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Cell growth is under the control of a variety of 
posit ive and negative  signals.  An imbalance  of 
such signals  results in deregulat ion of  cell behav- 
ior. Recess ive  o n c o g e n e s  or tumor suppressor  
genes,  oppos i te  to dominant  oncogenes ,  encode  im- 
portant cellular proteins which  could funct ion as 
negative regulators of  the cell cycle, i.e., cell cycle 
brakes. Inactivation of recessive oncogenes ,  by 
allelic delet ion,  loss  of expression,  mutation,  or 
functional  inactivation by interacting with onco-  
gene products of  D N A  tumor viruses or with ampli- 
fied cellular b inding  proteins,  wi l l  lead to uncon-  
trolled cell growth or tumor formation. Besides  the 
classic suppressor  genes  such as the p53 and RB, a 
growing  n u m b e r  of novel  tumor suppressor genes  
have been identif ied in recent years. While  some  
tumor suppressor  genes  have been found to be 
important for the d e v e l o p m e n t  of a large number  of 
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h u m a n  mal ignancies  (e.g., the p53 gene),  others are 
more tumor type-specif ic  (e.g., the NF-1 gene).  
Many human  cancer types s h o w e d  abnormali t ies  of  
mult iple  tumor suppressor genes,  offering strong 
support  to the concept that tumorigenes i s  and pro- 
gress ion result from an accumulat ion of mult iple  
genetic alterations. In this review, w e  wi l l  begin 
with  an overv iew (gene, transcript, protein and 
m e c h a n i s m s  of action) of the tumor suppressor 
genes  (the RB, p53, DCC, APC, MCC, WT1, VHL, 
MST1, and BRCA1 genes)  identi f ied to date and 
then discuss the specific i n v o l v e m e n t  of tumor 
suppressor  genes  in human  mal ignancies  inc luding 
prostate cancer. Various chromosomal  regions  
which  potential ly may contain tumor suppressor  
genes  also wil l  be  reviewed.  (Pathology Onco logy  
Research Vol 1, No1, 7-22, 1995) 

I n t r o d u c t i o n  

Multiple and sequential genetic damage Io the cell arc 
central to tumorigenesis. In 1982, the first molecular change 
in tumorigenesis, i.e.. a mutation resulting amino acid 
subtitution (Gly Lo Val) in codon 12 of the ras oncogenc in 
a human cancer cell line, was identified. Subsequently, 
there have been many fllrther examples of genetic changes 
in tumors lhal have been doctllllcnted all the molecular 
level.' These include point 111tltalions, deletions, chromo- 
somal transh)calions and gene amplification. Oncogenes 
are positive regulators el + the cell cycle, as a result, acti\'a- 
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lion of onco~encs b}, ]~lulalion or ofl~er l]]~chanisms may 
lead to deregulated cell gro~ ill. To date, a large number of 
p[oto-oncogenes in\'oh'ed in \ 'uious cellular signaling 
pathways implicated in human cancer ha\e been identifi- 
ed. je The oncoprotcins come I'rom diffcrent classes of 
molecules and have been shov,n to function cooperatively 
in \ark)us pathways to regulale cell beha\.ior. Le 

Historically, the exislence of recessive oncogenes or 
tunlor suppressor genes have been documented from 
se\eral obstruct line.,, ui \w_n k, i.e.. ~,~,nlatic cell ! : v b r i d i z :  I- 

tiou experiments, microccll (containing single chromo- 
some) lrallsft.'r cxpcrimcnts and karyotypic analyses, as ,,',ell 
as cpidcrmological and statistical studies (see 3, 4 for 
reviews). Knudson postulated in 1971 that the rare child- 
hood eye |tl|llor. retinoblasloma, is triggered by two suc- 
cessive lesions in the genome.' He proposed that in spo- 
radic retinobla~,loma both lesions arc sustained in the 
retinal cull as somatic mulations and in familial retino- 
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blastolna, one of Ihc two nIutatiotls is acquhed as a getqn 
line mutation, and the second mutation occurs as a so- 
matic event. ~ Supporting this "two-hit" theory, studies in 
rethloblastoma led to pro~e that the two ehtsive genetic 
targets were the two copies of the 13q 14-associated RB 
gene. and that the two mutational events involved the 
inactivation of both functional copies of this gene (see 3, 
4 l+or review~,). Tumorigenesi~ occurs when both co- 
pies of tumor suppressor genes such as the RB genes have 
been inactivated. If one of a pair of critical homologous 
genes is inactivated by' a mt ration, then loss of the remain- 
ing normal gene via the development of holno- or hemi- 
zygosity for that gene, should resuh in malignancy. Loss 
of heterozygosity (LOH) studies have been instrumental 
in mapping commonly deleted chromosomal region(s) 
which may harbor potential tumor suppressor genes (see 
below for more details). To date, several other Itlnlor 
suppressor loci have been identified through LOH, e.g.. 
I q for breast carcinoma, 1 I p for Wihns tumor, lung carci- 
noma, transitional cell bladder carcinoma, I Iq fl)r mul- 
tiple endocrine neoplasia (MEN) type 1, 17p for small cell 
lung carcinoma, colon carcinoma, osteosarcoma and 
astrocytotna, 8q for prostate cancer, 9p tor melanomas, 
and 17q fl)r NF type 1 and breast cancer "s (and see below 
for details). The recently developed positional cloning 
techniques allow rapid identification of new recessive 
oncogenes, e.g., the DCC+ MSTI,  APC, MCC, BRCA1 
genes (Table 1: see he/ow fi~r detai/s). 

Retinoblastoma gene (RB) 

The RB gene encompasses 180 kb of DNA on chromo- 
some 13q 14, and encodes a 105 kD nuclear phosphopro 
tein (Rb). The unphosphorylated form of Rb is able to 
bind and inactivate the transcription factor E2F.'* E2F' can 
bind to a number of host cell promoters and appears to 
mediate mitogen induced cell cycle progression from G I 

to S phase (Fig. l). Therefore, the unphosphorylated Rb 
is a negative regulator for cell cycle. In tumor virus-trans 
formcd cells, human adenovirus EIA.  SV40 large T anti- 
gen, and human papillomavirus (HPV) E7 can form comp- 
lexes with the hoM cell unphosphorylated form of Rb. > ~ 
By targeting Rb for complex l'ornlation, these viral pro- 
teins inactivate its function by releasing E2F flom the Rb- 
E2F complex, and therelore promote cell growth. Two 
potenlial targets fi)r control by E2F-Rb are the c-myc gene 
and the cdc2 gene. Rh can repress the transcription of the 
c-myc, N-myc, cdc2, thymidine kinase, DNA polymerase 
A, and dihydrofolate reductase (DHt;R) genes, which arc 

,2t~ dependent on E2F sites in the responsive promoters. 
Furthermore, Weintraub et al. ~5 provided evidence thai 
Rb protein switches the E2F site f l o m  a pus i t ivc  to a 

negative element. They, showed that E2F sites act as 
negative elements which inhibit the activity of other 
promoter elements in the presence of Rb, but are positive 
elements in the absence of an active form of Rb, E21:-site 
activity oscillates betweep, a positive and a negative 

Yable 1. T u m o r  S u p p r e s s o r  Genes 

Chromosomal Cellular 
Gene localization localization Action Organ or tissue origins or tumor 

RB 13q14 nucleus regulates gene acti- 
vity and cell cycle 

p53 17pl 3.1 nucleus regulates gene acti- 
vity and cell cycle 

DCC 18q21.3 cell membrane cell adhesion and 
signal transduction 

A P C  5q21 cvtosol promotes microtu- 
bule assembly 

MCC 5q21 cytosol unknown 

W'F-J l l p l  "2; nueleu,~ reg~flate< ,~eno . . . . . .  a~H- 
vity 

NFd  17qll  CM-associated regulates p2I (ras) 
signaling pathway 

NF-2 22q12 CM-associated unknown 

VHI+ 3p25 CM-associated unknown 

MST1 9p21 22 nucleus inhibits CDK and 
regulates cell cycle 

BRCA1 17q21 nucleus transcription factor? 

eye, bone, breast, lung esophagus, prostate, 
bladder,  kidney, cervix 

breast, colon, bladder, ovary, brain, testis, 
soft tissues, kidney, skin, bkx{d, lung, pancre- 
as, stomach, esopl~agus, liver, prostate 

colon, stomach, mouth, esophagus, uterine, 
blood, testis, prostate pancreas 

colon, lung, stomach, esophagus, mouth, 
breast, ovary, prostate 

cokm, lung, stomach, breast, esophagus, 
ovary, prostate 

kidney, bladder, e-,e, soft tissue, !,rag, ovary 

nerve, bone, skin 

nerve, colon, breast, skin 

CNS, eye, kidney, lung, breast, ovary, skin, 
soft tissue 

skin, esophagus, pancreas, nose, hmg, blad 
der, kidney, brain, blood, soft tissue 

breast, ovary, prostate 

C M  = ceii membrane ;  CNS = central nervous system 
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Fiy, ure 1. l)articipation o( tltmor sHppn's~or ~,,~'~t~'s in c'cll cycle rc?,,uhltiom The F53-RB sigmtliilg Fat/tway. UFon DNA damage, 
cells raFidly increose wiht type (w/) F53 Fn~hritl a/Foslho*tscri/,liottal level, h~dta:lion o(u,t p53 le~ds to tratlscriFtional activation 
Of y53 depemlcnt ,Wm's such as WAFI (F21 L MDM-2, told GADD45. The rvle of GADD45 in mediatiHg p53-dcpendcnt resFonses 
is sH[I chtsivc. MDM-2 is im,oh,ed i~t the auton'gulatory Ioop of F55 MDM 2. F21 (Waf-l/CiF1), os well as F16, F27 amt olher 
CDK ipflHbitors, will inhibit the octiv~lHon of { !lclin-CDK comFh'.ws, p53-indcpemh'~# induction of F21 b# EGF m~d TGFbl havc 
bcetl rcForh'd, p27 is imhtced by "l'GF[3 and cell call colltact. ActivatioH. of the cyclin CI)K ComFh'xes is required to phosldlor!flah' 
Rb proteiH amt tlw phosl~horylated Rb protc& will in tmw rclca~,c E2F, a tra,lscriptiomd ,6wtor origimflh/ complcxcd and imictiva?cd 
by tmphosFhoryh/tcd Rb Frotet/t iH G1 Fhas~' qf the celt clfclc. Reh!oscd F21- m'tivates the tm/~scriptic, l q{ gem's required for 
tralzsition from Cl to S phase. Therefore, p53 mid Rb protcipls i*~ m)rmal ceil ftmctiotl at differc~lt levels of the same signaliug 
p*#/IWtly tO mediote DNA-damage iltduced G1 m-rest, l.oss of hmctio~t of F53 mid~or Rb 1;rotei~,s by mutatio,z, loss ~g exFressiom 
interactiotz with viral oncopn#ciils mM celhdar-imwtivatifl 2 ~roteiu(s) will resldt in .Wm,,Hc i~stability amt ttncontrollc'd cclI 
y, rowt/t, l*~ sonw cells, F53 ntdh, lion by I)NA donmge seems to imhtce aFoptosis tother than G1 re'rest. In these cases, loss of 
apoptotic sigtmls tTlsl) maj/ re'st:it ,it gem,nit i,tstabiliQ/. Red li,~t's: stimlr Bhw lira's: i}~hibitiou.: Rb: retinoblastoma Froteim 
GADD45: growth orrest aml / )NA damaXc; TGb[~: Trm~s.h~t'mit G, ,k, rowth fi~t tot ~; EGF: Epidermal growth #wtor. 

element according to the phm, phorylation state of Rb 
during the ceil cycle. 

The stale of phosphorylation of Rh is controlled by a 
group of cyelin-dependent kinases (CDKs) and a group 
of phosphatases, and the CDK activity is in turn governed 
by the balance of cyclins and CDK inhibitors (e.g., 
p15, p16, plS,  p21. p27, and p28) (Fig. 1 and 2. "~ scc 
16 for review!. Thereflnc, lhc Rb protein is an inhibitor 
of cell cycle progression al G ItS by it,; inhihi!ion of  lhe 

E2F tram, criptional [actor family. In fact, E2F overcx- 
pression promotes DNA synthesis in growth-arrested 
cells. ~ 

The importance of the RB gene in the development of 
human malignancies has been documented in retinoblasto- 
ma, breast cancer, esophageal cancer, osteosarcoma, lung, 
bladder, renal cell. cervical carcinomas ~'~ (.see 20 lot re- 
vicws), and prostatc cancer ~ - (and scc detailed discus 
sion below). 
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Figure 2. l~zhibitiolz off cyclin-de/+edent kimTSe (CDK) activitt/ 
by p16. Free amt im?ctive cyclin-depemtent kim~u (CDK) is 
actr~,ated by collttde,xiJlg ~t,ifh Q/c/in. /4im'/i&g of p16 to the 
octiv:~ted c~/cIin-CL)K c+~mph'x lends to Nmctiomll hmctivation. 
Si,la" CDI?, activiq/ is ruq,ircd tot the G7 to, 5 phase transition 
of the celt cycle (see t,+xl fi, + details), F16, os mz inhibitor of 
CDK, is a si,inol for cdl cycle G1 arrest. 

Transfection of the RB genc has been shown to sup- 
press the tumorigetficity of human prostate cancer cell 
lines, pl Abnornmlities of the RB gone haxc been identified 
in a human prostate cancer cell line as well as prostate 
cancer tissues. " ~  A deletion of 105 bp in exon 21 of lhe 
RB gene has been demonstrated in DU 145 cells. Such a 
deletion cause a shortened mRNA and a dysfunction of 
RB gene product. 2t A 103 bp deletion of RB promoter 
sequences was identified in a small cell carcinoma of the 
prostate. Loss of the regulatory sequences in the RB pro- 
moter has bccn dcmonstrated It) alter RB gene expression 
and function. -~-' However. in atlother study stich deletions 
have not been found in 23 cases of prostatic adenocarci- 
noina and otto case of small cell carcinonla of tile pros- 
tate. > Phillips et al. studied LOH of the RB gone using two 

p I _ 2  m 1 .8  intragcnic pr,abcs, i.e., p68RS2,0 (Rsa [) and 9-' 
(Banl H I), found that six (67q) of nine inflwmative cases 
imd cdlelic deletion at the RIB locus." This resuh is l]r 
consistent with the previous observations from Carter et 
al. where the same iu/lymorphic site(s) was studied." 
Probino at the Rsa 1 RFI,P site, Carter et al. e5 detected ;.t 
LOH rate of 23q, (3/13) in prostate catlcel. We screcncd a 
number of prostate Callcer cases for 1,OH of the RB gene 
using polymerase chain reaction (PCR) with primers flank- 
ing two (Rsa l and Barn H I) RI:I,P sites and one VNTR 
site. ()tit results are similar to that obtained by Carter et 
al. ~" (X Gao and KV Honn. unpublished observationsl. 

p53 Gene 

The p53 $ene was disco'.ered tim}ugh the ability of its 
encoded protein to complex with the SV4(} large T antigen 
in virus-transforn]ed cells. The [)53 protein of the nornml 
cell is metabolically unstable and only acculmdates to very 
low steady-slate levels. Upon complexing with SV40 large 
T antioen, turnover of t)53 is virtually eliminated, and it 
accutltulales to levels often 100-fold higher than ilorlnal. 
This was thought to be at least part of the the cause </1 
transforn|it|g elf c0ts of SV40 hu+ge T antigen. When wild- 
type p53 cDNA was used in stlch transfection experi- 
ments, it was lkmnd It) be strongly growth-inhibitory. 
Wild-type p53 can suppress or inhibi! the transformation 
of cells in culture by either viral or cellular oncogencs. 
Additionally. while the wild-type p53 possesses tumor- 
suppressing activities, tbe muta.tcd p53 is oncogcnic (see 
26 for a review). Furthermore. mutated p53 has been 
shown to block wild-type p53-mediated signal transduc- 
lion (to be discussed in more detail below). 

The p53 gone, located in a 20 kb fragnletlt of chronlo- 
some 17p13.1, and conlains 11 exerts. The fully processed 
and spliced mRNA is 2.2 2.5 kb in size and is ubiquitously 
expressed. Wild-type p53 has been shown to be a suppres 
sor of cell growtb and transformation, e: causing a G I 
block in cell cycle progression n'> and m certain cell types 
inducitw, . . . .  " apopR s s. Mutations in the p53 gene have 
been den]onstrated to be the most COllltl/Oll genetic altera- 
lions in hunlan cancers.-':' Functional inactivation stay 
result from genetic aberrations within the p53 gent, most 
flequently missense mutations, or inactivation by interact 
ing with viral and cellular oncoproleins (please see 26. 28. 
31 for reviews. Loss of wild-type p53 function leads to 
deregulation of thc cell cycle checkpoint and L)NA repli- 
cation, defective or ineflicient DNA repair, selective 
growth advantage and. as a resuh, tul]lor lornaation and 
progression.ee"~-~ 

At least one of the mechanisms which have been sttg 
gcstcd to be the cause of the p53-mediated growth st|p- 
pression is thc ability of p53 to function as a transcriptional 
lacier, p53 has been found to suppress ,'l number of genes 
with TATA-ele|nent-containing p-omelets ~'~ aim this 
suppression seen> to be sequence-independent anti invol 
vc p53 binding to the basal transcription components (e.g.. 
TATA-hinding protein or other transcriptional fac- 
lt)l'>,). ~ :" P , ,cccIIIJ) .  vet p 5 5  LliSt) h a s  b e e n  d e l l / O t l S t t t t t e d  I t )  

suppress the ptonlo[cr activity of the [ILllllall immunodefi- 
ciency "~irus type 1 (HIV I) long tcrlnitml repeat in both. in 
vitro and in rive lranscription assays. < The presence of 
the H IV-I TAR sequence and oncogenic transactiwttor, 
Tat protein, inhibits wt-p53-mediated suppression of HIV 
I LTR activity, h is not known whether TAR or Tat binds 
to wt p53. ~; On the other hand, sequence-specific DNA- 
p53 binding has been obser;'cd with a 20 bp consensus 
qte. 5"-PuPuPuC(A/T)(T/A)GPyPyPy-3". ~ It ba~, been 
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demonstrated both in rive and in xitro that p53 acli~ates 
sites. transcriptions from promoters bearing such " +~J Several 

genes contain p53-binding sites, incltiding nluscle creatinc 
kinase, GADD45, MDM2. a GLN retroviral clement. 
WAFI/CIP1 (p21). and bax genes) ~ is 

Three different DNA tumor viruses, (i.e., SV40, aden(> 
virus, and lauman papillotmtvirus type 16 or 18), have 
e~ol\'ed a nlechanism to deal with the negative regulation 
by p53. The oncoproteins (SV40 large T antigen, adeno- 
~irus El B. and tlPV E6 protein) can bind and form com- 
plexes with p53 (see 10, I 1, 28 f()r review). More import 
antly, viral oncoprotcins, such as large T antigen and 
E1B, have been shown to inhibit or block tile p53-medi- 
ated signal transduction, e.g., induction of p21 
(WAFI/CIPI) expression and cell cycle GI arrest. >> .... 
The MDM2 gent ct~codes a protein of approximately 490 
amino acids and '#,,as f,,)und to be amplified in sarcomas. 
Overexplession of the MDM2 carl increase tile tLIlllori- 
genicity of NIH 3T3 cells and abolish the wild-type p53 
rcstramt on cell growttl. The cel luhu protein M D M 2  can 
inactivate the p53 by' binding to its ACT domain. +<, 

Interestingly, all of the point-mutated p53 proteins 
analyzed demonstrate loss of this sequence-speciFic DNA- 
binding function and many of the mutant protcins can act 
donlinant negutive in a fashion to inhibit tills activity of the 
~.ild type p53 proteins. ~'~ Classically, this dominant nega- 
tive function is achieved by ttle t'ormation of inactive 
hetcro-oligomers between the nlutant and wild-type p53 
protein, i.e.. p53 i-irol+~ably binds to DNA as a tetraillcr. The 
oligonlerizcition el+unction resides in the C-terminus) of  
1353 occurs outside tile area v,<'here most mtitations OCCLH. 
Consistent wi th tiffs niodel is the inhibit ion of l )NA-b ind-  
in.g actixity of p53 by' both SV40 large T antigen and by 
MDM2. Since T ;.tlltigcn arid probably MI)M2 are DNA 
binding proteins and transcription factors hi their own 
ti~ht, the hetero-complexes nlav have chaiv,cd their DNA- 
binding specificity rather than loss of function. 

It also has been shown that exposure of cells to nell- 
lethal dose el +DNA danlaging agenls, such as ultraviolet 
l ight. "/-irradiation and cancer chen~otherapeutic agents, 
causes -i transieni accumulation of nornial p53 proleins via 
pOsllranslaiional nlechanisms, mediating arrest of the cell 
cycle al the G 1 phase and leading to the mlfibit ion of repli- 
cati \e DNA . �9 s++4<, svnthcs~s.- �9 p53 i)rc, tein has been prol)oS- 
ed to be a nlolecular guardian to monitor the inteerity of 
the gcnolne in nornlal cells. ~'' If L)NA is damaoed~ . pS ~,. , 
tic'v t i l i i t l l ,41C i.il id  -,w ilulic>> uIT ',..tHiv d[it Jii" tel  d l l ' ,  , ~ A '  { i i i iC"  t'ltu'" 

repair. I f  repair fails, p53 may trigger ~poptosis. ~' Tunx)r 
cells in which i)53 is inactivated by nltllation, o r  b} '  bind 
ino to h o s i / M D M 2 )  or viral i'Jroleins, cannel carry onl this 
ll.lilCtion. 'lhese cells ,:.ii'e geneth:ally nnstable and wi l l  
acc l . l l l i L l i a le  l l l t . l tL i t ions a l l d  c t l r o n l o s o n l a l  t -ear ran~2e l l len ts  

al all increased ralc, leading to rapid selection of nialignai/l 
clones. This nlodel providcs an explanation ~hy DNA 
\Jruses replicate Iheir DNA withm the ccll nucleus, bill 

don't trigger the danlagc response since they nccd the cell 
to lye in S phase for their own replication to occur. It is also 
consistent ,aith tile obser,+ation that p53 null mice develop 
normall+v but ha,+e a ,+ery high tumor incidence) ~ It is nov, 
cleal that both Rb and p53 interact t net  o m  lly at the cell 
cycle (f:i<,.1). Control of E2F b}, Rb can regulate thc 
transition of G1 to S phase. Transcriptional activation of 

D t\ '~.}" I IPl  )_1 ' and a cyclin-def, endent kinase inhibitor 
(CDKI) by p53 can inhibit CDKs and cell cycle progres- 

, ~ / + , ' +  ~ .~+/+ +,- -/- SiOll.4~ u 52 When Rb function/l~o p~, o r R b  p53 )is 
intact, cell proliferation can be arrested in differentiating 
cells by' functional reactivation of E2F by Rb. Since t)53 
can promote growth arrest ;is well and works upstream of 
the Rb protein in the signaling pathway (Fig. l), the 
presence of 1)53 may be redundant and theretbre not appar- 
ent. In the absence of functional Rb, the presence of wt 
p53 (Rb'p53 "~) induces apoptosis, whereas the absence 
of wt p53 ( Rb 'p53 / )  leads to uncontrolled cell growth 
and thief/el" f ( ) l l l l a [ J o l l .  :~'~ 

Mutations of p53 are the most cOIllnlCql genetic altera- 
tions in human malignancies. It has been estimated that 
lliOle than half of human cancers harbor p53 nlutatlons .... 
(and 53 for reviews). To date, p53 mutations have been 
l'ound in cancers of the lung (both SCLC and non SCLC), 
breast, colon, esophagus, lixer, bladder, ovary, brain and 
sal'COlll~.lS. [ymphonlas and leukemias :Sa (see 55-59 For re- 
views:) as ~ell us squamous cell carcinoola of the head 
and neck,U' pancreatic care semi.  '~ gastric cancer/'-' testi- 
ctllaf " '~ serene m,  transitional cell carcinoma and renal 
cell " "' c ~ l r c l n o n / ; + l ,  a n d  p r o s l a t c  c a F i c e l  fsee b e l o w  f o F  d e t a i l  

ecl discussion). 
Since lssacs et al. demonstrated t ha t  t r a l l s f e c t i o n  o f  the 

a,t-p53 cl)NA could snpF.rcss the tttmorigcnicity of human 
prostate cancer tell lines/" research on the role uf the p53 
in human prostate cancer development has been intensili- 
ed. 5~ However, the role of p53 in human prostate cancer is 
still unclear and remains a point c,f controversy. While a 
number of groups demonstrated high p53 mutation rate in 
prostate cancer, others reported rare mutations (see 66 for 
tcview). Sttc.'h frequency difl'erences of tile p53 mutation 
i l l  pl'CIslatc C[tllCCl" alllOll~2 various groups could partially 
due 1o the geographic or demographic factors. 

The correlation bet\vccn i)53 abnormalities alld prostate 
cancer progression have been reported in a number of 
studies including data flonl our group (see 66, 67 refs. 
thcl+ein for reviexvs), floweret, two studies suggested that 
[353  di,it',*ll . . . . . . . .  Iltdtltl:+iC> iiiLi'~ b c  ~iil v , u  QI' C'CCllt  iB p l 'GSt~ t tc  C~H]CCI 

' r e,9 progression. Such controversy could only be resolved 
by imestigation uf larger numl)er of patients. We have 
determined g()ft of the p53 gene, levels of p53 and 
MDM2 expression, and mutations of tile the p53 in 28 
prostate cancer samples. 4~' ~"e have obser\ed a high fro- 
quency of LOH and decrease in p53 expression in prostate 
cancer samplcs. In 18 cuses which expressed similar 
amounts of t)53 mRNA compared to their matched normal 
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DCC MspI RFLP (M2) 

M N T N T N T N T N T M  

(bp) 

-396 

-257 

-139 

DCC VNTR 

M N T N T N T N T N T M  

(bp) 
-200 
-160 

Figure 3. Detection ;~f loss of heterozygosity (LOH) at t/ze DCC locz;s by polt/memse c/t;ri;z n'actio;; (PCR) i,z h;;,;a;; l,'ostatc 
co/zcer. Gem+talc DNA was is:laMt flom ; ;;~P tt'lllr;z{k ' pl'OStlltJC t_r I'ttOIIHZ (T) tlJUl /IOYL~llI[ pl'OS/OtP tissues (N)+ PCR amld(ficalio~; was 
perfo;;;wd ;;si;;.V pri,;ers .)9v;;;i;;+ ;7 Mst?l RFLP (M2) sih" a;;d a VNTR lroh/mo;t}];ic sit{' at lhe DCC locus. PCR products wen' 
digested Crier Msp 1 RFLP) or ~mt di,wsh'd (for I/NTR pol!/morp/ffsm) with the opprop;'iate restricti{m e;;zl/;m' o,d elcctrophoreqed 
o;; 2.0-3.5% Metc;Phor aaarose (FMC BioProd;tcts) or og polyacJylm;;ide ,Wls: which were :t~+'~ visuJlized amt phoh)gral?hed. 
Ret;rese;;tative so;;zples , (  DCC LOH at the Mspl (A) and VNTR (B) sties ~tre show:t. Nor;;7:;I DNA fnm; heterozygotis patie;;ts 
showed three bamls at the DCC loczts after Mspl di:qestio, qf the PCR /, 'o&t:t:, i.e., 396, 2.57, amt 7,39 kp braids. I)CC LC}H was 
de;;zonstrated whe/z rite lt;;;tc)r DNA ;Waltzed eithc; + a 396 bp b;md o; 257 a;zd Y39 bp b;;;;ds o;;/y (A). At  the VNTR site, :; spect;t;,; 
~( alleles ra;;gi;~.g .fro;;; 750 to 210 l,a~x" pairs i;; size ~t,~7,s ge;le;vrted fro,; PCR. Stlo;;\, alMic i;;lbala;;ce was see;; i;; ca;c/;;o,ta (T) 
comf?a;ed to ;;ormal :is<z;es (N), LOft  at this site was judged wkeu tumor tissHe: (T) loss o;;e cg the n/Ides detected i/~ mntch/; G' 
;zormal tissues 6\9 (t3). Tke p,ime'rs used we,el 5"-GArGA-CATTT-TCCCT-CTAG-3'  (VNTR se;~so), 5" GTC, GT 'FATTG 
CCTTG-AAAAG-Y  (VNTR a;;tiseHse): 5' TGCAC CATGC TGAAG A TTGT-3' (M2 seJzse), o;2d 5"-AGTAC-AACAC-AAGGT- 
ATGTG ,3' (M2 autise;;se). Ncwt ive  controls a,itho~;t ge;;omic DNA we;e pe;itDrmed for eoch set ~!f PCR roactio;~, RFI,P: 
restric'tio;: frag,;eut le,yth l?O]l/ll?OF/?llislll; VNr'R; Z~alrial~lP i;IHt;llct- }1" t 1 d6 ! rQ?~' #s: M: pBR322 Adspl aliA, est. 

prostate tissues, 7 {39%) had MDM2 overexpression, p53 
mutation at exerts 5-8 was rare in patient samples but 
frequent in cell lines. Our results indicate that p53 abnor- 
malities (allelic dcletiom low expression. MDM2 overex- 
pression and mutation} occur at a high rate dul+ing prostate 
cancer development and that the frequency of p53 altera- 
tions appears to correlate with tun]or ~rade/stagc. ++~ 

Deleted in Colon Carcinoma (DCC) gene  

The DCC gene, which has 29 exons and spans ap- 
proximately 1.4 Mb on chromosome 18q21.3. has been 
identified by positional cloning. > 7r The predicted trans- 
membrane DCC protein product has 1447 amino acids. 
The extracellular domain of approximately 1000 amino 
acids has ft}ur immtinoglobulin domains and ~i'r fil~rn- 
nectin type lll-like domain,,,. The 325-amino acid cyto- 
plasmic domain is unique, sharing no similarity to 
previously characterized proteins/2:~ The DCC protein 
was Wund to be expressed in axons of the central and 
periphcral nervous systenl and in differentiated cell types 
of Ihc intestine, r-' It has been reported that N1H3T3 cells 
expressing tile DCC protein stimulate neurite outgrowth 
in rat PC12 pheochromocytoma cells,:4 Doyen t+egulation 
of DCC exl3ression by antiscnsc RNA translorms rat-I 

fibroblasts. > Transfcction of DCC eDNA into at tumor 
cell line lacking DCC cxpFession can suppress tun]of  
i~enesis of'the transleciants.' 

The DCC gene has been reported to sl3ow allelic dele- 
tion in hun]an colorectal, gastric, esophageal cancers, male 
germ-cell ltllllors, and  e n d o m e t r i a l  carci l lOil las  as well as 
prhnary lcukeniia. ~ v+'-v<> and decrease or loss of expression 
in hunlan oral. colorectal, pancreatic carcinomas and inale 
germ-cell tumors. 7";~ However, mutations of the DCC 
coding sequence have only been observed in colorectal 
and esophageal CtlrCitlOIrl~:lS. 7iv7 

Data obtained by our group strongly implicated the 
DCC gcllc in prostalc cal]ccr. ~'~ Htllr/a.n prostate c;.ll]cer 
showed a high frequency of LOH (459~) and loss of ex- 
pression (86r {}f the DCC gene, suggesting a role for the 
DCC gene in tt3e pathogenesi?r of thi.~ cancer/j The puly- 
merase chain reactiofl-loss {}f heterozygosity (PCR-I+OH) 
assay was used to detect allelic deletion of the DCC locus 
using two Msp 1 {i.e., M2 and M3) RFLP sites and one 
V N T R  (or microsatcllitc) site and the rcverse transcrip- 
tion-polycnerase chain reaction (RT-PCR) utilized to 
measure DCC mRNA expression level) ~ Muhiple poly- 
morphic sites used for PCR-LOH increased assay sensiti- 
vity. The examples of DCC LOH detected by PCR are 
shown in Fig.3. The involvement of the DCC gene in 
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prostate cancer has been supported by a subsequent study 
where Brewster el al. demonstrated a DCC LOH rate of 
26%: in this cancer type. x: 

AdenonlaWus Polyposis Coil (APC) and Mutated in 
Colorectal Cancer (MCC) genes 

The APC and MCC genes were isolated by positional 
cloning from human chromosome 5q21."~as5 It has been 
shown that lnost Ultltant APC proteins arc capable of bind- 
ing to wild type APC protein and may inactivate it in a 
dominan t  negat ive  ntanner,  s~'sv The homodimer  
(APC/APC) ~s and hetcrodimer (APC/Catenin) >' formation 
are mediated by the first 55 amino acids and a 27-amino 
acid rcsidue fragment (residue number 1013-1039 or 
112%1174) containing a 15-amino acid rcpcat of APC 
protein, respectively. Recently, wt-APC but not mutant 
APC protein has been demonstrated to be able to associate 
with micrombules in vivo and to promote their assembly 

\,ltlO, l'ransfection of a full length APC cDNA into a 
human colon cancer cell line has been reported to result m 
suppression of tumorigenicity. < However, the exact func- 
tion of MCC protein has not yet been elucidated. 

The known lncchanisms of APC and MCC inactivation 
in hnnlall malignancies are loss of hcterozygosity, lnnta- 
lions, and loss of mRNA expression (sec 93 for detailed 
discussion). The APC gene has been implicated in familial 
adenomatous polyposis, sporadic colorectal cancer, and 
possibly in lung. gastric, pancreatic, esophageal, oral, 
ovarian, and breast cancers. '~>'~ "~ The MCC gene also 
has been suggested to play an ilnportant role in the patho- 
genesis of gastric, sporadic colorectal, esophageal, ovari- 

o " '  a n .  b r e a s t  a n d  h, ln~,  c d n c e l s ,  sL'~4~k / 

Recently, we demonstrated that 659f and 57c/< of pros- 
tale cancer tissucs showed LOll and loss of mRNA ex- 
pression, respectively, of the APC/MCC genes) '~ It has 
also been reported that three of the seven infornlative 
prostate cancer cases showed LOll at chromosome 5q21 
when a probe (EF5.44) frolyl a region within 1 centimo> 
gan i)om the APC gene was used. -'~ Although LOH and 
loss of mRNA expression data supported a positive role of 
the APC gene in prostate cancer, polymerase chain reac- 
tion-single strand conformation polymorphisnt (PCR- 
SSCP) fidled to detect any functional mutations in 18 
prostate cancer patients/'" However, only the 5"-half of thc 
cxon 15 of the APC gene was targeted/*<' 

Wihn's Tumor (WT-I) gene 

Wilm's tumor is a childhood ncphroblastoma with a 
genetic predisposition. The tumor may bc associated with 
congenital malformations of the urogenital tract, aniridia. 
and mental retardation. The WT-I gene, spanning about 
50 kb at chromosome l lp13, has 10 exons. '~; The mRNA 
is about 3 kb in size, and several spliced forms and an 

antiscnse message have been identified.'"* The WT-I 
proteins arc 46-49 kD in size, contain four zinc finger 
motifs and are able to bind to specific DNA sequences, v'' 
suggesting that they could be transcriptional factors.": 
Indeed, the WT 1 protein binds to the early growth re- 
sponse- 1 (EGR-I) site and represses transcription in tran- 
sient transfcction assays. '~''' Four additional genes, i.e., the 
fetal rnitogen insulin-like growth factor 1! ([GF-II) gene, 
fl~e platelet-derived growth factor {PDGF) A chain gene, 
transforming growth factor (TGF)-~ 1 and insulin-like 
growth factor (IGF) IR gene, have been shown to be tar- 
gets of transcriptional repression by WT I protein. ~cj~ ~:~: 
Alternative splicing within the DNA binding domain of 
the WT-I gene gcnenttes proteins with distinct DNA 
binding specificities and probably different physiological 
targets for regulation. ~'~ Mapping studies demonstrate that 
amino acid residues 84-179 of WT I protein are required 
lkw uanscriptional suppression, whereas amino acid resi- 
dues 180 294 contain a domain mediating transcriptional 

�9 �9 I ,  act xat on. The WT-I gene demonstrates a very re- 
stricted pattern of expression, being found in mescnchy- 
real buds, renal vesicle, and glomemlar el)ithelium of the 
embryonic kidney, fetal testis and ovary, and some hemo- 
poietic cells. Therefore the WT-I protein has the charac- 
teristics of a tissue-specific transcription factor that is 
expressed only at certain developmental stages in contrast 
to the ubiquitously expressed RB gene. Thus, disrupfioll of 
a gene that is active during a critical period in the develop- 
menl of a specific organ can lead to neoplastic growth in 
that organ, ~:~5 I,OH of I lp l3  has been obserx, cd in Wihn's 
t LIIll()I-, ~:1~ bladder " ~7 ca'c lon~, and non-small cell lung 
c0.ncef, i,l,,.; Naturally occurring nmtations in the zinc finger 
region as well us other coding regions of the WT 1 genc 
have been found in both inherited and sporadic Wihn's  
tumors, Denys-Drash syndrome~:~"~ ') (see 111 for review), 
ovarian cancer, I t2 and mcsothelioma. ~ > 

Neurofibromatosis Type 1 and 2 (NF-I attd NF-2) genes 

NF- 1 involves cells originating in the embf3onic neural 
crest and creates a variety of benign growths and malig- 
nant tumors which include peripheral netwoblastomas, 
cafe au lair macules, optic nerve glinmas, and abnormali- 
ties of the bone, The NF-I tumor suppressor gene span- 
ning 350 kb on chromosome 17qll was isolated and 
shown to encode a protein (termed neurofibromin) sharing 
structural ,qmilarity witil three proteim, that interact with 
the products of the ras proto-oncogenes. '~at> The struc- 
tural similarities suggest that NF- 1 participates in a nmch- 
studied signaling pathway triggered by the p21 ras pro- 
teins. NF- 1 may act as a pure down-regulator of p21 ras and 
block ras-mediated mitogenic signaling) ~jo Large chro- 
mosomal rearrangement and mutations in both translated 
and t.ntranslated regions of the NF-1 gene have been 
identified in tumors in NF-1 patients. ~r~* However, to 
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date, there is no evidence in the literature to suggest that 
alterations of the NF-I gene exist in tun]ors other than 
those of NI:-I patients. ~7~'~ NF-2 is associated with the 
development of schwannomas, meningiomas, and ependy- 
mornas. The NF 2 gene. flanking a region of 35 45 kb on 
chromosome 22q12, has been identified and the eDNA 
cloned. L~~ The open reading frame (ORF) of the full- 
length NF-2 cDNA is 1.8 kb in size and the deduced ami- 
no acid sequence of the protein product, termed schwan- 
nomin, has homology with proteins at the plaslna mem- 
brane and cytoskeleton interface. The exact function of 
schwannornin is still unknown at the present time. Both 
germline and somatic nautations resulting in amino acid 
substitution, frame shift and splicing caor, ha~e been 
found in NF-2 patients. L'' LOH of ehromosomc 22 aild 
mutations of the NF-2 gene have been reportcd in a group 
of tumors not seen frequently in NF-2 patients, e.g., glio- 
;1]as, pl]eochron3ocytomas, nle]anomas, and colon and 
b r e a s t  c a n c e l  +, 120.122 

yon Hippel-Lhldau Disease (VHL) Gene 

yon Hippcl-Lindau {VHL) disease is a dominantly 
inherited cancer syndrome predisposing affected indivi- 
duals to a number of tumors, which include hemangioblas- 
tomas of the centra] nervous system and relit]a, rcnal cell 
carcinoma, and pheochromocytoma+ The VHI~ gene, 
spanning nearly 80 kb at chromosome 3p25, has been 
identified by positional cloning. ~'~ The transcripts of two 
distinct sizes were t~mnd to be expressed in a tissue-spe- 
cilic manner and may represent alternatively spliced forms 
ol VttL n]RNA in human as well as other ~,pccics. ~'* I'; 
The partial deduced eDNA sequencc demonstratcs a de- 
gree of homology with an acidic repeat domain of a pro 
cyclic surface mcmbrane glycoprotein in Trypanosoma 
brucei. ;2~ The function of the VHL protein has not yet 
been elucidated. Chromosomal rearrangen3eut, deletion, 
and son]atic and ge~mline mutations have been Iotmd not 
only in cancers of the VH1, disease families P~ P~ re~ but 
also in sporadic renal cell carcinoma, L's cancers of the 
lungf ~'~ breast and ovary. ~'' mesothelioma, ~ head a l l d  

neck cancer, ~2 and CNS hcmangioblastomas. ~' Recently, 
silencing of the VHL gene expression by DNA 
methylation, a novel mechanism of tumor suppressor gene 
inactivation, has been demonstrated in renal carcinoma. 134 

Multiple Tumor Suppressor 1 Gene (MSTI, p16, 
CD K zV2 ) 

Recent deletion studies have demonstrated that loss of  
hetcrozygosity and/or hoinozygous deletion on chromo- 
some 9p21 22 are common features for a numbcr of tumor 
types, e.g., lllelanollla, ]>]~7 esophageal cancer, ~ss pan 
creatic adenocarcinoma, ~ ~'' ilasopharyllgeal cancei, ~4'' lung 
Callcei.,kz ~, ]w ill in bladder c;.trcinoula, i~4 ]~ renal celt caret- 

n o n q a ,  t4x b r a i n  IUI l lOFS.  I ~z]4u i , i  t e t l k e l l l i a . i  ~7 a u d  I - u e s o t h e l i -  
1r , oma. - These results strongly suggest thai chrou]osomc 

9p21-22 may harbor a minor suppressor gent or genes. 
Using nearly 100 i1]elanoma cell lines for homozy.~ous 
deletion {physical) mapping. Wea',er-Feldhaus et al ~' 
ba',e localized a putative tumor suppressor gene, Multiple 
Tumor Suppressor 1 (MTSI), to a rcgiou of le~,~ than 40 
kh on chromosome 9p21.~5~ Cloning of this gene reveals 
that the MTSI gene encodes p[6, a prcviously idcntified 
inhibitor of cyclin-dependent kinase 4 (Cdk4l). ~5:~5> Ac- 
tive cyclin D-Cdk4 complexes phosphorylate Rb protein 
and release the transcriptional factor E2F from the Rb-E2F 
complex cFig. 1). Free and active E2F triggers GI to S 
phase transition of the cell cycle (fVg. I). t316 Had,, to 
and inactivates Cdk4 and therefore arrests the cell cycle in 
G I phase ~Fig.1 and 2). Mutations of the MTS 1 gene have 
been found in hereditary, sporadic as well as cultured 
n]elanon3as, h'L~4*~'' primary brain cancer, j~ esophageal 
e l . t i l t e r .  I'lL]('~ bladder C t U l c e r , ] 4 <  i~,l p a l l c r e a t i c  c a n c e r . I  ~) and 

head and neck cancer. ~a' |:urthern]ore, the absence of 
pI6(INK4) protein has been lbund to be restricted to the 
subset e l  hmg cancer lines that retains wild-type RB. "'e 

flowever, the induction of the MTS I gene bas not yct been 
elucidated. 

Other CI)K inhibitors, e.g., p 15, "'~ ,,5 p l 8) 7 p2 l .  4L44"1~'(' I{~', 

p27, >')~> p28, ~7~ may also be potential tumor suppressor 
genes, since they are negative regulators for the cell cycle. 
This question can only be answered by dclction and muta- 
tion studies of the~,e genes. Wc investigated the possiblc 
involvement of the WAFI/CIPI gene in prostate cancer. 
Our preliminary results suggest tl]at WAt:I/CIPI gene is 
mutated in some prostate cancer patients (X  Gao and KV 
Honn, unpublishcd obscrvations). 

BRCA 1 Gene 

A genetic linkage study mapped one form of breast 
cancer susceptibility to tile BRCA1 locus on chiomosonle 
17q21. t:~ Subscqucnl invesli.~ations support the linkage 
and physically n3apped the BRCAI gene to a small region 
of 17q21 in breast-ovarian cancer familics j75'~1 (scc 182 
for  a discussion}. LOH studies also suggesled that tun]or 

suppressor gene(s) in chromosome 17q 1~-_ I is intportant 
for the development of both farnilial and sporadic breast 
and ovarian cancer I*~ (scc 176, 184 for reviev,). Recent 
r,,P,~..{tinrHiI Pb~Gt- , , , .  ,~;f" t h , ,  l~p,r  "~ A I ,T,m~, t',-,~,n t H . , t  ,',~<'dr',n 

allo,as mutational analysis of the BRCAI gent in both 
inherited and sporadic forn]s of breast cancer, s Both germ- 
line and somatic BRCAI mutations have bccn l.:Ktnd in 
brcasl-o\arian cancer families, supporting the concepl thal 
the BRCAI gene is indeed the tumor suppressor gene for 
familial breast-ovarian c a n c e r .  ~ l T ' ' l a l  t:~-~-1~7 The BRCA1 
gene, containing 22 coding exons, spans approximatel 3 
100 kb of'genonfic DNA. s The full length eDNA is 7.8 kb 
in size and encodes a protein product of 1863 amino :tcids. 
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The gene is expressed in a tissue specific pattern, with the 

highest expression in testis and thymus aild detectable 

levels in breast and o\klly. The BRCAI  protein has a 

C3HC4 zinc-fil~ecr~ don3ain near the N terminus ,,u~eest?2 
ins Ihat BRCAI  may be able to bind to DNA and function 

tauter, two as a transcription ' s In fact, substitutions affect 

ins one of  the last t,ao cyst(the residues in the zinc finger 
were found in tile breast cancer families indicating that at 
least ~,ome of the BR(2AI mutations may result in fun( 

tional inactivation of  the protein. ~.5 ~s~ 
Although the 17q21 l~OH rate is relatively high (around 

50c'f ) in sporadic breast-ovariall cancer, the B R C A  I lllUta 
lion is \ c ry  LlnCOl/llllon. Iss When 32 breast and 12 ovarian 

cancers showing LOH ~,ere examined for possible 
BRCAI  mutations, only 4 germline (and no somaticl  
tnutations w'ere detected, ss Out of 4 cases where tile muta- 

tions were found, all patients had the onsct between 24-44  
,,'ears o,r at,c and two patients were identified retrospec 

li,,ely to have familial history. Collectixely, the facl lhaI 

LOll .  hut not cnutation, of  the BRCAI  locus occurs fre 

quently in sporadic breast and ovarian cancers suggests 
that other gene(s} on 17q may be involvcd. ~'s In fact, there 

are three comlnon deletion regions other thau the BRCAI  
locus identified in sporadic breast cancer t~'' (see 183 for a 

rex, jew). 
Furthermore. the genetic heterogeneity of  familial breast 

cancer has been docun3er~ted by a new linkw~e analysis 

demonstrating a second breast cancer gene (BRCA2) on 

chronlosouic 13ql2-13 which may account for as many 
familial breast cancer cases as tile BRCAI eerie, ~''' anct 
complicated by the fact that mutations of tile ataxia (elan 
Sic((asia gene IBRCAY?) may cause breast cancer predis 

- - ~1 ICH positl()n. In contrast fainilial nlale breast cancer is not 
linked to the BRCA I on chrolllOSOllle 17q21. >': 

P r o s t a t e  Cgtllcer w a s  f o u n d  [o he the  n los [  C,Ol]ltllt)l) 

malignancy after breast cancer in the breast and ovarian 
cancer lamilics segregated w'ith chromosome 17q. j~Ij'~ 

This suggests that g e n t ( s ) o n  17( 1 also may be invol,,cd in 

prostate cancer, ill addition to breast al/d ovarian cancers. 
In art L O l l  study of  5 loci on 17q in 23 patients with pri 
mary prostatic adenocarcinoma, we observed I,OH of at 

least one 17q locus in I1 of  the 21 informative cases 
!52%) analyzed. ~e A commonly  deleted region covering 

the D17S855 locus (intragenic to the B R C A I  gene) \~a,; 

lotlnd. Our data suggcsl that the BRCA1 and/or ethel 
gene(s) on 17q21 may he important in the pathogen(sis  of  

l~ros ta tc  tgallCCl-. ! ' '  Finer deletion mapping of this region is 

currently tnlderv\, ay. 

Chromosomal Regions Harboring Potential Recessive 
Oncogenes 

Other unidentified minor suppressor genes have been 
suggested by L()H studies and gene tral3sfer expcrimelnts. 

To date, several other tumor SUlq~ressor loci have been 

identified through LOl l ,  e.g.. 3t314-12 for renal cell carci- 

nonla ( 1943.3p24 ter, 3p21.3 and 3p14 cen j<'" and I3q14.3 
(tclomeric to the RB gcne:) ~<'~' for head and neck cancer, 

5q34-ter l\)r non-small cell hmg cancer. I<r 9q22.3-31 

(distal to the p l6  gene) for basal cell carcinoma, ~''s 11q22  
24 for cervical carcinoma, i .... lp32-pter, ->'' l lq13, 2< 

11q22-23.3 >~ and 16q24.2-pter >~ ior breast cancer. 19q 
for glionlas, u'+ 

Carter et al "~ first demonstrated frequent I,OH of 10p alld 

16q in prostate cancer. Subsequent studies supported this 
finding and documented LOH of  an additional chromosome 
region, i.e.. 10q and 5q. 34 >" 3,,, ~ 'e  have demonstrated that 

32% of  the primary prostate cancers showed LOIl  at micro- 
satellite h)ci spanninN chromosome 6pl2-24 suggesting that 

this region may harbor a ttUllOr suppressor gone or eenes. "': 
One of the potential ttlnaor suppressor genes is the 

p21/WAFI/CIPI  gene, which is a general inhibitor for 
CDKs and is inducible by wt-p53.a~aa~e>s A number of 

groups have demonstrated fiequent allelic deletion on chro- 

mesonic  8p in prostate cancer, suggest ing that chromo-  
some 8pl2-21 and 8p22 may contain tumor suppressor  
l, enes -0,~ e J2 In fact, by rising 29 cloned and mapped flag- 

taunts of  yeast artificial chrolnosomes (YACs) selected for 
the 13 mcgab;isc segment of 8p22 as probes lo t  homozy- 
gous deletion mapping. Bova ct al. have narrowed the com- 

mon deletion region to an apl)roximalely 1 megabase stretch 
centered around the D8S549 locus. :ta Finally, tumor sup- 

presser genes may also reside in chronlosomes 7(t31. I 31.2 
and 11 p l 1.2 pl 3. el4 -~(' 

Conclusions 

Cancer is thought to arise from the accumulation o1" 

several genetic rnutations which inehide both the mutations 

that activate donfinant oncogencs and the mutations that 
inactivate recessive orlcogenes or runlet suppressor genes. 
p53 is one of the most intensively studied tumor suppressor 

genes. Its product, the p53 protein cannot only serve as a 
true transactivator Ik)r targeted gene transcription but also 

inhibits DNA replication, media(the the arrest of  the call 

cycle at tile G l phase, thus ser'~es as a guardian of the ge- 
nera( protecting it froni damage. Inactivation of  the p53 
protein by mutation, or by its interactions with amplified 

cellular p53 associating MDM2 protein or with viral pro- 
teins, can restllt in malignancy. Rb, works at a different level 

of  the same signaling pathway as p53 and also can mediate 
ceil cycle g i arrest. Cyciin-dependcnt kinasc inhibitors 
(e.g.. p 16 x~sii and p21 ~am,'uPi ) also could ser~e as mediators 

to stop the cell cycle. While the fun(lieu of those tumor 

suppressor genes is known, the exact mechanisms of  action 
lbr other l t l n l o r  suppressor genes, such as DCC. APC. 

MCC, VHL and BRCAI  genes, are largely urlelucidatcd. AN 
our understai~ding of cell cycle regulation by tumor suprcs- 

,,or genes increases, molecular and cellular assays may 
become available to assess the cell cycle eonhols  defective 
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in specif ic  cancers .  Sucil charac ter iza t ion  may  nol only 

dictate the cho ice  and schedule  o f  the current ly  exis t ing 

phase-  or cell cyc lc - spec i f i c  agents  to be used in cance r  

therapy, but also lead to an explos ion  o f  novel mechanis t i c  

targeis for c h e m o t h e r a p e u t i c  in tervent ion.  
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