction 

Laborataries was confirmed using three different polyclonal p27QPf sera (one from Santa 

Cruz Biotechnology, CA, and two kindly provided by T. Hunter, the Salk Instinite, 

Ldolla, CA(118)). p27 staining with the Santa Cruz antibody was lost when the antibody 

was preabsorbed with blocking p27 peptide ((71) and data not shown). Between 15-20 

high power fields of tumor were scored for the percentage of nuclei showing positive 

p27"P' staining. The sconng system used was as in our previous studies (7 1 ): 1 = 025%. 

2=25-50%. 3=50-75%. and 1= >75% positive nuclear staining. 

Image Anubis. image cytometric analysis was perfomed with the Cr11 Analysis 

Systems (CAS) 100 (Becton Dickinson Cellular haging Systems, San Jose. CA), a video 

based interactive image cytometer ( l l9), using the Quantitative Nuclear Antigen Program 

software (Version 3.06. CAS inc.. Becton Dickinson Cellular haging Systems). Four 

negative fields on each slide were analyzed to establish the nuclear and antibody 

threshold optical densities by which the image analyzer could discriminate positive 

nuclear staining from background. To provide a second independent method to verify 

nuclear p27KiP1 staining scores. image aqaiysis was perfonned on selected cases scored 

previously by percentage of positive nuclei. Three cases in each of the p27"P' staining 

categories (1 .  3. 3. and 4) were studied by image anaiysis. Between 20-30 nuclei from 

normal prostate epithelial cells and 50 nuclei from carcinoma cells were selected 



randomly and outlined on the video screen. Totd nuclear area percent positive nuclear 

are% and the sum of the optical densities was quantified for each case for both benign and 

rnalignmt nuclei. A minimum total nuclear area of 5000 pn' was measured for each case 

by the CAS image analyzer. 

Sratisrical Merhods. Time to treatment failure and its dependence on putative prognostic 

factors was investigated by the logank method (120) and Cox's proportional hazards 

regession anaiysis ( 12 1). Stepwise selection of variables was used to determine the best 

predictors. Kaplan-Meier curves were constructed (122) to show the probability of 

remaining free of faiiure as a function of time after diagnosis. Correlation analysis 

between prognostic factors was done using Speaman and Pearson coefficients. 



Figure 1.  p27Kip' nuclear staining of prostate adenocarc inoma Pdn embedded material h m  
radical prostatectomy specimens was stained for p27fip1 and countemtained with hematoxylin. 
The percentage of malignant nuclei with positive nuclear staining was scored independently by 
 NO pathologists into 4 categories. A-D: Large arrows indicate benign prostatic glandular 
epitheliurn. Smali m w s  indicate prostat ic adenocarcinorna. (A) Adenocminoma of prostate, 
Gleason score 4, with no nuclear staining for p27mp', category 1 (0-25% nuclei staining positive). 
(B) Adenocarcinorna of prostate, Gleason score 3, with p27L"pL nuclear staining category 2 (25- 
50% nuclei positive). (C) Adenocarcinorna of prostate, Gleason score 3, with p27fip1 nuclear 
staining category 3 (50-75% nuclei positive). (D) Adenocarcinoaa of prostate, Gleason score 3 
with high nuclear p27Gp1 staining, category 4 (>75% nuclear staining). A-D x 400 magiuncation. 



TABLE 1 Clinical and pathologicai data 

Pre-op Factom 
Pre-operative P S A ~  

< 3 
4 -  10 
10 - 20 
> 20 

Clinicd T-stage ' 
Tlb 
Tlc 
T2a 
T2b 
T2c 

Needle Biopsy Gleason Grade 
2 - 6  

7 
8 -  10 

Neo-adjuvant Hormonal Therripy 
Yes 
No 

Post-operative Factors 
Glecison Grade from Resected Tumour 

2 - 6  
7 

8 -  10 
Exua-Capsuiiu Extension 

Yes 
No 

Mugins Positive 
Yrs 
No 

Seminal Vesicle Involvemenr 
Yes 
No 

Lymph Node Involvement 
Yes 
No 

Current Status 
Ali ve 
Derid (cancer or unknown cause 
Dead (other criuse) 

' Less than 25% o f  nuclei stnined positively for p27K'p' on immunohistoc&rnistry 
h In pg/litre 

Clinical T-stage ris per the TNM stzping system (see text for details) 



RESULTS 

Clinical and Puthological Cohon Data. Median patient age was 65 years (range 

39-75) and median follow-up was 4.6 years (range 0.75-1 1.4). The clinicd and 

pathological data are summarized in Table 1. Gleason scores were stratified into three 

groups, 2-6, 7, and 8-10. based on the observation that a Gleason score of 7 confers a 

significantly wone prognosis than does a score of 6 (123.124). The pre-opentive 

Gleason score was known for 87 patients; pre-operative serurn PSA was available in 96 

patients. Al1 other data were available for the entire cohon (n=113). The majority of 

patients were clinical stage T2 (n=93) and the remainder TI (n=20). Neo-adjuvant 

hormonal therapy (NHT) had been administered pre-operatively to 24 of 1 13 patients in a 

variable manner. The dmg regimens used were cyproterone acetate (14 patients). 

diethylstilbesterol (5 patients). leuprolide plus nilutamide (7 patients). finasteride (7 

patients). and flutamide done ( 1  patient). Duration of hormonal treatment was also 

variable with rnedian duration of 4 weeks. mean 6.1 weeks. and range 1-26 weeks. 

Overall survival was similar to that observed in other contemporary snidies on outcomes 

of radical prostatectomy ( 1 25- 127). 

Immmohistochemistry Resufts and Image Anaiysis. S tronp expression of pYkPJ was 

consistently noted in vimially al1 nuclei of benign prostatic epithelium and there was a 

consistent but variable degree of reduction in both the intensity of p27"P' staining and the 



TABLE 2: Correlation of p27"p' with 0 t h  prognostic parametersa 

p27K*' vs: n Corda tion P 

A. Ail patients (n=113) 

Seminal Vesicfe Involvement 
GIeason Grade fiom Resected Tumor 
Margins Positive 
Pre-op P S A ~  (Pearson coefficient) 
Extra-Capsula. Extension 
Neo-adjuvant Hormonal Therapy 
Lymph Node Involvement 
Age (Pearson coefficient) 

B. Pro-operative NHT excluded 
(na9) 

Seminal Vesicle Involvement 89 -0.309 0.0032 
Gleason Grride from Resected Tumor 89 -0.267 0.01 14 
Margins Positive 89 -0.179 0.093 
Pre-op P S A ~  (~eanon  coefficient 73 -0.157 O. 185 
Extra-Capsulw Extension 89 -0.156 O. 144 
Lymph node Involvement 89 -0.064 0.55 
Age (Pearson coefficient) 89 -0.07 1 0.5 1 

" Low p27K'p'. ~ 2 5 %  nuclear staining: high p27K1p'. > 25% nuclew staining; S p e m a n  Rank Conelaiion 
coefficient , excepr where othewise noted 
h In pgAitre 

number of nuclei stained in prostate carcinoma (Fig. 1) .  While the nuclei of prostatic 

intraepithelial neoplasia (PIN) tended to be p27"p' positive. there was a variable 

reduction in intensity of staining. 

image analysis provided a validation of the visual sconng system used for 

quantitation of p27"P1 nuclear staining by immunohistochemistry. Image anaiysis of 

benign nuclei 

cases studied 

. 
consistently showed the highest values of summated optical density in dl 

(n=l?, range 134-186, rnean 154.4). Over 150 nuclei were evaluated in 

each category of p27"P1 staining (96 nuclear staining = 1 .  2,3. or 1). Of maiignant NmOf 



nuclei, cases scored as 1 (Q5% nuclei staining) had the lowest summated optical density 

values (range 40-46. mean 42.6), while cases scored as 4 (>75% nuclear staining) h d  the 

highest value for malignant nuclei (range 107-1 17, mean = 112.0). Cases in the 

intermediate range, scored as 2 (2550% nuclear staining) or 3 (50-751 nuclear staining) 

had summated optical density values between those of groups 1 and 4: cases scored as 1 

had a range of 58-71, rneari = 63.0: cases scored as 3 ranpd from 83-92 with a 

mean = 88.3. 

Prognostic Role of Ln a correlation andysis between prognostic factors. 

low 27fip1 was strongly associated with seminal vesicle involvement and with increased 

Gleason grade (p = 0.0002 and p = 0.032 respectively. see Table 2). A trend towards 

increasing PSA was observed when ~127"~' was low (pd.054). Low p27GP' did not 

correlate significantly with extracapsular extension. Iymph node involvement. use of neo- 

adjuvant hormonal therapy, or patient 3ge. (Table 2). 

Univariate analysis of lymph node negative cases (n= 102) by Cox regression or by 

the lognnk method identified the following as prognostic for risk of treatment failure: 

seminal vesicle involvement (p=0.0030), Iow p27"P' staining ( 0 5 %  positive nuclei) 

(p=0.0037), post-ope rat ive Gleason grade (O.OO94), and positive suqical margins 

(p=0.030) (Table 3 A). 

The Kaplan-Meier curve of time to treatment failure for node negative study 

patients showed a five year actuarial failure free rate of 66% (+/- 9.6%. 95% C.I.. see Fig. 

2A). When the disease-free rate was plotted versus p27fiP' staining scores of 1. 2,3 ,  or 4, 

only those tumon showing low p27fipl nuclear staining ( d 5 %  nuclei positive) had a 

distinctly worse prognosis over the follow-up period than did the remainder of the cohort 



( ~ 4 . 0 0 3 7 ,  see Kaplan-Meier curves, Fig. 23). The probability of king free of treatment 

failure at five years TABLE 3 Univariate anaiysis for time to treatment failure 

Prognostic Marker p-valuea 

A . Node Negative Cases (n=102) 

Seminal VesicIe Involvement 
< 25% nuclei p27 positive 
Gleason grade from resected tumor (2-6.7.8-10) 
Margins positive 

Needle biopsy gleson grade (2-6,7,8-10) (n=78) 

Neo-iidjuvan t Hormonal Therrip y 
Clinical T-stagec 
Pte-op PSAe(<4. 4- 10, 10-20, >20) (n=56) 
Extracapsuiar Extension 
Age 

B. Node Negative Cases Excluding NHT (n=79") 

Glerison grade from resected tumor (2-6.7.8- 10) 
Needle biopsy gleason grade (2-6.7.8- t 0) ( n=58) 
Seminal vesicle involvement 
c 25% Nuclei p27 positive 

Margins positive 

Exuricapsular extension 
Pre-op PSA' (c4,Q- 10, 10-20. >20) (n=@) 
Clinicd T-stage' 
M e  

" From score X' square or logrank test 
b Sarnple size, except when indicated otherwise 
' Clinicd T-stage as per the TNM staging system (see text for details) " for linerir trend 
' In pgAiue 



Figure 2. ( A )  Kaplan-Meier curve of urne to treatment failure (n=102). ( B I  Kaplan- 
Meier curves of timc to treatrnenr failurc comparing patients with ~ 2 7 ~ ~ '  nuclear staining ~ 2 5 %  
to thosc with ~ 2 7 " ~ '  nuciev staining 2 25% (n=102. p = 0.0037). tC) Kaplan-Meier cu&e in 

77"p1 patients with node negative cancers excluding chose who rcceivcd Nm. cornpanne p- 
nuclear staining <15% to hose with p27"Dt nuclcar staining 2 15% (n=79. p = 0.049). 



was 38% (f 23%) for low p27"p', and 72% (f 10%) for the high p27"p' tumors. 

Muhivariate analysis of node negative Nmon (n=102) identified low p27"p' as a 

novel independent prognostic factor for time to treatment failure (p=0.047, risk ratio 2.08, 

see Table 4). Seminai vesicle involvement and positive surgical margins were dso of 

independent prognostic value with risk ratios of 2.29 (p=0.034), and 2.07 (p=0.047). 

respectively (see Table 4). Confirmation of these observations in other larger data sets is 

desirable, as the 95% confidence intervals are broad. 

TABLE 4 Multivwiate analysis for time to treatment failure 

Model for Treatment Failure Risk Ratio (CI") pgb 

A Node Negative Cases (n= 102) 

Seminal Vesicle Involvement 
< 25% p27 Positive Nuclei 
Margins Positive 

B NHT Recipients Excluded (n=79) 

Gleason Grade fiom Resected Tumor 2.10" ( 1 28-3-44) 0.0034 
(2-6, 7, 8-10) 

CI, 95% confidence interval for the relative risk ratio. 
From Wald X' 
Per stcp 

Effecrs of Neo-adjuvant Hormonal nterapy. The effect of neo-adjuvant hormonal 

therapy on time to treatment failure did'not reûch statistical significûnce (pd.25. see 

Table 3A). A trend towards increased p27"pt staining was observed in nimon from 

patients who received neo-adjuvant hormonal therapy. Only two of twenty-four NmOrS 

(8.3%) resected following androgen ablation therapy had low p27"P' ( 4 5 %  positive 



nuclei), while twenty of eighty-nine Nmors (22.5%) that did not receive neo-adjuvant 

therapy had llow ~127"~'. This difference was not statisticdly significant ( p d .  15; two- 

taiied Fisher's exact test). NHT had a significant effect on the distribution of grade in the 

resected specimens. Amongst the 89 patients who did not receive m. Gleason scores 

of 2-6. 7. and 8-10 were observed in 44 (49%). 34 (38%). and 1 1  (12%), respectively. In 

the 24 patients who received NHT. 5 121%) had Gleason scores 7-6, 1 1 (46%) were 

Gleason 7, and 8 (33%) had scores of 8-10. This trend towards increased Gleason grade 

following NHT was statistically significant (chi-square for trend =8.7. pr0.003). 

Interestingly, when node-negative cancers treated with preoperative neo-adjuvant 

hormonal therapy were analyzed sepantely, low p27"p' in the resected tumor was an 

even more significant predictor of reduced time to treatment failure chan in the group as a 

whole (p=0.015. n=23). When the patients who received neo-adjuvant hormonal therapy 

were removed from the analysis, low p27"p' still predicted reduced time to relapse 

(pd.049. see Table 38 and Kaplan-Meier curve Fig. 2C). On muhivariate analysis of the 

cases with negative lyrnph nodes who did not receive neo-adjuvant hormonal therapy 

(n=79), only Gleason grade proved to be a statisticaily significant prognostic factor for 

relapse free rate (pd.0034, risk ratio = 2.10). 

DISCUSSION 

Established modalities for managing localized prostate cancer include radical 

prostatectomy, radical radiation therapy, and surveillance. Untreated low ~ a d e  cancers in 

men with Iess than ten to fifteen yean life expectancy are not likely to affect longevity 

( 1  12). When radical therapy is not given to patients with tumors of moderate or high 



grade, there is a loss in life years of 4 to 5 and 6 to 8 years, respectively (1 12). Radical 

prostatectomy has a low mortdity but has signifcant rnorbidity. with impotence resulting 

in 50-70% of cases and stress incontinence in 2-696 (126-128). In tumors treated by 

radical prostatectomy, increasing grade predicts a shorter disease free survival (129). 

When the cancer is organ confined. however. disease free survival is excellent regardless 

of tumor grade (130). Since radicd prostatectomy is unlikely to be curative in locaily 

advanced disease, a marker that accurately predicts whether or not cancer is organ- 

confined would allow better treatment assignrnent. 

Low p27"p' correiated with seminal vesicie involvement and with positive 

surgical margins in the entire cohon. but not with extracapsular extension. Of 19 tumors 

with poorly differentiated disease (Gleason Sum 8-10). seven had low p27"p'. 

Pathological staging revealed that none of these seven were organ confined. Of the 

remaining twelve high grade tumon without low p27bP', three were organ confined and 

one specimen confined. Thus. low p27"Pt in poorly differentiated tumors suggests a low 

likelihood of organ confined cancer. For such individuals, radical surgery is unlikely to 

be curative and the increûsed risks associated with surgery may not be warrmted. 

Conversely. higher p27"p' staining (scores 2. 3, or 4) rnay better identify the subset of 

tumors likely to be organ confined. b this study, p27"p' staining was perfomed on 

cancers after surgical resection. Evaluation of p27"P' staining of pre-operative needle 

biopsy material for pre-surgicd prognostication . of organ confinement should be 

undertaken in a larger snidy. 

in lymph node 

shorter time to failure. 

negative tumon. low p u f i p i  was an independent rnarker for 

p27"P' staining may assist in stratiwing patients for adjuvant 



treatment after radicûl prostatectomy. Adjuvant extemal-beam radiotherapy lowers local 

faiiure rates post radical prostatectomy, however, indications for this additionai treatment 

are not always clev (13 1,132). Low p27gpL may pmve to have additional predictive 

value with regard to radiotherapy when considered iogether with other known nsk factors 

for local recurrence after radical prostatectorny. 

Previous studies have evaluated p27"p' staining by scorine visually the nuclear 

staining of tumor cells (55,70,7 1,80). Our image analysis provided a second method of 

quantitating p27"p' nuclear staining. The image analysis, although considerably more 

time consurning, validates the visual scoring method, which can be more readily applied 

to routine histologic material. 

The abundance of ~ 2 7 ~ ~ '  is important in the regulation of cyclinkdk activity. 

p27"P1 binds and inhibits a broad range of cyclinkdk complexes. When cultured cells 

exit the ce11 cycle. p27"P' mRNA levels remain constant while p27fip' protein increases. 

suggesting that p27GPl is largely post-translationally regulated (39). important 

involvement of the ubiquitin pathway has been demonstrated (38). Studies in normal 

human oral mucosa and human s kin keratinoc ytes demonstrate an inverse relationsh ip 

between ce11 proliferation and p27"p1 protein levels (( 133) and JMS unpublished). A 

reduction in the level of p27"P' could contribute to resistance to growth inhibiton. 

deregulation of ceIl proliferation and oncogenic change (69,I 10.1 1 1 ). Indeed. multiple 

organ hyperplasia, including hyperplasia of the prostate. and pituitary tumors develop in 

p27K'p' knockout mice. indicating p27fip1 is an important inhibitor of cell proiifention 

(32-34). 



A relationship between low p27"pL levels and aggessive behavior has k e n  

demonstrated recently in various malignancies (70,7 1,75,80). Unlike other cdk inhibitor 

i r n B  genes, such as pl5 and the p2pp' gene is rarely mutated in human cancers 

(35-37). Instead, loss of ~ 2 7 " ~ '  appears to occur through accelerated degradation by the 

ubiquitin-proteasorne pathway (7 1,77,80). 

The increase of p27fiP' protein andor activity by inhibitory cytokines (e.g. TGF$) 

suggests that this cdk inhibitor represents an important link between extracellular 

regulaton and the ce11 cycle (19,20,22). Prelirninary studies suggest a role for p27K.'pi in 

androgen-regulated prostate epithelial proliferation and differentiation. Chen et al. 

studied the androgen mediated effects on normal prostate in rats (134). Castration 

resulted in atrophy of the gland due to apoptosis and arrest of surviving cells. Re- 

administration of testosterone induced epithelial cel 1 proliferation followed by cellular 

differentiation and an increase in p27"P'. It was postulated that the increased p27kPi was 

piaying a role in slowing proliferation as the cells undenuent differentiation. 

Clinical triais of neo-adjuvant hormonal therapy prior to radical prostatectomy for 

clinicall y locdized disease consistently show reduced rates of positive surgicd margins in 

the treated study arms. With the immaturity of follow-up to date, none of these studies 

has shown a signifcant improvement in disease free survival (135-138). In our 

retrospective analysis. there was a trend toward increased time to treatment faiiure 

following neo-adjuvant therapy. Although our numbers were srnail, tumors from patients 

who received pre-operative neo-adjuvant hormonal therapy expressed higher levels of 

~ 2 7 ~ ~ '  protein than did those from untreated patients. As reported by others ( 139- 14 1 ). 

NHT appeared to cause a shift toward a higher Gleason grade. However, the "high 



grade" of such tumors is likely an artifact resulting h m  the distortion of Nmor histology 

following androgen ablation. NHT has been shown to reduce the proliferative activity of 

tumon (140). The trend we observed toward increased p27"P1 staining following NHT is 

in keeping with the reduction in proliferation observed by others. Of note, patients whose 

Nmor p27"~' remained low after neo-adjuvant hormonal therapy had a shorter relapse 

free survival (pd.015). Thus, low p27"p' levels after NHT may identifi de-novo 

hormone resistant tumors or tumors unlikely to have a durable response to androgen 

ablation. Furthemore, our data raise the provocative possibility that androgen ablation 

therapy rnay be affecting the cell cycle through inhibition of p27"P' degradation 

pathways, leading to increased p27"p' mediated inhibition of cyclinkdks. Effects of 

hormone withdrawal on the cell cycle may precede the induction of apoptosis (142-145) 

or be entirely independent of it. Unraveling the pathway for anti-androgen mediated 

effects on prostate cell cycle kinetics rnay lead ultimately to the discovery of new 

treatments for prostate cancer. and in particular for hormone refractory advanced prostate 

cancer. 

In conclusion. we found that low p27Gp' protein in lymph node negative human 

prostate cancer is of independent prognostic value for treatment failure after radical 

prostatectorny. Although the risk ratio waî 2.08, the confidence intervals were broad. 

reflecting the small sample size in this study. The validity of our observations is 

supported by a sirniiar and independent .observation that low p27"p' staining predicts 

poor outcome for patients with organ confined prostate cancer made by another 

group(74). Among node negative patients, p27"P1 was of even greater predictive value in 

the subset that received NT. When patients were excluded from the analysis, 



p27"p' was not an independent piognostic fxtor in the multivariate model. However, 

with the smail number in this subgroup, Our snidy may have lacked the power to detect a 

significant result. Further studies of the propostic value of p27"p' in pre-operative 

biopsy specimens may ultimately strengthen the clinicd decision that aggressive local 

therapy, such as radical prostatectomy, should be assigned. Further investigation rnay 

establish p17a~1 as an accurate predictor of pathological stage prior to treatrnent or as a 

marker of the need for adjuvant treatment post-operatively. Larger studies cornparhg 

p27"P' levels in pre-operative needle biopsies and in surgically resected prostate cancers 

following NHT rnay allow early detection of Nmon that are refractory to androgen 

ablation therapy. 
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ABSTRACT 

Transition through the ceIl cycle requins active cyclin dependent kinase (cdk) 

complexes. Exposure to hi@ dose dihydrotestosterone (DHT) inhibits proliferation of the 

human prostate carcinoma cell line LNCaP. To determine the mechanism of growth arrest 

by high dose DHT, we assayed the changes in ce11 cycle profile and the ceIl cycle regdators 

that mediate these effects. T~atment of asynchronously growing LNCaP cells with 1OOn.M 

DHT caused a G 1 arrest. The proportion of cells in S phase fell from 20% to 2%. while the 

Gl fraction rose from 74% to 90% by 24 hours. Loss of phosphorylation of the 

retinoblastorna protein was noted and cdk4 and cyclin ElcdW activities fell. Inhibition of 

these Gi cyclin dependent kinases was not due to loss of cdks 2.4. and 6, cyclins D 1 and E 

proteins, or to increases in the cdk inhibitors p l 6'NK4A and p2 1 C'pi. p2 1 'jpl protein levels 

remained constant. and cyclin E-associated p2 1 fell. suggesting that p2 1 "PI is not 

relevant to this form of cyclin Efcdk2 inhibition. Of note, total p27GPl levels and cyclin E- 

associated p27Gpl increased by four-fold as cells arrested and the amount of the CAK 

activated cdk2 bound to c yclin E decreased. p27"pi i mmunodepletion experiments 

demonstrated that the DW-mediated increase in ~ 2 7 " ~ '  was sufficient to h l l y  saturate and 

inhibit target cyclin Efcdk.2. The inhibition of cyclin Wcdk2 by ~ 2 7 " ~  contributes to Gi 

anest of LNCaP following hi@ dose DHT. 



LNTRODUCTXON 

Prostate cancer is the most common solid malignancy and the second most 

common. cause of cancer related death in men ( 1 10,111). Approximately 1 in 8 North 

Amencan men will develop prostate cancer and 1 in 27 men will die of the disease. 

Androgen interaction with the androgen receptor (AR) is important for growth and 

developrnent of both the normal prostate and of prostate cancer ( 146). At present. the 

most effective therapy for prostate cancer is reduction of testosterone or of its most active 

metabolite, Sa-dihydrotestosterone (DHT) by different treatments collectively referred to 

as androgen ablation (147). However, disease progression to an androgen insensitive 

state severely Iimits the efficacy of these treatments. Given the clear clinical importance 

of resistance to androgen ablation therapy, we have examined how this steroid pathway 

influences key ce11 cycle regulators. An understanding of how ce11 cycle progression is 

influenced by androgen pathways, and how these mechanisms are disrupted in prostate 

cancer progression. may lead ultimately to new methods of achieving cytostasis in 

hormone resistant prostate cancers. 

In this chapter, the results of an investigation of how the androgen pathway cm 

influence the cell cycle regulaton in the steroid sensitive, human prostate cancer ceil line 

LNCaP are presented. Thus. relevant aspects of rnarnrndian ce11 cycle regulation will be 

reviewed briefly. Progression through the ce11 cycle is govemed by a family of cyclin 

dependent kinases (cdks), whose activity L regulated by phosphorylation (2) ,  activated by 

binding of cyclins (3.4) and inhibited by the cdk inhibitors (5.6). The cdks regulate 

biochemical pathwûys, or checkpoints, which integrate mitogenic and 

sipals, rnonitor chromosome integrity, and coordinate ceil cycle 

growth inhibitory 

transitions (7,8). 



Passage through Gl  into S phase is regulated by the activities of cyclin D-. cyclin E-, and 

cyclin A-associated kinases. B-type cyclin dependent kinases regulate the G2M 

transition. 

Two fmilies of cdk inhibiton mediate ceil cycle arrest following growth 

inhibitory stimuli (5). The mibitor of cd-, INK4, family members p 1 ~ ~ " ~ .  p16PiK4A, 

p~8'NK4c, and 19""~ bind cdk4 and cdk6 spcifically and inhibit cyclin D binding 

(9,lO). Members of the -nase inhibitor grotein. KIP. farnily, currently composed of 

1 C ~ P  1 , p27"Pi, and p57"p2, bind and inhibit target cyclinkdk complexes. The cdk 

inhibitor, p27, acts dunng GO and the early G1 phase of the cell cycle to inhibit cyclin 

Dl/cdk4 and cyclin E/cdkZ complexes. Antisense p27 inhibits exit from the ce11 cycle 

following serum withdrawal (40,148). p27 levels are regulated by proteolysis (38) and its 

steady state and stabili ty are increased in quiescen t cells ( 1 OJ8.39). In human cell lines. 

phosphorylation of p27 is maximal in G 1 ,  just pnor to the drop in p27 protein that occun 

at S phase (4 1 ). Phosphorylation of p27 triggers its proteolytic degradation ( 149,150). as 

is the case for the yeast cdk inhibitor Sic 1 ( 15 1.152). 

p27 knockout cells manifest al tered di fferentiation programs (3 1 ). p27 increases 

during differentiation in many ceIl types, including differentiation induced by vitamin D3 

(1  53,154) and by androgen in the prostatic epithelium ( 134). Indeed, p27 knockout mice 

develop multiple organ hyperplasia. including prostatic hyperplasia. underlining the 

importance of p27 as an inhibitor of prostate ceil prolifention (32-34). 

Increasing evidence suggests that the cyclins. cdks and cdk inhibitors are either 

them selves targets for genetic change in cancer or are disrupted secondan-ly by other 

oncogenic events (46). Cdc25B. a positive regulator of the ce11 cycle. is overexpressed in 



human cancers (47), as are cyclins Dl, E and A (48-54). High cyclin E protein in 

turnours may predict a poor patient prognosis (55,56). Overexpression of D-type cyclins 

is oncogenic in a number of systems (57-60). Since they oppose rnitogenic stimuli, the 

cdk inhibitors are good candidates as tumour suppressors. Although genetic changes in 

the pl6 gene support a Nmour suppressor (TS) role for this inhibitor in cancers (65), 

mutations in p27 have been identified only rareiy (35-37). A reduction in p27 could 

contribute to resistance to growth inhibitory factors, deregulation of ce11 proliferation, and 

oncogenic change (69,I 10,I 11). Recently, we and others independently reported chat 

while high levels of p27 protein are expressed in normal human epithelia of the breast. 

prostate, lung, and colon, p27 is frequently reduced in primary carcinomas nt these sites. 

Loss of p27 is of prognostic importance and correlates with an aggressive tumour 

phenotype in vivo (70.7 1,73,75,77,80). Enhanced proteolytic degradation may underlie 

the reduced levels of p27 in tumour cells (71.77.80). Thus, changes in the post- 

translational mechanisrns, which target p27 for degradation. may be germane CO 

oncogenesis andior tumour progression. 

In a study of 1 13 primary prostate cancers, we found poorly differentiated NmoUrs 

with low p27 were rarely confined to the prostate at surgery (73). Low p27 was an 

independent prognostic factor for reduced time to recurrence following radical 

prostatectomy on multivariate anaiysis (p=0.047. risk ratio 2.08). Re-operative mdrogen 

ablation, or neo-adjuvant homonal thenpy (NHT), pnor to prostatectomy was 

associated with a reduced extent of local disease but not improved disease free survival 

( 135- 138). Of interest, in our patients who received pre-operative M. low p27 in the 

pathoiogic specimen was an even stronger predictor of poor outcome (n=23, pd.015) 



than in the untreated group (n=79, p=0.049). NHT appeared to increase p27 protein, 

however, this result was not statistically significant. Thus, the penistence of iow p27 

levels or failure to increase p27 after NIT may identify hormone resistant tumours. 

These data raised the provocative possibility that androgens may modulate p27 

degradation pathways in vivo. in this chapter, we have exarnined a mechanism of Gl  

mest in a human mode1 of prostate cancer, the LNCaP cell line. 

WCaP is an androgen-sensitive human prostate cancer ce11 line derived from a 

metastasis to a supraclavicular lyrnph node (155). The line has an aneuploid human male 

karyotype with a modal chromosomal number of 76 to 91. and is tumourigenic when 

impianted into athymic nude mice. A high affinity androgen receptor (AR) is present in 

the cytosol and nucleus and has been shown to contain a point mutation in the ligand 

binding domain that converts threonine 868 to alanine ( 156). This mutation may explain 

the observation that androgens, estrogens. progestins. and antiandrogens all are capable of 

stimulating growth in these cells. The potent androgen, Sa-dihydrotestosterone (DHT), 

modulates WCaP proli feration in a well charactenzed fashion. DHT stimulates 

proliferation at concentrations between 0.1 and 1 .O nM DHT and proliferation is inhibited 

at DHT concentrations below 0.1 nM or above 10 nM DHT. Androgens have also been 

shown to mediate biphasic growth responses in the prostate in vivo. Low dose androgen 

administered to castrate rats will reverse prostate atrophy and induce proliferation in the 

prostate gland. Higher doses of androgen cause growth mest by inducing differmtiation 

of prostate epithelial cells ( 1 34). Because our initial studies suggested that p27 regulation 

may be imponantly altered in prostate cancers, we wished to explore further how 



androgen may modulate the ce11 cycle and p27 function in the human prostate cancer 

mode1 ce11 Iine, LNCaP. 

METEODS 

Cell culture. The fast growth strain of WCaP, LNCaP-FGC (157) was purchased from 

ATCC. Cells were p w n  in RPMI 1640 culture media plus 5% FBS without phenol red. 

Al1 experiments were performed using passages 25 to 40. Cells were grown to 80% 

confluence in 10 cm tissue culture plates and split 1:6. Cell populations growing 

asynchronously were then treated with variable concentrations (0.1 to 100 nM) of 5a- 

dihydrotestosterone (Sigma Laboratones, St. Louis, MO.) or ethanoi vehicle (0.1% and 

1 .O%) done as a control. Cells were treated for up to 96 hours. and the media changed 

every 48 hours. As a control, PC-3 cells (do not express the androgen receptor) were 

cultured in DMEM supplemented with 5% FBS without phenol red. Asynchronously 

growing cells were treated with 100 nM DHT. 

Detemination of PSA secretion: Cells were cultured on 10 cm plates in 10 mi media. At 

30% confluence, ceils were washed twice with PBS and then cultured with fresh medium 

with or without addition of 100 nM DW, Conditioned media were collected at 38 hours 

and PSA concentration detennined using the Hybritech assay. 

a 

Immunohistochemistp. LNCaP ce Ils were plated on pol y-L-l ysine coated glass s [ides and 

cultured for 24 houn. The media was then supplemented with 100 nM DHT and cells 

cultured for a further 48 hours. Ceils were then washed in PBS, fixed in 4% 



paraformddehyde containing 0.2% Triton-X 100 for 10 minutes at room temperature. 

Slides were then blocked with 3% hydrogen peroxide in methanol followed by normal 

horse semm (10% solution) and then incubated ovemight at J O  C with anti-p27 

monoclonal antibody (Transduction Labontories, Lexington, KY) diluted 1 : 1000 (0.25 j~ 

g M )  in PBS. Slides were then reacted with biotin-labeled anti-rnouse IgG and incubated 

wiih preformed avidin-biotin-peroxidase cornplex (Vector Labontories. Burlingame, 

CA). Metal-enhanced diaminobenzidine substrate (Pierce, Rockford, IL) was then added 

in the presence of horseradish peroxidase. Slides then were dehydrated and mounted. 

Cells were observed and photographed using a Wilovert microscope equipped with a 

Wild Leitz MPS 52 photocamera (Wild Leitz Ltd., Heerbrugg, Switzerland). 

Flow qtometric andvsis. Cei 1s were pulse-labeled wi th 1 0 bromodeox yuridine 

(BrdU) for 2 houn at intervals after addition of DHT to asynchronously growing cells. 

Cells were then harvested, fixed with 70% ethanol, treated with O.1N HCI , and heated for 

10 minutes at 95" C to expose labeled DNA. Cells were then stained with anti-BrdU- 

conjugated ETC (Becton Dickinson) and countentained with propidium iodide. Cell 

cycle analysis was cam-ed out on a Becton Dickinson FACScan, using Ce11 Quest 

software. 

Immunoblotting. Cells were lysed in ice cold NP-40 lysis buffer (0.1% NP-40, 50 nM 

Tris pH 7.5, 150 m. NaCl, 1 rnM phenylmethylsulfonylfluoride, and 0.02 mg/ml each of 

aprotinin, leupepsin, and pepstatin). Lysates were sonicated and clarifieci by 

centrifugation. Protein was quantitated by Bradford andysis and 20-100 pg protein per 



lane resolved by SDS-pol yacrylamide gel electrophoresis (SDS-PAGE). Transfer and 

blotting was as described ( 1 58). Proteins were detected by electrochemiluminescence 

(ECL) using reagents from Arnersham International. €CL treated blots were exposed to 

radiogmphic film for various time intervals to identiQ the linear range of film exposure. 

Densitometry was then perfomed using the Molecular Dynarnics Imaging system and 

ImageQuant software tu quantitate the relative amounis of p27 ptmin detected on 

Western blots, For detection of cyclin E associated proteins by 

immunoprecipitation/Western anal ysis (IPIWestem), c yclin E was immunoprecipitated 

from 200 pg protein lysate, complexes resolved, blotted and the blot reacted with cyclin 

E, cdk2, p2 1, and p27 antibodies. For IP/Western of cdk4 complexes, 10040 pg protein 

lysate was immunoprecipitated and the blot was reacted wiih cdk4. cyclin D 1, p 15, p 16. 

p21, and p27 antibodies. For P-depletion of p27, p27 was serially immunodepleted 

from 200 pg protein lysate three times and then cyclin E was immunoprecipitated from 

the p27-depleted lysate. The amounts of immunoprecipitable cyclin E protein. associated 

proteins and kinase activities prior to and after p27 immunodepletion were compared 

using IP-Western blotting and iP-kinase assays. 

Cyciin-dependent kinase assavs. CdkJ kinase assays were performed using the method 

of Matsushime et al. (159). using a tmncated form of recombinant retinoblastorna protein 

as substrate. Quantitation of radioactivity incorporated in the substrate was performed 

using a Molecular Dynamics Phosphorimager and imageQuant software. Cyclin E- 

associated kinase assûys were performed using either a monoclonal anti-cyclin E mtibody 

(mAbE 172, from E. Harlow, Mass. Generd, MA), or a polyclonal ami-cyciin E antibody 



(from D. Agarwaal, Lee Moffat, Cancer Centre, Ro.). Histone H1 was used as substrate 

for cyclin E-associated kinase assays. in each case background aftivity was detennined 

using a non-specific antibody as a control. Background activities were subtracted before 

plotting the resuits. 

Antibodies. The fol lowing antibodies were used in the imrnunoblotting experiments: 

pRB mouse mAb from Phanningen; cdW rabbit pAb SC-163, cdk4 rabbit pAb SC- 260. 

cdk6 rabbit pAb SC- 172. cyclin Dl mouse rnAb HDI 1. cyclin A rabbit pAb SC- 596. 

cyclin BI mouse mAb sc- 245, and p21 nbbit pAb SC- 397, al1 from Santa Cruz 

Biotechnology; p27 mouse monoclonal antibody from Transduction Laboratories, 

Lexington. KY. PSA rabbit pAb was purchased from DAKO. Denmark. Monoclonal 

PSTAIRE antibody was a gift from S. Reed (The Scripps Research Institute. CA): cyclin 

D 1 mouse rnAb DCS-1 I and pl6  mouse mAb DCS-50. frorn J. Bartek (Danish Cancer 

Society. Denmark); E 12 and E172. mouse monoclonal antibodies to cyclin E from E. 

Harlow (Mass. Generd, MA); and cdk4 nbbit polyclonal antibody, for use in 

irnmunoprecipitation of cdk4, was provided by D. Beach (CSH Labs, NY). A 

monoclond antibody, JC-6, which recognizes the third ankyrin repeat of human pl6 

(160) and cross reacts with human p15, was used for immunoblotting and 

immunoprecipitation of p 15 in these studies. 

Results were confirmed by repeat biologic assays with different ce11 lysates. 

RESULTS 

100 nM Dihydrotestosterone causes GI arrest of LNCaP 



Treatment of asynchronously growing LNCaP cells with 100 nM DHT for 24 houn 

induced a Gl arrest. The proportion of cells in GI went from 70%, in the asynchronousiy 

growing untreated cells, to 92% at maximal arrest by 48 hours. The fraction of cells in S 

phase fell from 22% in untreated cells to 2% within 24 hours. The proportion of cells in 

GuM rernained relatively unchanged over the treatment intervd and represented 7% of 

the ceIl population (see Figure 1). A sub-Cl population was not observed. NO 

significant growth arrest was observed when ceils were cuitured in media supplemented 

with 1 and 10 nM DHT (data not shown). 

The cell cycle arrest persisted as long as celis were rnaintained in media 

supplemented with the DHT (tested up until 96 houn). DHT-mediated cell cycle arrest 

was not accornpanied by any cytotoxicity based on rnorphological appearance or use of 

trypan blue exclusion staining. The proponion of cells that failed to exclude trypan blue 

was simiiar in treated and untreated cells: 17.7% of untreated asynchronously growing 

cells, 16.7% of cells treated with 100 nM DHT for 48 hours, and 17.3% of ceIls treated 

only with ethanol control vehicle for 48 hours. Treatrnent of LNCaP cells with 50 nM 

DHT also caused a GI m e s t  within 48 hours. To determine whether high dose DHT was 

inducing a form of irrevenible differentiation, cells were cultured for 48 houn in 50 and 

IO0 nM DHT and then transferred to media without additional D m  for a hrther 34 

houn. Upon removal of supplementd DHT from the culture media, cells underwent a 

prompt release from GI arrest, showing. an asynchronous cell cycle profile within 24 

hours (S phase fraction 20%) (See Table 1). 



Asynchronous LNCaP 24 Hours 100 nM DHT 
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Figure 1. FACS rnalysis results of Cl nrrest of LNCaP trerted with 100 nM 
Dihydrotestosterone. (A) Dot plot showing relative uptake of BrdU and PI in 
asynchronously growing LNCaP in RPMI 1640 with 5?h FBS. (B)Decreased BrdU uptake 
indicating arrest of DNA synthesis afier 24 houn treahnent with 100 nM DHT. (C and D) 
Cells were harvested and prepared for FACS analysis at various intervals nfter addition of 
LOO nM DHT to culture media. Gl arrest was maximal at 74 hours. Results in (D) are 
the averages of three sepante expei-iments. Error bars represent standard deviation. 



Table 1. FACS anaiysis data for cell-cycle phase distribution of LNCaP. 
Asynchronously growing cells were cultured in RPMI 1640 plus 5% FBS with either 50 
or 100 nM Sa-dihydrotestosterone (Dm) for 18 hours. Cells were then washed twice 
with PBS and fresh media without supplemental DHT was added to plates for 24 houn. 
Cells were harvested for FACS analysis; see texi for details. 

Culture Conditions: 

Asynchronously growing celis 76 I9 5 

100 nM DHT 48 h 93 - 3 5 

100 nM DHT 48 h then no DHT 24 h 74 19 7 

50 nM DHT 48 h 93 2 5 

50 nM DHT 48 h then no DHT 24 72 20 8 

in order to determine whether 100 nM DHT was toxic to cells and whether effects 

on ce11 growth were independent of AR signaling. culture of PC-3 cells with 100 nM 

DHT was also performed. The PC-3 prostate cancer cell line does not express detectable 

AR. We saw no effect on ce11 proliferation of PC-3 in 100 nM DHT up to 96 hours (data 

not shown). 

Treatment of ceils with IO0 nM DHT for 48 hours lead to an increased secretion 

of prostate specific aniigen as detennined by Hybritech assay on culture media. PSA 

concentration (ng/ml) in conditioned media from cells with/without 100 nM DHT was 

383.W 67.5 and 443.1B40.3 on two separate occasions. Although the results were not 

normalized for cell number. cells were initially plated equaily and hence. fewer cells on 

the DHT treated plates wouid be expected by 48 hours due to the proliferation arrest. 

Thus relative cellular production of PSA was increased by exposure to 100 nM DHT. A 



Western blot did not dernonstrate any difference in cellular PSA levels as cells underwent 

arrest (data not shown). 

DHT mediated G ,  arrest is accompanied by accumulation of nuclear p27 protein. 

Imrnunohistochemistry perfonned on asynchronous populations of LNCaP cells 

demonstrated a heterogeneous immunoreactivity for p27. Cells arrested in Gi after 

treatment with 100 nM DHT for 48 houn demonstrated uniformly strong nuclear staining 

for p27 protein (see Figure 2). The intensity of cytoplasmic staining was minimal in the 

arrested cells. Negative controls using secondary antibody alone did not show any 

significant nuclear staining. Pre-adsorption of the primary antibody with blocking peptide 

abolished the nuclear staining (data not shown). 

Western analysis of ce11 cycle regulators was performed using protein lysates 

collected at various intervals after treatment with LOO nM DHT. Loss of phosphorylation 

of the retinoblastorna protein (pRb) was detectable within 16 hours. with only 

hypophosphorylated pRb detected at 48 houn. There was no appreciable change in the 

levels of cdk?, 4, and 6, cyclins Dl and E, or the cdk inhibitors p16'NK4A and p21Cip'. 

Levels of cyclins A and BI fell significantly. This is consistent with the DHT-rnediated 

inhibition of entrance into S and G7JM phases. where peak expression of these two 

proteins is known to occur. An increase in p27 protein levels was appreciable within 4 

hours after addition of DW. with peak jevels four-fold above baseline detected by 48 

hours. as determined by densitometry (see Figure 3A). 



Figure 2. p27 nuclear staining of LNCaP cells in tissue culture. Cclls were cultured 
on poly-L-lysine coated glass slides. At appropriate intervals. çel 1s wcre tixed and 
stained for p27 as described in the methods section. ( A )  control samplr obtnined by 
staining with secondary antibody alone. (B-C) Asynclironously groiving cells. (D-F) G I 
arrested cells after treatment with 100 nM DHT for 48 Iioiirs. 



The increase in p27 saturates and inhibits qcl in Ucdk2 in DHT-arrested LNCaP. 

Inhibition of cyclin WC& activity was detected within twelve houa after the addition of 

100 nM DHT to the asynchronously growing cells, with minimal activity at 24 hours (See 

Figure 4.8). Background activity was subtracted before plotting the results. This loss of 

kinase activity correlated with the progressive shift to a hypophosphorylated fom of pRB 

as noted above. To hrther investigate the mechanism of inhibition of cyclin Ucdk2. 

these complexes were examined by immunoprecipitation of cyclin E followed by Western 

blotting to detect associated proteins. No dissociation of cyclin UcdW complexes was 

observed, however, the amount of phosphorylated cdk2 bound to cyclin E decreased 

( C M  activating phosphorylation shifis cdk2 to its faster rnobility form on SDS-PAGE) 

( 1). The amount of cyclin E-associated p2 I fell. suggesting that p2 I is not relevant to this 

fom of cyclin EkdW inhibition. The amount of cyclin E-associated p27 increased three- 

fold. by densitometry, as the ceils entered Gi arrest. in other cellular contexts. such an 

increase in p27 has been shown to saturate cellular cyclin Vcdk2 ( 17 1 ). 

To detemine whether this increase in p27 was sufficient to saturate target cdks 

and induce cell cycle arrest. p27 was immunodepleted by three serial 

immunoprecipitations from both as ynchronousl y growing ce11 l ysates and from DHT- 

arrested lysates. Cyciin E immune complexes were examined in these lysates before and 

after p27-immunodepletion. p27 immunodepletion caused a significant reduction of 

cyciin E protein from asynchronously growing ceii lysates (see Figure 4C). This reflects 

the substantial proponion of G1 phase cells in an asynchronous population of LNCaP 

celis. 
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Figure 3. Western analysis of LNCaP arrest by DHT. Cells were hnrvested at 
indicated time intervals after addition of 100 nM DHT to culture media. Protein lysates 
were prepared and 20 micrograms protein from each time point resolved using 17.5% 
SDS-PAGE. Relevant proteins were detected by immunoblotting with the indicated 
antibodies. 



Figure 4. p27 saturates cyclin EIcdk2 complexes and inhibits this kinase following 
treatment of asynchronously growing LNCaP with 100 nM DHT. ( A )  C~clin  E 
IP/Western. Cetls were recovered at intervals after addition of DHT to cultiire media. 
DNA profiles were determined by FACS analysis, and the percentage of cells in G 1, S. 
and G2/M is indicated for each time point. Cyclin E was immunoprecipitated. 
complexes resolved by SDS-PAGE and imrnunoblots were reacted wi th nntibodies to 
detect associated proteins. (B) Cyclin E-cdk2 Kinase Assay. Cyclin E was 
immunoprecipitated and kinase achvity was assayed with Histone H 1 as the substrate: 
see text for details. Reaction products were resolved by SDS-PAGE. and gels were dried 
and exposed to film. Radioactivity in the Histone H 1 substmte was qtiantitnted by 
PhosphorIrnager and expressed as a percentage of maximum activity atier subtraction of 
background h m  control irnmunoprecipitates. (C) p27 immunodepletion rxperiments. 
p27 was serially immunodepleted From lysates collected at either O or 48 hours afier 
addition of 100 RM DHT to media. Cyclin E IPMrestem and Cyclin E kinase assays 
were perîorrned on immunodepleted lysates. 



Inspite of a significant reduction in the level of cyclin E, the remaining cyclin E immune 

complexes showed aimost the same kinase activity after p27 immunodepletion as before 

(Figure 4C. left panel). This is consistent with most p27-bound cyclin E complexes 

having minimal kinase activity. There was virnially no detectable cyclin E remaining 

after p27 immunodepletion of DHT-arrested cell lysates. Thus, the increase in p27 by 

DHT treatment was sufficient to sanirate and inhibit the cellular cyclin Ucdk2 

complexes. 

Inhibition of cyclin D-bound cdk4 by high dose DHT. 

The cyclin D-associated kinases also function in G1 to regulate the transition into 

S phase. To assay the effects of IOOnM DHT on these complexes, cdk4 was 

immunoprecipitated and kinase activity assayed at various intervals during the arrest of 

the LNCaP cells. Cdk4 activity was strongly inhibited by treatment with lOOnM DHT 

(See Figure 5.B). Background activity was subtracted before plotting the results. 

immunoprecipitation of cdk4 and its associated complexes did not demonstrate any 

dissociation of cyclin D 1 from cdk4. The p 16 level remained unchanged. There was a 

rise in p 15 association with cdk4 between O and 12 hours after addition of DHT and the 

elevated level persisted to 24 hours. Between 24 and 48 houn, there was no hirther 

reduction in the % S phase cells. and cdk4-bound p 15 actually decreased slightly by 48 

hours. possibly reflecting progression into a Gi arrest to quiescent state. The levels of 

p2 1 and p27 bound to cdk4 decreased as cells underwent arrest. indicating that these cdk 

inhibitors are unlikely to be involved in arrest of this kinase. 



FIGURE 5. inhibition of Cdk4 ictivity during DHT-medirted G 1 ;irrest. 
(A) Cdk4 complexes. Asynchronous LNCaP cultures were trented witli I OOnM DHT and cells 
were recovered for FACS analysis and preparation of protein lysates nt i ritervals 
thereafier. Cdk4 was irnmunoprecipitated and complexes were resolvecl and 
immunoblotted as for Fig. 4.A. (B) Cdkl kinase assay. Cdkl was imrniinoprecipitated 
and kinase activity was assayed using truncated pRB protein as the siibstrate. 



DISCUSSION 

The LNCaP ce11 line is the most cornmonly studied mode1 of androgen-sensitive 

prostate cancer. This ce11 line shows a characteristic bel1 shaped growth curve in 

response to increasing concentrations of androgen in the growth media (1 55,162,163). 

Although this effect of variable doses of andropn has been known for nearly two 

decades, the mechanism of the growth inhibition that occun at high doses remains poorly 

understood. Androgen stimulation of LNCaP down-regulates androgen receptor (AR) 

rnRNA ( 164), yet cells cuhred with increasing concentrations of androgen demonstrate 

increasing levels of AR protein (165). Therefore, it would appear that in this setting the 

increase in AR results from stabilization of AR protein by androgen binding. 

Androgens are required for normal growth and differentiation in prostate cancer 

cells. Chen et al. studied the effects of androgen on the ce11 cycle of nomal prostate in 

vivo in rats (134). Castration resulted in atrophy of the gland due to apoptosis and arrest 

of surviving cells. Re-administration of testosterone induced transient epithelial cell 

proliferation followed by decreased cellular proliferation and an increase in p27. It was 

postulated that the increased p27 was playing a role to inhibit proliferation as 

regenerating prostatic tissue underwent differentiation. The paradoxical effects of 

androgen stimulation in LNCaP (growth stimulation ai low concentrations of androgen, 

growth inhibition with increased PSA secretion at hi& concentrations) may repnsent a 

normal physiologicd mechanism that has been retained by this tumour ce11 line. 

Although the stabilization of AR in response to increasing androgen concentrations rnay 

well contribute 

the only factoi 

to this biphasic response, it seems overly 

involved. A subline of WCaP derived 

simplistic to assume that this is 

by culture in steroid hormone 



depleted media for 100 passages shows marked increase in AR protein and exhibits 

growth arrest at low concentrations that nomially growth stimulate the parental line (166). 

Thus other mechanisms leading to AR overexpression and growth stimulation or 

inhibition clearly exist in this cell line. Our data raise the hypothesis that changes in p27 

levels and its binding to target cyclin E-cdU play a contributory role to changes in 

proliferation mediated by androgens. 

Several lines of evidence suggest that the G1 arrest by high dose DMT is an AR 

mediated effect. In our study, as in others (162). high dose DHT induced LNCaP ro 

secrete more PSA. PSA is a senne protease that is normally secreted by the prostatic 

epithelium. We demonstrated higher PSA production in conditioned media from cells 

arrested after 48 houn in 100 nM DHT than in cells without added androgen. This result 

and our observation that cellular PSA ievels were not increased by Western analysis are 

consistent with DHT-induced increase in secretion of PS A. Furthermore, treatrnent of 

PC-3 cells, which are known to be AR negative, with similar doses of DHT did not affect 

the proliferation in these cells. Furthermore, PC-3 ceils that have been geneticdly 

engineered to express the AR show growth arrest in response to androgen treatment (E. 

Brown. personal communication). 

The present study confimis the decreased rate of growth for L N C I  at high doses 

of DHT and demonstrates that this reduced proliferation is due to GI arrest. Growth 

inhibition with GI arrest was demonstrated at doses of 50 and 100 nM DHT, whereas, no 

significant growth mest was observed with doses between 1 and 10 nM DHT. Although 

the concentrations of DHT used in these exprimenu (50 to LOO nM) were suficient to 

saturate the AR 17 to 55 times over (155). we saw no morphologicai evidence of cell 



toxicity and trypan blue exclusion did not differ between treated and untreated cells. 

Furthemore, the Gi arrest appeared hlly reversible on removal of the high dose DHT at 

48 hours; The longest treatment interval was 96 hours, with maximal arrest noted at 24 

hours. Whether a longer exposure to lOOn MDHT might induce an irreversible Gi mest 

is not known. 

Previous studies have used ceil counts or viability stains to characterite and 

quantify the growth inhibition of LNCaP at high concentrations of DHT. In this study, 

FACS analysis of the ce11 cycle profile over the treatment course showed diat the 

previously documented growth inhibition is due to arrest of cells in G 1. As in other 

forms of GI anest (10,167), a shift of pRB from hyper- to hypophosphorylated isofons 

was observed. Hypophosphorylated pRB binds and inactivates E2F. thereby inhibiting 

the hinction of that transcription factor, and precluding transcription of genes required for 

S phase entry and cell proliferation (168). Phosphorylation of pRB leads to its 

dissociation from E2F. thereby rendering the E2F active (169). The LNCaP ce11 line has 

two wild type alleles at the pRB locus ( 170). The loss of pRb phsophorylation observed 

on treatment with high dose DHT may reflect inhibition of both cyclin D-associated 

kinases and cyclin E/cdk2 contribute to pRB phosphorylation in Gl phase of the ce11 

cycle (5). 

Cyclin E dependent kinase activity fell as cells undenvent arrest. This was 

accompanied by a four-fold overail incpse in p27 protein. More imponantly, the 

increase in p27 protein was sufficient to fully saturate cyclin Elcdk2 complexes were 

Our attempt to immunoprecipitate c yclin E from p27 irnmunodeplered 

lysates demonstrated no residual detectable cyclin E, indicating that 



essentially al1 cyciin E was complexed with p27 in cells arrested by DHT. This supports 

the conclusion that the increase in p27 was responsible for cyclin E-kdk2 inhibition and 

could contribute causally to the GI arrest observed in these cells. In other systems, a 

similar increase in p27 levels has been shown to be sufficient to bind cyclin Ucdk2 

complexes and to inhibit kinase activity ( 17 1 ). The fact that cyclin E-associated p2 1 fell 

as cells arrested. suggests that p2 1 is not likely to be involved in inhibition of this kinase. 

Cdk activating kinase (CAK) mediated phosphorylation of cdk2 on threonine 160 

is required for catalytic activity ( 1 ). in this study, cyclin E-bound cdk2 showed a 

progressive loss of C M  activation, with accumulation of the slower mobility form of 

cyclin E-bound cdk2. Increased binding of p27 to cyclin Elcdk2 may modulate the 

conformation of these complexes and block access of CAK, thereby preventing 

phosphorylation of cdk2 by CAK. A similar loss of CAK activation of cyclin E-bound 

cdk? has been demonstnted in TGF-P arrested cells (19.22). Kato et. al. have 

demonstrated that p27 can inhibit CAK activation of cyclin D/cdk4 complexes in cyclic 

AMP rnediated G 1 arrest in macrophages (66). 

Cdk4 kinase activity was dso inhibited by 100 nM DHT. p 16, p2 1, and p27 are 

not likely involved in the inhibition of this kinase. since p l 6  association with cdk4 

remained constant and increased binding of the KIP inhibitors p2 1. p27. and p57 was not 

observed. p 15 binding to cdk4 was increased at 12 houn and remained elevated until 74 

houn. pl5 may fafilitate dissociation qf p21 and p27 from cdk4 complexes, thereby 

increasing the pool of free KIP molecules available to bind and inhibit cyclin Ucdk2. 

This mudel of action for p 15 has been suggested previously in GI arrest due to TGF-P 

(LOJ71). 



The INK f e l y  of cdk inhibitors have k e n  show to inactivate their target 

kinases by binding to them and displacing the associated cyclin (10). Although we did 

not see cyclin Dl  dissociation from cdk4 as kinase activity diminished, it is possible that 

p 15 may have displaced cyclin D2 or D3. However. we were unable to detect cyclins D2 

or D3 in cdk4 complexes using commercially available antibodies. Cleuly. there may be 

more than one mechanism contributing to DHT mediated GI arrest. Although p27 

appears to be important in the inhibition of cyclin E/cdW, other factor(s). such as p15. 

rnay also be required for inhibition of cdk4. 

Since 194 1 ,  when Huggins and Hodges discovered that prostate cancer undergoes 

regression in response to castration. there have been few major advances in the 

management of metastatic prostate cancer ( 172). Leutinizing hormone releasing hormone 

(LHRH) analogues that induce castrate levels of testosterone have obviated the need for 

castration (173). The additionai use of agents which block the action of adrenal 

androgens. termed maximal androgen blockade, has been advocated but i s  not proven to 

extend survivd (174). In metastatic disease, the median survivai of patients trented with 

maximal androgen blockade is three yean (175). Thus. there is clearly a need for 

development of novei treatment approaches for advanced prostate cancer. A gmter 

undentanding of how ce11 cycle regulaton respond to androgenic stimuli in normal and 

malignant prostatic epithelial cells could lead [O the identification of new targets for 

therapy. Our study suggests that the increased levels of p27. andits binding and inhibition 

of cyclin E-cdk2 contribute to Gl arrest of WCaP human prostate cancer cells in 

response to high doses of DHT. 



Several other reports suggest a potential role for p27 as a mediator of G1 arrest in 

prostate cancer tissue culture models. G1 arrest of prostate cancer ce11 line DU145 

induced by EGF receptor blockade with the flavonoid antioxidant silymarin (1 76) or with 

the EGF receptor antibody. mAbb225 (177) involves upregulation of p27 protein and 

corresponding inhibition of cyclin E/cdk2 activity. Kokontis et al. bave demonstrated 

that a subline of LNCaP developed by 2 years of continuous culture in the absence of 

androgen is growth inhibited by low doses of androgen. in this system. loss of cdk2 

activity was also correlated with accumulation of p27 (166). in an androgen dependent 

mouse mammary carcinoma ce11 line, SC-3, Menjo et. al. demonstrated that Gl arrest 

upon androgen withdrawal is msociated with a sirnilar upregulation of p27 and the 

binding and inhibition of cdk2 by this cdk inhibitor (178). The Iast two studies highlight 

an apparent paradox that is clearly relevant to the bel1 shaped androgen growth response 

curve evident in LNCaP. In the one case. androgen exposure elicits growth arrest. 

whereas in the other. androgen withdrawal has this same effect. interesiingly. in each 

case a similar mechanism of G1 arrest appem to be invoked. with upregulation of p27 

leading to inhibition of cyclin UcdW activity. 

in addition to tissue culture models of prostate cancer, increasing data from 

studies of p27 in vivo, in human prostate cancers, suggest a critical role for this KIP in 

prostate epithelial cell growth. Severd papers. which indicate a prognostic role for p27 in 

prostate cancer have been published recently. Low or undetectabie levels of p27 protein 

in primary prostate carcinomû has been shown to correlate with increased proliferative 

index (72), increasing tumour grade (77-74.179) shorter disease-free survival 

(73,74,179.180), and decreased overall survivai ( 179). In our study of the prognostic 



value of p27 in human prostate cancer, strong p27 staining was u n i f o d y  seen in benign 

prostatic epithelial components in al1 Nmor sections. p27 staining was variable in 

prostatic htraepitheliai neoplasia and reduced in most prostate cancers. A subset of 

tumours that received pre-operative androgen ablation therapy prior to radical 

prostatectomy tended to have more positive staining for p27. hdeed, tumours that had 

low p27 staining (less than 25% of tumour nuclei positive) after androgen ablation 

therapy had a the worst prognosis (73). in their study of p27 expression in prostate 

cancer, Cordon-Cardo et. al. found low or absent p27 in eight of nine androgen- 

independent metastatic prostate cancers ( 1 80). These authors also raised the possibility 

that rnechanisms leading to accelerated p27 degradation may contribute to the 

development of metastases and/or progression of prostate cancer to the androgen- 

independent state. These studies raise the hypothesis that changes in pathways that 

regulate p27 levels may contribute causally to tumour progression and in growth 

modulation of human prostate cancer ceils in response to various androgenic stimuli. 

Taken together. these data support efforts to develop rnethods for the targeted up- 

regulation of p27 as a novel therapeutic strategy in prostate cancer. 

In summary, we have shown that high dose D m  treatment of the human prostate 

cancer ceIl line LNCaP, in-vitro, leads to Gl arrest. The mest occurs as total 

intracellular p27 increases. leading to saturation and inactivation of c yclin Ekdk;! 

complexes. inhibiton of cyclin Ekdk2 by p27 contributes to ceil cycle arrest following 

high dose Dm. Based on these and other ment studies. p27 appears to be a key regulator 

of androgen effects on LNCaP prolifention. in the following chapter, future experirnents 

aimed at establishing definitively a requirement for p27 in this Cl arrest will be proposed. 



CHAPTER 4 

CONCLUSIONS AND FUTURE DIRECTIONS 



SUMlMARY 

Studies of the cyclin dependent kinase inhibitor. p27, in human malignmcies have 

demonstrated that identification of low protein levels of this ce11 cycle regulator in 

various tumours has prognostic value. Low p27 appears to be an adverse prognostic 

marker in breast cancer. gastric and colon cancer. iung cancer, and Barrett's associated 

adenocarcinorna of the esophagus. In this thesis, potentid prognostic value for p27 has 

also been identified in prostate cancer. Low p27, defined as less than 25% of tumour 

nuclei stained positive, in cancers resected by radical retropubic prostatectomy, predicted 

for shorter disease free survivd. p27 levels varied invenely with Nmor grade. A subset 

of patients in the study C O ~ O ~  were treated with neo-adjuvant hormonal therapy prior to 

surgery. Hormonal therapy tended to increase the p27 level in tumour nuclei. Tumours 

with Iow p27 despite the use of neo-adjuvant hormonal therapy were at even greater risk 

for shorter disease free survival. Since our publication of these data. there have been 

three other studies published that confirm the prognostic value of p27 in prostate cancer. 

The human prostate cancer ce11 line, LNCaP, has ken studied extensively as a 

mode1 of androgen sensitivity in prostate cancer. High dose dihydrotestosterone is known 

to inhibit growth of these cells in tissue culture. h this thesis work, 1 have demonstrated 

that this growth inhibition is the result of a G1 arrest. The arrest is conelated with 

accumulation of p27, increased association of p27 with cyclin Ekdk2. and cornmensurate 

inhibition of this kinase. 

These findings point to a potentidly important role for p27 in human prostate 

cancer. The loss of p27 protein within tumor ceils may represent a critical step in tumour 

progression. Early identification of tumors having low p27 may allow directed therapy 



with the goal of improving outcome. A rnultimodal thenpeutic approach, instituted early 

in the course of such tumoun, may prove to be of benefit. Use of novel phmaceutical 

agents that exert eHects on ceII cycle regdation holds promise. An exarnple is 

flavopiridol, a synthetic inhibitor of cdks that inhibits cell cycle progression in Gl and G2 

and has been shown to decrease proliferation of LNCaP cells in vitro and in a mouse 

xenograft mode1 ( 18 1). Ntematively, the use of gene therapy to overexpress p27 cDNA 

in human prostate cancer ceils rnay prove to have eficacy in managing both androgen 

sensitive and androgen independent prostate cancers. 

FUTURE WORK 

1. Defining the elinicnl utility of tumour p2 Pp' stalus 

in order to fully establish irnmunohistochemical staining for p27 protein as a 

clinically useful test. hinher study is clearly warranted. A similar study, perfomed on a 

larger cohon of patients from the Toronto Hospital would permit the confirmation of our 

initial finding of the prognostic utility of p27 in prostate cancer. It is anticipated that 500 

archival specimens will be available for study. in addition to validating the prognostic 

potential of p27 immunostaining, this large study would allow stratification of tumoun 

according to various clinical parameten to detemine the prognostic value of p27 within 

such subsets. For exarnpie. while it is usually possible CO predict long terrn results of 

surgery for tumon that are well differentiated (Gleason sum 2 to 6) or poorly 

differentiated (Gleason sum 8 to IO), most tumors that are removed surgicaily are of 

intemediate grade (Gleson sum 7). There are currently few reliabie predictors of 

treatment outcome in this category of prostate cancer. A larger sample size may allow 



Gleason 7 tumours to be stratified for time to failure based on p27 status. If p27 proves 

to be a strong prognostic factor in this patient population, tumors destined to fail standard 

treatments might be better targeted for additional therapy. In order to justiQ use of this 

test in the clinical setting, we require standardized protocols for tissue fixation. 

imrnunostaining, and interpretation of staining results. A larger study from one center 

wovld allow development and validation of such protocols. 

It would also be of value to determine whether the p27 staining levels seen in 

needle biopsy specimens correlate positively with those seen in the cancer removed later 

by radical prostatectomy. It rnay ultimately be possible to use knowledge of Nrnour p27 

status from biopsy specimens to make informed decisions about treatment options in 

patients who refuse or are not candidates for radical prostatectomy. in this context. 

irnmunohistochemical analysis of p27 in needle biopsy material obtained at the time of 

diagnosis may allow the clinician to make more informed recommendations for other 

treatment approaches, such as observation. hormonal therapy. or radiation therapy. 

if we are able to verify the prognostic value of p27 in a larger retrospective cohon. 

two prospective snidies could be implemented. In the first study, patients with metastatic 

prostate cancer would be enrolled in the clinical trial phor to beginning any therapy. 

Patients whose cancers have high p27 tumour levels (>25% tumour nuclei positive) 

would be treated with standard hormone ablation therapy using a GnRH agonist. Patients 

whose cancers have low p27 would be randomized to hormone ablation therapy (GnRH . 
agonist) alone or hormone ablation therapy in combination with treatment with 

estramustine, ketoconazole. vinblastine, and adriamycin. Prim. outcorne would be 

overall survival. Secondary outcornes would include relapse-free survival and quality of 



life analysis. This snidy would address prospectively the question of whether the p27 

level in advanced prostate cancer is a prognostic factor for responsiveness to androgen 

ablation. In addition. the randomization of the patients with low p27 Nmors to receive or 

not to receive adjuvant chemotherapy may indicate whether the addition of adjuvant 

chemotherapy improves the outcome of this poor prognostic group. 

A second snidy would target men with clinically localized prostate cancer who 

present for radical prostatectomy. Surgical specimens wouid be anaiyzed for p27 protein 

staining in tumour tissues using immunohistochernistry. Patients with turnours thai have 

high p27 levels will be managed according to current praciice, receiving early or delayed 

adjuvant hormonal or radiation therapy depending on other feanires of their pathology 

and clinical status. Patients with low p27 in their tumours would aIso be treated 

according to cunerit practice, as above. However. patients who are not candidates for 

adjuvant hormonal therapy based on traditional panmeters would be funher randomized 

between placebo or one year of adjuvant hormonal therapy with a GnRH agonist. Overail 

and disease-free survival outcornes. as well as quality of life rneasures. would be 

determined. 

II. Develupment of new therapeutic opproaches to hormone refracrory prostatic 

adenocarcinorna 

Data from my own work and the work of others reviewed in previous chapters 
1 

suggest that p27 may be a critical effector of a number of different forms of G 1 arrest in 

prostate cancer cells. It may thus be possible, ultimaiely, to develop treatment strategies 

for prostate cancer that rely on therapeutic manipulation of p27 levels in human tumors. 



However, before investing the significant time and energy required for the developrnent 

of these treatment approaches, it would be important to determine whether p27 is 

absolutely required for this DHT-mediitted G 1 arrest. This could be accomplished using 

an antisense transfection approach. Antisense p27 oligomenc DNA made available to us 

from M. Ranagan at Gilead Sciences would be transfecied into LNCaP cells. Transfected 

celis would then be cultured in the presence of 100 nM DHT. if antisense p27 abrogates 

the mest, this would confirm an essential role for p27 in this form of G1 arrest. 

It would aiso be of value to demonstrate whether p27 is çntical to the Gl arrest 

induced in WCaP cells upon withdrawal of androgen. This type of treatment more 

closely reflects current treatments of metastatic prostate cancer by androgen ablation. 

LNCP cells would be induced to undergo growth arrest by androgen deprivation. 

Lysates would be collected and. using techniques similv to those described in chapter 3. 

the mechanism of this arrest could be characterized. Given the findings by our group and 

others in this area of research, it is strongly expected that p27 upregulation will also play 

a pivotal role in this fom of growth arrest. 

Recent studies have implicated a role for p27 upreylation in prostate ce11 lines 

that are induced to undergo apoptosis in response to various agents (182,183). Other 

studies have demonstrated induction of apoptotis in mammdian cells upon 

overexpression of p27 using recombinant adenoviral vecton ( 184,185). Although these 

studies suggest a possible role for p27 in trigering the apoptotic pathway, it is ais0 

plausible that this is not a physiological mechanism of action of p27. but rather a response 

of the cells to an artificially induced situation. Nonetheless, the possibility exists that an 



approach that relies on a p27-mediated induction of apoptosis may have utility in 

treatment of certain sensitive epithelial malignancies. 

in order to proceed with the development of p27 gene therapeutic strategies for 

treatment of prostate cancer, a number of pre-clinical experimental studies would have to 

be undertaken using murine models. One such study would be to determine whether 

overexpression of p27 can prevent the development of prostate cancer. This project 

would involve the development of a murine model in which transgenic p27 cm be 

conditionally overexpressed in the prostate cells of a strain of mice that are geneticdly 

predisposed to develop prostate cancer. Transgenic mice could be prepared in which the 

probasin promoter allows prostate-specific expression of a DNA construct c r e - & ~ ~ .  This 

would encode a chimeric protein that links cre-recombinase to an estrogen receptor that 

has been mutated such that activation requires binding by tamoxifen. The mice would 

also be designed to bear a transgene in which a marker gene, flanked by lox-p sites, 

intempts the constitutive expression of transfected p27 cDNA. In transfected prostate 

cells that express cre-recombinase, treatment with tamoxifen would lead to translocation 

of the c r e - ~ ~ '  chimera into the nucleus and excision of the lox-p fianked rnarker gene, 

thereby ailowing p27 overexpression. b this mutine model, it would then be possible to 

assess the efficacy of p27 overexpression as a genetic approach to prostate cancer 

prevention. This is one of a number of pre-clinical studies that would potentidly provide 

evidence to support the development of gene therapy strategies that txget p27 gene 

overexpression for the treatment of human prostate cancer. It is hoped that such 

strategies will add, ultimately, to our mamentarium of treatments for prostate cancer. 

allowing improved multimodai therapy of both locdized and advanced disease. 
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