
regons fcrl--~ng ti-~e bass for our ROs  w~ t i i  fulti-er 
suppo-i from cerebrocerebear clrcu t?! For n -  
stance the lateral neocerebellum sends output to 
ti-e prefronta codex [F A Mddeton and P L Strck 
Science 266 458 (1 39411 the rgPt prefronta co-iex 
IS nvoved n attenton tasks of tPe type we used [D 
T Stuss T Siialce, M P Alexander, T W P~cton, 
Ann IN Y Acad SCI 769, 131 (1 335):, and cerebellar 
Input to tile rgPt cerebrurn s f rom tPe left cerebellum 
[M. B Carpenter Ccre Text sf Ne~,'ica~iator?iy (\A!- 
at- is & Wl<~ns Baltmore ed 4 1331), 

22 RO drav~ng v!as guded by a human cerebellar atlas [G 
A Press J W Murakam E Courchesne. M Grafe J 
R Hesse nk Am. J Ne~:rorad~cl 11, 41 (199Oil The 
Motor RO was drawn from tPe surface locat~on of the 
r~gi-t prlrrap; f~ss,~re (pf~ to the center of tPe bat-d of 
!v!hte ,iiatter separatng the anteror \/erms lAVe! from 
tPe posterlor \/er.iis From there, a n e  v!as drav~n to tPe 
apex of ti-e AVe This RO !'!as completed by a n e  
dra~v~n along the surface of ti-e cerebellum back to the 
r~ght pf The Attent~on RO v!as drav!n from the surface 
ocaton of ti-e let. pf to ti-e center of ti-e same v!hte- 
matter band A second n e  \!as drav!n from ti-s po nt to 
tPe surface ocat on of the ett Porzonta f~ssure ~ h f )  A 
n e  d r w n  along tPe surface of tPe cerebellum back to 
the let pf carpeted tPs ROI 

23 Because a st r r u  v!ere presented at a s n g e  spatal 
ocaton In tPe center of foveal \!son, eye movement 
actlvat on :.as not pred~cted to occur Ivloreo\/er 
pre?,ous :'!ark ~v!ould pred~ct tPat I' eye mo\/errents 
Pad occ~~rred,  ti-e resutng actvat on v~!oud occur n 
tlie cerebellar verms [L Pett ei  a/ . J Neorcscl 16, 
371 4 (1 33611 a regon not act vated durng ti-e At- 
tentlon tas< A areas that v'!ere act~ve dur~ng ti-e 
Attenton task v!ere also act\/e durng ti-~e Attenton- 
':>!tii-Motor task ndcatng h a t  those bei-a\!ora re- 
curements unque to the Attenton task-namely. 
sen t  count ng and encodng the number of tar- 
gets-d d not add to the results Sen t  countng ac- 
tlvaton iias been reported n tile nferor cerebellum 
[E. Rydng, J Decety, H Sjohom, G Stenberg, D H 
lng\/ar, BI-an? Bes Cogn, Era,n Bes 1, 94 (I 933): and 
n a " m ~ d n e  cerebellar reg~on [J A F~ez et a/ 
J ~Aleorosc~ 16 808 (1 33611 In our study, tPe focus 
of attenton actvty was n tPe left cerebellar iieml- 
spPere yet tile r~giit cerebellar Pel-ispi-ere IS conss- 
tenty act\!e durrng ~ e r b a l  tasks (121 Thus nonver- 
bal \!~sual attenton act~\/ated a s d e  and regon n -  
consstent w~ti- pred~cted s e,it coun t i g  effects 
S t ,  to Investgate v>!hether silent c o ~ n t n g  mght  
Pave contr~buted to these res.lIts v'!e nstructed 
four sub~ects to sent ly count froln 1 to 10 repeat- 
edly n tile absence of any ~ s u a  s t ~ i i u l ~  Examna- 
t o n  of act \/aton durng t i -s task re~~ealed no cere- 
bellar act ?.at on w t h n  tile Attent on \!GI Workng 
memory actvaton of tile cerebelurn i-as also been 
reported 11  l ) ,  and tile req.lrement to encode the 
number of targets durng tPe Attenton task placed 
m nor demands on war< ng memory Hov'!ever, en- 
codng the number targets v!as not recured by ti-e 
Attenton-v'!~ti--Motor task, and there were no re- 
gons of cerebellar actvaton unque to ti le Atten- 
t o n  task as compared w ~ t h  the Attenton-wti--Mo- 
tor tas< Tiius I ke s e n t  countng workng  memo-^, 
d ~ d  not contr~bute to ti-e actl\!at~on effects ob- 
ser?,ed durng tPe Attenton tas<. 

24 In rats, :.hen cerebellar st~,iiulat on occ.lrs n ad- 
\lance of a senso?! s i ~ m u l ~ ~ s ,  neural responsveness 
to that st muus s altered at the bransten ti-aamc, 
hlppocampa and cod~cal levels (4, 51, and neural 
sgna-to-nose enpancement can result (4) suck ef- 
fects are Independent of the engagement of motor 
systems For Instance. \'!Pen bawground ul'inance 
reduces to nose eves the coll~culus response to a 
flask s tmuaton of verms lobules Vl-V causes ti-e 
c o l l ~ c ~ ~ l ~ ~ s  response to tPat flasii to elnerge above 
nose f stmuat on occurs n advance of tile \!suaI 
st~mulus 14) 

25 Ivl. G. Paun.  Bi-am Beha; Evcl. 41, 33 (1993) 
26. J C Ecces, M, t o  J Szentagotha~, ToeCerebeIlum 

as a Neuronal $,.lactvie ~Spr~nger-Verlag, Bern,  
1367) 

27. D Flanient, J M Elermann, S G .  Kim, K Uiurb~ l .  T 
J Ebner, Hum Bratti i?.lapp, 4, 210 ( l336),  M E 
Ra~che e: a / ,  Cerec Coitex 4, 8 (1 934) 

28 S L Rao ei a / ,  ,Hum Bran? $,.lapp lsupp 1) 412 
11 995) 

29. \A!lien sensory nfor lnaton IS antcpated, attent on 
IS c u c k y  and accurately red rected toviard tPe pre- 
dc ted source of n f o r l ~ a t o n  3 n  tPe bass of neu- 
robeha\!~oral and neuropi-ys~olog~cal e\!~dence n 
patents w ti. cerebellar esons,  t iias been Pypotl-I- 
eszed t-,at tPe cerebellum tPro,~gP t s  connectons 
w~ t i i  attentlon systems (2i, nfluences tile speed 
and accuracy of such attentlon cPanges (2, 9) 

30 Tiie cerebeum accompshes tP~s antlc~patory 
functon by encodng ( "earnng ' i  sequences of 
mult~d~mens~onal nformaton about external and In- 
ternal e\/ents A large body of e\/dence shov'!s ti-at 
the c e r e b e l ~ ~ m  may be nvol\!ed n suck Iearnng [J 
L Raymond, S G L~sberger, M D Mauk Sc~ence 
272 1 126 (1 336): \A!Pene\!er an analogous se- 
quence begns to unfold ti-~e cerebellum predicts 
wiiat IS about to Rappen, reads O L I ~  tPe rest of tile 
sequence and trggers ciianges n tPe neural re- 
spons?,eness of systelns expected to be needed n 
,Ipcomng mol'ients 12. 9). 

31 Ant~c~pat~o i  n\!oIves pred~ct~ng tPe Internal coid~t~ons 
needed for a palt cuar ro tor  or mental operaton and 
settng those condtons n preparaton for tiiat opera- 
t~on Complete <nov!ledge of upcolnng events s not 
necessap; srrple exposure to aspects of a stmuI,~s 
that may soon arrve v !  trgger antc patop] respot-dng 
of the cerebelurr The ant cpatop; response IS netiier a 
sensop] nor a lnotor act~v~ty, out rather a general re- 
sponse ti-at prepares v!hche\/er neural systel--1s may be 

necessary r upcomng moments An example may be 
changes In tPe vestbuo-ocular reflex (VORi n antcpa- 
ton of ci-anges n Vergence o b s e ~ e d  n tile monkey [L 
H Snyder, D M Lav~rence LP5' M. Kng 'Jlslcn Res. 32 
569 11 332)] A lnode of i-ov! ti-e cerebelurn m~giit me- 
date such antc patop] moduaton of the VOR has been 
proposed [ 0  Coenen and T J Sejno!'!s< nAd./a!?ces 
in Neural /nfcrmat~on Prccess~ng 8, D Touretz<y, M 
Mozer M Hasselrro Eds (MTPress, Calnbr~dge MA, 
1336) pp 89-35] 

32. To create functonal maps, we nterpolated ti-e cor- 
reaton coeffcent mages to matci- ti-e resouton 
of anatomca mages and regstered them to ti-e 
anatom c a  Inages to reduce warplng Next, 
ti-rougP rotat~on translat~on and scal~ng, eacii 
subject s cerebellum was transformed to a stan- 
dard anatomca space by nor lnazng to a s n g e  
subject chosen as tPe standard A actvated \!ox- 
els v'!ere tiien superllTposed across subjects for 
each tas< and s c e  

33 We thank S A Hyard. T J Se~nov>!sk and J 
Tov'!nsend for helpful comments L Frank, D Baet- 
ter, and M Bemonte for technca assstance and 
tile Santarsero f amy  for a generous donaton Sup- 
polted by Nat ona nst~tute of Mental Healti- grant 
ROlMH36840 (E.C i, a San D~ego CPdren's Hos- 
p ~ t a  Researci- Center seed grant (G.A i and a Mc- 
DonnellPev~! Graduate FeowsPp n Cognt\ /e Neu- 
roscence IG A) 
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PTEN, a Putative Protein Tyrosine Phosphatase 
Gene Mutated in Human Brain, Breast, 

and Prostate Cancer 
Jing Li," Clifford Yen," Danny Liaw," Katrina Podsypanina,* 

Shikha Bose, Steven I. Wang, Janusz Puc, Christa Miliaresis, 
Linda Rodgers, Richard McCombie, Sandra H. Bigner, 
Beppino C. Giovanella, Michael Ittmann, Ben Tycko, 

Hanina Hibshoosh, Michael H. Wigler, Ramon Parsonst 

Mapping of homozygous deletions on human chromosome 1 Oq23 has led to the isolation 
of a candidate tumor suppressor gene, PTEN, that appears to be mutated at considerable 
frequency in human cancers. In preliminary screens, mutations of PTEN were detected 
in 31 % (1 3/42) of glioblastoma cell lines and xenografts, 100% (414) of prostate cancer 
cell lines, 6% (4/65) of breast cancer cell lines and xenografts, and 17% (3/18) of primary 
glioblastomas. The predicted PTEN product has a protein tyrosine phosphatase domain 
and extensive homology to tensin, a protein that interacts with actin filaments at focal 
adhesions. These homologies suggest that PTEN may suppress tumor cell growth by 
antagonizing protein tyrosine kinases and may regulate tumor cell invasion and metas- 
tasis through interactions at focal adhesions. 

A s  tulnors progress to more advanced stag- 
es, they acquire an  Increasing number of 
genetic alterat~ons. O n e  alteration that oc- 
curs at h ~ g h  freque~lcy in a varlet) of human 
tumors is loss of heterorygos~ty (LOH)  at  
chrolllosolne 10q23. This change appears to 
O C C L I ~  late in t u ~ n o r  ilevelopment: although 
rarely seen In lox-grade glial tuners and 
early-stage prostate cancers, LOH at 10q23 
occurs in  -7L1°b of gl~oblastomas ( the  most 
ad\-anceii form of glial tumor) and -601.6 of 
advanced prostate cancers ( 1 ,  2 ) .  This pat- 
tern of LOH, and the  recent finiling that 
xild-type chromosome 1Ll suppresses the  tu- 

rnorigenic~ty of glioblasto~na cells in mice, 
suggest that 1Lli123 encodes a tulnor sup- 
pressor gene (3). 

T o  iilentify this putative tumor suppres- 
sor gene, we performeii representational dif- 
ference analys~s (RDX) o n  12 primary 
breast tumors (4). X probe, CY17, derived 
from one of the  tumors was  napped to 
chrornosolne 1Oq23, near inarkers W1-9217 
and WI-4264, o n  the Whitehead-MIT ra- 
diation hybrid lnap (5). T o  map the  loca- 
t1o11 of CY17 lnore precisely, \Ire Isolated 
three yeast artificial chroinoso~nes (YACs) 
contallllllg CY17 that are present o n  the 
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sequence tagged site (STS)-based map of 
the human genome (6, 7). These YACs 
placed CY17 slightly centromeric to the 
position determined by radiation hybridiza­
tion and precisely identified its location 
(Fig. 1A). Analysis of 32 primary invasive 
breast cancers revealed LOH in this region 
in about 50% of the samples. No homozy­
gous deletions of CY17 were detected in a 
panel of 65 breast tumor cell lines (25) and 
xenografts (40) (8), so eight additional 
markers were analyzed in the 10q23 region 
(D10S579, D10S215, AFMA086WG9, 
D10S541, AFM280WE1, WI-10275, WI-
8733, WI-6971). We identified homozygous 
deletions of AFMA086WG9 in two xeno­
grafts, Bxll and Bx38 (Figs. IB and 2A) 
and then screened a bacterial artificial 
chromosome (BAC) library with this mark­
er (9). Using new STSs from four indepen­
dent BAC clones, we determined that the 
minimal region of deletion was within BAC 
C (Fig. IB) (10). Homozygous deletions of 
AFMA086WG9 were also detected in two 
of eight glioblastoma cell lines, three of 34 
glioblastoma xenografts, and two of four 
prostate cancer cell lines (11). One of the 
glioblastoma samples, cell line A172, had 
the same deletion pattern as the original 
breast xenografts; the deletions in the other 
samples were larger (Fig. IB). 

To confirm the presence of homozygous 
deletions, we hybridized a Southern (DNA) 
blot with a 3-kb probe derived from a 
genomic clone spanning the region of dele­
tion (12). Xenografts anticipated to have a 
homozygous deletion did not hybridize to 
this probe; the control xenografts hybrid­
ized to the expected 3-kb band (Fig. 2B). 

We identified genes within the 10q23 
region by exon trap analysis of BACs C and 
D (Fig. IB) (13). Two trapped exons, ET-1 
and ET-2, had sequences that were perfect 
matches to an unmapped UNIGENE as­
sembly of expressed sequence tags (ESTs) as 
well as several unassembled ESTs (6). 
Clones containing the ESTs were se­
quenced and used to assemble an open reacl-

Cen. _ L 

ing frame (ORF) of 403 amino acids (Fig. 
3A). To verify the location of this cDNA, 
we obtained the intronic sequence around 
ET-1 by directly sequencing BAC C. An 
STS primer pair (ET-1) was generated that 
mapped back to BACs A, B, and C (Fig. 
IB). In addition, we screened the Map Pan­
el #2 monochromosome human-rodent hy­
brid panel to confirm the unique location of 
this exon on chromosome 10 (14). 

Fig. 1 . Region of homozy­
gous deletion on chromo­
some 10q23. (A) The STS-
based YAC map of the re­
gion surrounding CY17. 
Marker locations are taken 
from the Whitehead STS-
based map. RH indicates 
the radiation hybrid interval 
for CY17. CY17 positive 
YAC addresses are indicat­
ed. YAC map indicates the 
interval containing CY17 in­
ferred from the YAC ad­
dresses. Cen., centromere; 
Tel., telomere. (B) Map of 
homozygous deletions on 
10q23, showing the STS 
markers spanning the delet­
ed region, the four BACs 
overlapping the region, and 
the location of PTEN with re­
spect to the STS markers. 
STS markers Not-5', PTPD, 
and ET-1 contain exonic se­
quences of the PTEN gene. 
Absence of homozygous 
deletion is indicated with a 
" + " and presence of ho­
mozygous deletion with a 
" - . " Numbers to the right in­
dicate the fraction of tumor 

Our entire panel of tumor xenografts 
and cell lines was screened with this primer 
pair, and we identified an additional glio­
blastoma cell line (DBTRG-05MG) with a 
deletion of 180 base pairs (bp) (Fig. IB) 
(Fig. 2C). Sequence analysis revealed that 
the deletion had removed 180 bp of exonic 
sequence and the splice donor site from this 
225-bp exon. This deletion was not present 
in 52 normal blood samples or in more than 
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cell lines and xenografts with the deletion. The two breast cancer samples with a deletion are xenografts 
Bx11 and Bx38. Glioblastoma line A172 has a deletion encompassing markers JL25 through KP8 and 
glioblastoma line DBTRG-05MG has a deletion affecting only ET-1. The glioblastoma samples with a 
deletion across the entire region are the cell line U105 and xenografts 2, 3, and 11, and the samples with 
deletion of only PTPD, which contains the phosphatase domain, are xenografts 22, 23, 24, 25, and 32. 
The prostate cancer cell lines with homozygous deletions are NCI H660 and PC-3. The 5' end of the 
PTEN cDNA was determined to be coincidental with the Not I site 20 kb from the centromeric end of 
BAC D by sequence analysis. These maps are not drawn to scale. 
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Table 1. Summary of PTEN mutations in tumor cell lines and primary tumors. 

Tumor sample 

LNCaP 
534TI 
U87MG 
MDA-MB-468 
132Tt 
DU145 
U373MG 
BT549 
DBTRG-05MG* 
134Tt 

Tissue of origin 

Prostate 
Glioblastoma 
Glioblastoma 
Breast 
Glioblastoma 
Prostate 
Glioblastoma 
Breast 
Glioblastoma 
Glioblastoma 

Codon 

274 

6 
15 
54 
70 

129 
134 
241 
274 

-342 
337 

Mutation* 

AAA to A 
AGA to AGAGA 
49 bp deletion 
44 bp deletion 
GGA to AGA 
ATG to TTG 
TTTtoTTTTT 
GTA AAT to TAA AT 
Delete 204 bp 
4 bp deletion 

Predicted effect 

Frameshift 
Frameshift 
Frameshift 
Frameshift 
Gly to Arg 
Met to Leu 
Frameshift 
Stop 
In-frame deletion 
Frameshift 

^Mutations are indicated in the sense orientation. f Primary tumors. All other samples are tumor cell lines. The 
mutations in the primary tumors were not found in matched blood DNA. $DBTRG-05MG has a genomic deletion 
of 180 bp within exon ET-1, which includes the splice donor site. Because of this deletion, the transcript contains an 
in-frame deletion of codons 274 to 342. 
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125 other primary tumors, xenografts, and 
cell lines tested. 

Sequence analysis of the ORF revealed 
a protein tyrosine phosphatase domain 
(Fig. 3B) and a large region of homology 
(-175 amino acids) to chicken tensin and 
bovine auxilin (Fig. 3C). We therefore 
call the gene PTEN for ghosphatase and 
Tensin homolog deleted on chromosome - 
Ten. The phosphatase domain of the P- 
TEN protein contained the critical (I/!!)- 
H-C-X-A-G-X-X-R-(SF)-G motif found 
in tyrosine and dual-specificity phospha- 
tases (1 5). The phosphatase domain exon 
mapped within all four BACs and was 
deleted in all of the samples with homozy- 
gous deletions except for DBTRG-O5MG. 
These results thus placed this exon within 
the region of homozygous deletion near 
JL25 and AFMA086WG9 (Fig. 1B). We 
then screened the remaining xenografts and 
cell lines for additional homozygous dele- 
tions and identified five more glioblastoma 
xenografts lacking this exon. These data 
indicate that the phosphatase domain en- 
coded by PTEN was targeted for mutations 
in tumor xenografts and cell lines. 

The phosphatase domain of P-TEN is 
most related in sequence to those of CDCl4, 
PRL-1 (phosphatase of regenerating liver), 
and BVP (baculovims phosphatase) (Fig. 
3B). CDC14 and BVP are dual-specificity 
phosphatases that remove phosphate groups 
from tyrosine as well as serine and threonine 
(16). These phosphatases can be distin- 
guished from the better characterized VH1- 
like enzymes by sequence differences outside 
of the core conse~ed domain. Both PRL-1 
and CDC14 are involved in cell growth, and 
CDC14 appears to play a role in the initia- 
tion of DNA replication (1 7). In contrast to 
P-TEN, these phosphatases do not have ex- 
tensive homology to tensin and auxilin. P- 
TEN is also homoloeous to the  rotei in tv- 
rosine phosphatase dvomains of &ee 0Rks 
(Y50.2, PTP-IV1, CPTPH) whose protein 
products have not been characterized. Of 
these hypothetical proteins, only the puta- 
tive yeast phosphatase Y50.2 has significant 
homology to tensin. Although tensin and 
auxilin are not expected to have phospha- 

B B~~~~~ Brain Fig. 2. Homozygous deletions In 
* 1 2 3 4 5 6 7 8  tumors tumors tumor cell lines and xenografts. (A) 

M l o  11 19 38 2 3 11 A 6% polyacrylamide sequencing 
&#a ? - --' ^?owing the products of PCR 

3 kb- fication of AFMA086WG9 from 
;t cancer cell lines (lanes 1 to 
d xenografts (lanes 5 to 8). 

w lc 1, MDA-MB-330; lane 2. 
MDA-MB-157; lane 3, MDA-MB- 

2 kb- 
134-VI; and lane 4. MDA-MB- 
4355; lane 5. Bx l  1 ; lane 6, Bx15; 
lane 7, Bx38: and lane 8, Bx39. (6) 
Southern blot analysis of tumor 

P. xenoarafts. Genomic DNA was digested with Eco R1, thefrag- 

1DOO bp- 
500 bp- 
300 bo- 

yal a~ 

ampli 
breas 
4) an 
I 

- 
ments resolved on a 196 agarose gel, and transferred to a nylon 
membrane. The blot was probed with a 3-kb Eco R1 fragment 
containing the STS marker JL25, which is within the region of 
homozygous deletion [top), or to a second 2-kb Eco RI fragment 
from chromosome 8 (bottom). Lane M, bacteriophage lambda 
Hind Ill marker. Other lanes contain DNA from breast xenografts 
10, 11, 19. and 38 and brain xenografts 2, 3, and 11. Breast 
xenografts 10 and 19 were loaded as controls and were not 
expected to have homozygous deletions. (C) Homozygous de- 
letions of exon ET-1 in glioblastoma cell lines. Genomic DNA 

samples were PCR amplified using lntronic primers that amplify exon ET-1. The products were resolved 
on a 1.296 agarose gel and then stained with ethidium bromide. Lane 1 contains a DNA marker. The 
remaining lanes contain PCR products from control templates and seven glioblastoma cell lines: lane 2. 
lymphocyte DNA; lane 3, water; lane 4, U118MG; lane 5, A172; lane 6, DBTRG-05MG; lane 7, U373; 
lane 8, T-98G; lane 9, U-87MG; and lane 10, U138MG. Full-length products are present for all templates 
except water, Al72, and DBTRG-05MG. 

PTEN 

TENSIN 

AVXILIN 

PTEN 

TENSIN 

AUXILIN 
. . 

tase activity, they both contain elements of 
PTEN 

the protein tyrosine phosphatase signature 
sequence (1 8), which suggests that they may 
share a tertiary structure with these enzymes 
(19). 

If PTEN is a tumor suppressor gene, the 
PTEN allele retained in tumor cells with 
LOH should contain inactivating mutations. 
To search for such mutations, we performed 
a protein truncation test on 20 breast, six 
glioblastoma, and two prostate tumor cell 
lines (20). Two truncating mutations in 
PTEN were identified in the breast samples 
(Table 1). BT549 cells had a 1-bp deletion of 

Fig. 3. (A) Predicted amino acid sequence of P-TEN. The putative phosphatase domain is under- 
lined. The nucleotide sequence has been deposited in GenBank (accession number U93051). 
Abbreviations for amino acids are A, Ala; C, Cys; D, Asp; E, Glu; F, Phe; G, Gly; H, His; I ,  Ile; K, Lys; 
L, Leu; M, Met; N, Asn; P, Pro; Q, Gln; R, Arg; S, Ser; T, Thr; V, Val; W, Trp; and Y, Tyr. (B) Homology 
of P-TEN to protein tyrosine phosphatases. The sequence alignment was performed by ClustaMl 
(http://dot,imgen.bcm.tmc.edu:9331/mutti-align/Options/clustalw.html). The National Center for 
Biotechnology Information (NCBI) ID numbers are P53916 (Y50.2), M61194 (CDC14), A56059 
(PRLI), 1246236 (PTP-IVI), 11 2581 2 (CPTPH), and P24656 (BVP). Black boxes indicate amino acid 
identities and gray boxes indicate similarities. (C) Homology of P-TEN to chicken tensin and bovine 
auxilin. Alignment was perfoned as in (6) over the region of highest homology. NCBI ID numbers are 
A54970 (tensin) and 485269 (auxilin). 
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a G, leading to the formation of a stop codon 
TAA (Fig. 4A), and MDA-MB-468 cells 
had a deletion of 44 bp at codon 70, which 
resulted in a frameshift on the amino termi- 
nal side of the tyrosine phosphatase domain. 
Mutations in PTEN were also identified in 
three of the six glioblastoma cell lines: 
DBTRG-O5MG cells had an in-frame dele- 
tion of 204 bp caused by the genomically 
deleted exon ET-1 (Fig. 4B), U373MG had 
a 2-bp insertion at codon 242, and U87MG 
had a frameshift at codon 54. Both of the 
prostate tumor cell lines had PTEN muta- 
tions: LNCaP cells had a 2-bp deletion at 
codon 6, leading to a frameshift (Fig. 4C), 
and DU145 cells had a Met + Leu substi- 
tution at codon 134, within the phosphatase 
domain. The latter mutation was detected by 
a change in the pattern of in vitro transla- 
tion initiation and was not found in >50 
other alleles tested. However, Met-134 is not 
required for phosphatase activity (Fig. 3B), 
so this alteration could be a polymorphism. 
With one exception (DU145), all of the cell 
lines retained a mutant PTEN allele and lost 
the other allele, indicating that these cells 
are null for PTEN. 

To determine whether PTEN mutations 
are present in primary tumors, we screened 
genomic DNA from 18 primary glioblasto- 
mas for mutations in three exons (21 ). Mu- 
tations in PTEN were.found in three of 
these tumors: a 2-bp insertion at codon 15 
(534 T), a point mutation resulting in a Gly 
+ Arg change at codon 129 ( 132T), and a 
4-bp frameshift mutation at codon 337 
(134T) (Table 1 and Fig. 4D). The muta- 
tion at codon 129 is within the signature 
sequence for tyrosine phosphatases (Fig. 
3B). All three tumors appeared to have 

LOH in the PTEN region since the wild- 
type allele was substantially reduced in in- 
tensity. In addition, the tumor mutations 
were not detected in paired blood DNA. 

In summary, we detected homozygous 
deletions, frameshift, or nonsense muta- 
tions in PTEN in 63% (518) of glioblastoma 
cell lines, 100% (414) of prostate cancer cell 
lines, and 10% (2120) of breast cancer cell 
lines. These frequencies are likely to be 
underestimates since the cell lines were not 
systematically screened for point mutations. 
We screened xenografts only for homozy- 
gous deletions in PTEN and detected them 
in 24% (8134) of glioblastoma xenografts 
and 5% (2140) of breast cancer xenografts. 
Finally, we detected PTEN mutations in 
17% (3118) of primary glioblastomas; this 
frequency is also likely to be an underesti- 
mate since the entire coding sequence was 
not analyzed. The results of these prelimi- 
nary screens suggest that a large fraction of 
glioblastomas and advanced prostate can- 
cers may harbor PTEN mutations, whereas 
the mutation frequency in breast cancer 
may be lower. Future systematic analysis of 
all tumor types will be of interest. 

The likely function of the P-TEN tumor 
suppressor as an enzyme that removes phos- 
phate from tyrosines is intriguing, given 
that many oncoproteins function in the 
reverse process-to phosphorylate tyrosines 
(22). P-TEN and tyrosine kinase oncopro- 
teins may share substrates and the tight 
control of these substrates through phospho- 
rylation is likely to regulate a critical path- 
way that is altered late in tumor develop- 
ment. The homology of P-TEN to tensin is 
also of interest. Tensin appears to bind ac- 
tin filaments at focal adhesion-complex- 

A B Fig. 4. Mutations of PTEN in cancer 
A C G T  A C G T cell l~nes and primary tumors. (A) ---- ---- 

- A S- utation ~n breast cancer cell line 

T549. Sequence of nucleotides 
31 to 785 (bottom to top) using an 
itisense primer shows a deletion 

of a C (arrow) in sample on the right 
(BT549) but not in the sample on 
the left (breast cancer cell line ZR- 

& 
75-30). (B) Mutation in glioblastoma 
cell line DBTRG-05MG. Sequence 
of nucleotides 1039 to 101 0 In the 

antisense orientation from prostate cancer cell lines DU145 (left). 
LNCaP (middle), and the glioblastoma cell l~ne DBTRG-05MG 

c D (right). Arrow indicates the ~n-frame deletion of nucleotides 822 
A C G T ACGT to 1025 in DBTRG-05MG. (C) Mutation in prostate cancer cell ---- - 4 -4 - -=hpw-- 

- - .- r line LNCaP. Sequence of nucleotides 34 to 2 of the prostate - - - - - _ -2- cancer cell line LNCaP (left) and the glioblastoma cell line . * 
. ?:- DBTRG-05MG (right) using an antisense prlmer. Arrow indicates 

m$-- * the deletion of two T nucleotides in LNCaP. (D) Mutation in :+ =z -- primary glioblastoma 534. Sequence of nucleotides 26 to 63 of 

&.!E genomic DNA from blood (left) and primary tumor 534 (right) 

ifs' from the same patient using a sense primer. Arrow indicates 
-, insertion of AG in the tumor DNA. A, C, G, and T lanes are loaded - 

?! 
next to each other to allow better detection of mutations. 

es that contain integrins, focal adhesion 
kinase (FAK), Src, and growth factor recep- 
tors (23). Integrins have been implicated in 
cell growth regulation (24) and in tumor 
cell invasion, angiogenesis, and metastasis 
(25), so it is conceivable that PTEN regu- 
lates one or more of these processes. Finally, 
the identification of P-TEN as a likely tu- 
mor suppressor raises the possibility that 
this protein and its substrates will be useful 
targets for the development of new thera- 
peutics for cancer. 
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