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A gene, ATM, that is mutated in the autosomal recessive disorder ataxia telangiectasia 
(AT) was identified by positional cloning on chromosome 11 q22-23. AT is characterized 
by cerebellar degeneration, immunodeficiency, chromosomal instability, cancer predis- 
position, radiation sensitivity, and cell cycle abnormalities. The disease is genetically 
heterogeneous, with four complementation groups that have been suspected to represent 
different genes. ATM, which has a transcript of 12 kilobases, was found to be mutated 
in AT patients from all complementation groups, indicating that it is probably the sole gene 
responsible for this disorder. A partial ATM complementary DNA clone of 5.9 kilobases 
encoded a putative protein that is similar to several yeast and mammalian phosphati- 
dylinositol-3' kinases that are involved in mitogenic signal transduction, meiotic recom- 
bination, and cell cycle control. The discovery of ATM should enhance understanding of 
AT and related syndromes and may allow the identification of AT heterozygotes, who are 
at increased risk of cancer. 

A t a x i a  telangiectasia is inherited in a ~ ~ s u a l l y  tirst n o t ~ c e d  111 tc~ddlers by the  aLl- 
monogenic, autosclmal recessive manner, pearance of ,In unsteady gait (ataxia),  
\vith a \vorlcl\vide incidence of 1 in -ti?,i?i?i? \vhicl~ retlects cerebellar clege~leratio~l and 
to 1 111 li?i?,i?i?? (1 ). Ataxla telangiectasia is her,llds progressive llellromotor deteriora- 
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chromosomal instability, cells of A T  pa- 
tlellts ha\-e a reciuceii life-span, hieher re- - 
iluirements for serum growth factors, defects 
111 the  cytoskeleton, and ~llcreased sensitiv- 
~ t y  to ioniz~ng radiaticln and raiiiolilililetic 
chemicals. Inhihiticln of semiconservat~ve 
D K A  synthesis and cell cycle prclgression 
hy iclnizing irradiation is reduced in A T  
cells (6), sqggesting that there are defects in 
the  checkpoi~lts a t  the  G, anil G2 phases clf 
the  cell cycle (7) .  T h e  increase in stabil~ty 
of p53 after ~rradiation IS s~gnif~cant ly  de- 

layed in A T  cells, which is further evidence 
of a defective G ,  checkpcllnt that normally 
s~gnals  the  presence of D N A  damage (8). 

Individuals who are heterozygous for AT 
( -  lu'i, o t  the population) mildly manifest two 
of the disease characteristics: cancer ~reclisocl- 
siticln and radiation sensitivity. Cancer preclis- 
position in t h ~ s  group has been estimated to 
be about three- to fourfold that of the  gen- 
eral pc~pulation, with a relative risk for breast 
cancer in carrier wclmen fivefold that of 
nclrmal nromen (9).  C e l l ~ ~ l a r  radiosensitivity 
is llltermedlate between that of homozygo~~s 
patients anti unaffecte~i indiviciuals (10) .  

Character~iaticln clf heteroltarvons has re- 
vealed four complementation grc;ups in A T ,  
ilesignated A ,  C ,  D ,  and E (1 1) .  As it has 
never been clear whether these complemen- 
tation groups represent different genes or 
different ~in~taticlns within a gene capable of 
intragenic cclmplementation, researchers 
ha1.e considereii the possibility that the dis- 
ease might he i ie ter~n~~lecl  by folrr genes. 

A t ~ ~ n c t i o n a l  c l o n ~ ~ l g  approach based on 
complementatio~l of the celhllar phencltype 
hy gene transfer has not identified a gene 
directly relateii to the iiisease (1 2-1 5). Gatti  
e t  iil .  (1 6)  appl~ed linkage analysis to locate 
an  A T  locus containing the group A muta- 
t ~ o n s  on chromosome 11, region 1122-23. 
S ~ ~ h s e ~ l ~ ~ e n t l y ,  Ziv c.t nl. (1 7) demclnstrateil 
l~nkage to the same regicln in a group C 
family. Additiclnal studies indicated that 
mutations in this region were probably re- 
st.onsible for the  rnaioritv of A T  cases world- 
\;lLie. In the course ;f tliese linkage studies, 
the location of the AT locus nas  narrclweii 
to a region of -3 h/lP of D N A  ( 2 ,  18).  

Rle  applieii further positional cloning 
steps (19)  to iiientify the  AT gene or gene. 
in this region. Long-range c loni~lg  of the  
A T  loclls was perti,rmeci by cons t r~~c t ing  a 
c o n t ~ g  of yeast artificial chrclmosomc 
(YAC) clones across the  A T  ~nterval  and 
flanltillg sequences (2Q). This contlg made 
it possible for us to construct a high-density 
marker map clf the  regicln by derivation of 
microsatellite marlters frclm the YAC clonea 
and by physical localization and orderi~lg of 
aiiditio~lal illarlters generated hy other lab- 
clratorles (21)  (Fig. 1 A ) .  This i~lfor~ilation 
\vas used in a cclnsclrti~un-based linkage 
study of 176 A T  famil~es from the  Uniteii 
States, Englanii, Turkey, Italy, and Israel 
(22) .  Individual recclmbinants in t h ~ s  study 
placed the  A T  loclls hetween the marlters 
Dl lS1818  and Dl lS1819 ,  11-hereas the 
peak of the  A T  location score was obtaineil 
at the inarker Dl lS535 .  with a t~vo-loci 
s ~ ~ p p o r t  interval (lod, logarithm of the  like- 
lihood ratio for linkage) for A T  between 
D l  lS1294 anci Dl lS384 .  T h e  latter inter- 
val \v,ls est~rnatecl a t  5Qi? ltb (Fig. 1 A ) .  KO 
recclmhinants have heen found between AT 
and markers in this interval. Linkage dis- 
e i l~~~l ih r iun l  has also been ollserved between 
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.AT .rnd m a r b r r  llie 13l lSjS-f-  
D l  1S1>1Y reqion in patients of Xlorociaii- 
Je \v i~l i  aliil C ~ v t a  R~c; in  ilrieili (33). 

l ' ,~rt of' 1!1e Y.AC conrlq ~ p a n n i ~ i g  tlie ,AT 
11iterv;il ( 2 2 )  is shi7\vn 111 Fig. 1E. To i a i ~ l -  
Itate iilentificarlon of tr~lnscriheLl secluenc- 
ec, 11-e :11so ccinstruiteil ic>.;~\i~il ci-int~gs si7.1n- 
nilig tlie D l  15334-Dl lSlH1S inter\.,ll (24)  
(FIS 1 C ) .  T\vo complementary methi)cli 
nc1.e u,cd h r  the i ~ l e ~ i t i i ~ c ~ l t i o i i  < ) I .  r rx i -  
bcriheil Ye~lucnces: hyhriil s e l~~c t ion  I?ascil on  
clirecr h\-llr~il~:arion of yenomlc DK.4 \\-lth 
icimplementar\ L3N.A- ( i I l N X s )  (-75) x i c l  

esi3n ,~mpliticatloii, \\hich iilcntltie? yut;i- 
tive es t>n\  in genomlc D Y A  hv  their hylic- 
ing cap,lcit\ (26) .  

In liyhriii \clcctlnn esyeriments, iciqmiii 
,mil Y.4C c l i > ~ i e ~  ycr\-eLl to c,lpture croai- 
li\-bridlrin: sequences In si)N.4 iclllectlons 
fro111 ylacent,i, t h ~ - m u i ,  ancl tct;rl brain by 
me,ins o t  tlie magnetic l-e,~;l capture proto- 
o i l  (27). 'i'riC clol-ici \\.ere bi>ui-iLl t o  ,i si)11il 
lll'ltrll ' i i l L l  u>ecl ti> select cl3N.4 tl-'lglllellt\ 
Irom a l lc tcr i~~ei lou,  il)N.4 ccolleir~i>n r e p  
r e \ e ~ i t ~ ~ i g  scver,ll 1iurn;in tl.q\uea (28) .  Tlie 
cor~lii~L. were ~ l r i ~  u\cil fi>r e son  ampl~i '~c,i-  
tloil \{-it11 tllc $P I3  1-ector (-76). Tllc cap- 
tureLI cL3N.A traymei-its , i~ ld  , i ~ ~ ~ ~ i l ~ t ~ e i l  esoi-ia 
\yere mapped luck to the  A T  regloll hy 
l l ~ - l i r i ~ l ~ : a t ~ c ~ i ~  t t ~  I - ~ I J I ~ ~ I O I ~  11yhr1~1~ c t ~ ~ i t a ~ i l -  
ii-ig yortii1n. ot the  1 1Lj71-23 regloll (29 ) .  
 id by l11l~r1~l1:at10n to 1iigl-i-clcnqity qr~~l, .  
C C J I I ~ ~ I ~ I I I ~  '111 t11v 1-.4(:,5 cril~l ct>s~liiils S ~ C I I I -  

1-iing t h ~ s  11-itcn.ai. All esteilsl\ e t rxvcr lp-  
tlo11,11 111~113 ot the AT rcgt>il t l ~ u s  con- 
structeil ( 3 2 ) .  POOIS of' ii~ljc~ecilt cDN.A irCle- 
lnrllts ;inil exoils, cs l?e i te~l  to conr.crqe ii-ito 
the \ame tra~lscript~oi-i~il u i l ~ t \ ,  n.ere ~~be i l  tii 
.;creel? cL3N.A lilir,lr~c\. Fyure  l D  slii>\v; ,I 
cluster oi' t ~ \ - c  iL3Nri iTayiilent,q ;li-i~l tl-iree 
c s o ~ i \  tliat nlappcii 111 cli>..e p r o s ~ m ~ t ~ .  LO the 
iiiarker D l  1S535, \\llere thi. loc,it~iin score 
for AT hail p c ~ l k c ~ l  (22) .  A11 ot these qe- 
queilces I l ~ l ~ r ~ ~ l ~ : e c l  to the same 5.9-kb 
cL3NX cloi-ie, 7-9, obta~i-iccl from a t113rc-i- 
blast cDN.4 I~hr,iry ( F q .  1E) ( 3  1 ) .  

H\-hriil~:at~on oi'thi. 7-9 c D N X  cloi-ie to 
the raillatio~l l-ivlirid p,ri-iel ~ndicated that 
tlie entire t r , lmcr~yt  \\.a\ clcr~\.ecl t r ~ ) m  t l ~ c  
chromo?i~mc 11 loiu\. T h e  full \eijuence ot 
t h ~ s  cli>i-ic n.,is o h t a ~ n e ~ l  by ,I ~ l \ i ~ t ~ u i i  btrateg!- 
( 3 2 )  ancl ci~ntnlneil 7921 liasc pairs (hy)  
\ v h ~ c h  i~-ich~ilc an  ol>c~l r e a ~ l ~ ~ l g  f nme (ORF) 
of' 5124 ~ ~ l ~ c l e i i t i i l c ~ ,  ;I 5 % - b p  3' untrank- 
lateil reg~on,  c~nt l  a 259-hp 5 '  \equrllce coil- 
ta1111ilg   ti)^ ciiLli>i\r 111 a11 reaLlliln i rc~mrs  
(Fly. 1 LJ: C;cnBanl< acce>>~oi-i i lumier 
LT26455). Gcilonlic scquenclng ~ d e ~ l t ~ t ~ e ~ l  
tlic 5 '  ~ I C ~ I I ~ O L I I I ~ ~  reqiii~i of c1~11ie 7-9 ,I> 

sequzncei i>t the ,i~lj,lccnt 1iltro1-i. TI\-o other 
cDNA cli~llrs tiurn ,A leul<oi~-te c D N A  11- 
I.rarv \\ere fi7unL1 to co i i t , i~ l~  tl-ii. ~ i l t ro~- i~c  
sequel-ice 111 t l~i ' ir  5' e~lils. T111";e cli)~ie\  illay 
repre>ent e1t1it.r spl~c~i-iir ~ l~terme~l ia te . ;  or 21- 

tcrn<lt~{.cl\ iylicecl tramcrlpt, ot tlli, qcile, 11-i 

n.li1~11 sequences ot the ,rLljClcc~~t ~~- i t r i )n  \\-ere 

l e i  to serve ;I> ,rn untranslatc~l leader. Align- 
ment of the cDN;I \\-it11 tlic genoinic ~ 1 1 ~ s -  
ic:rl map (Fig. 1 ,  C to E) sli~)\\-ccl that the 
i i- irrespa~iil in~ irelie 15 tr,iliscrilicil from ccn- 
rromere ti-i telomere. 

Hyl~riiilzatiiin of' ;l probe cu l i t a i~ i~ng  the 
tntlrc. C3RF ofcloiie 7-9 tc? Northern iRS .4 )  
iili-it\ t ro~i i  \ - < I ~ I O I I S  ~ I > > L I C ~  cliiel cell I I I I ~ >  (Ftg. 
7 ) re\~eLileil a iiiaic7r transcri~-.t c - i i  12 It13 In all 
L L - L I ~ S  :iii~l cell type5 cxai~iii ie~l c~i ie i  iiiiiic)r 
bt>licie> of \.arious sizes in seve~a l  tissues, 1~1s- 
>~h ly  repre>enrlnc ~ l t e r n n ~ i v e l ~  ipliceii rr,ln- 
icr lp tni t '  the corre~~io~i i l iny gene or other 
similar seiluences. Preliminnr\- , ~ n a l ~ s i s  of all- 
~li t ional clIY.4 clone.; correipi7ndinir to thi. 
gene indic,itcil ic\-era1 transcript\ generateii 
1.1- ,iltcm;lti\-c > l~ l i c i~ ig  comhinat ion~.  LYic 
e i . , i l ~ ~ i t ~ d  t h ~  ev01~1t101iarv c o ~ i ~ ~ r \ - a t ~ o ~ i  i ~ f  
the 7-9 \ecjuencc by livhridi~lng ;I prohe 
hpanning the ORF tc, a S ~ > l ~ t l i e m  ( D N A )  
blL)t (if' sampler from a variet\- of ypecies. 
Stri>ilglY l ~ ~ - l i r i J i r ~ i ~ n  13:111els \verc ollscr\.eil 

conslilerablc evo lu t i~>~i ,~ ry  co~iservnri~in (33). 
T h e  predicted ~3roduct of tlie O R F  in 

c D N A  7-9 is a putati\.c protein of 1703 
,iminn acicls, h e g i ~ i ~ i i l i ~  \vitli the  first c ~ v n ~ l -  
nlile met l i l~ ,n i~ie  ancl ending 111 t i  termilia- 
tioli zoclo~i (Fiq. 3 ) .  This 1~rc7tein slio\\-s 
consiiler;il.le s ~ m i l ~ ~ r i t y  to a f'lniily of signal 
traiisi1uct1i)n mcil~ators ~nvolvetl  111 coilrrol- 
ling the  G I  p h a e  of tlie eukaryc~tic cell 
s\~cle:  the T O R  1 ancl T O R ?  proteiils 111 

yeast ( j i ) ,  as \\-ell nr their mammalian ho- 
mologs Jesiqnared liiTOR iir RAFT in the  
rat, ,inil FR.AP in humani  (35) (Fig. 4 ) .  T h e  
7-9 pu ta t~ve  protein also sho\vs strolig siiii- 
il,~ritv to twc, other yeact proteins: ESRl ,  ;ln 
csienti:ll yeast pr t~te in  required for D N A  
rcpair ,uid meiotic recornhination (36) (Fig. 
4 ) ,  and a hypothetical membrane prclteln of 
~ ~ n k n c , \ \ n  t ~ ~ n c t i o n  tliat was deil~lced from 
,In O R F  (YBLc?iiii) iilentlf'ieii by secluencing 
the YBl3 loius (711 chromosome I1 of Sac- 
~ h ( ~ ~ o t l i ? i f i  c c r c ~ ~ ~ ~ c i c .  (37) .  'All oi' tllcse pro- 
tc~i-i\ ,ire 240d to 28GG a m i ~ ~ o  aciil res~clues 

Fig. 1. Postona c o ~ i n g  of mI 
ti-e ,AT catiddate gene :A, A 5 m k b  l3ssssm 
Hgl--dens~ty ~iiarker map of 
t i e  AT regiol- 0,- cl-1.01iio- 
sollie 11~122-23 12:) con- 
srructed by the generation 
of m~crosatell~te marliers Cen 
\::ihn genoliiic colitgs 
spannl-g ti-e I-egon and by 
pi-ys~cal n a p p g  of a..ia~l- 500 kb Y71 
al:e market-s  ti- rhe saliie Y S  
contigs To sml:I~fy the ::re- Y400 
sentaron of the mat-kers, the Y67 

, - 
::refx D l  1 lias been onitted 
fro'ii the markel. des~gna- aj..., r- -. LO 

t o ~ i s  FDX, the adrenal fenre- - m 
N -. LO 

cloxin gene; ACAT. t'ie ace- - - - cn ', ,? - - - 
toacery coenzyme A t'ilo- 20 kb 
lase gene Cen ceniromere. c- 
Te telolnere. The str~ped D l  
box denotes t:ie AT ~~?ter\~al. E3 

C12 
defned recently by nd~\v~du- A9 ..?. 

a recomb~nanis betv!een F9 ..... ,..... \ 

.... , 
t r e  mat-kers S1818 and C7 ..... 

i l  , ' ,  
S1 81 9 n a consortc,ln n k -  , ,  

, ' @ '  $6 % 9 ' $ 3 ,  age s r ~ ~ d y  22:. T'ie solid box 
+% ".$ '@ 4 ,2 $0 q% ',(c2+ 

indcates tile two-od sup- D 5 E b p  EI - m m  7 1 ~ 2  m a 
1:ort nter..ia fol- AT obtal-ed 
In tliat st~ldy.  bebeen E 7-9 5'----- 
S12% and S384. (5) Pa7 of *(A)" 3' 

a YAC cont~g constr~~cied 
across t l i~s  I-egon 126) iC) 500 bp 

Part of a c o s ~ i i d  contg that 
spans t i e  S38i-S: 81 8 nter1,al generated by screening a chromosome 1 :-specf~c cosni~d I b r a r p ~ t h  
YAC clones Y16 anci Y67 and s~~bseoc~el i t  contg assembly of the c o s ~ i i d  clones by physca lnappng 
~24). D r  Froducrs of the gene h~~nr ing experments. S o d  boxes. cDNA fragments obtaned by clslng 
cosmd and YAC clones for hybrid selection of cDNAs (27. 28) from a \larety of tssues: open boxes. 
putatii'e exo'is isoated 'ro~ii these coslnds by exon ampfcation (26). These secll~ences hybridized back 
to specl'lc cosnds  (b-ohen lines!. :.lhich a w e d  the.- physical localizat~on to specfic subregions of the 
contg (dot~ed fra,-ies, (E! A 5.2-kb cDNA clone, 7-E, identifed in a fbroblast cDNA library (31) by using 
the cDNA fl-agments and exons in (D) as pl.obes Dotted lines drav~n bet\::een the cDNA fragments and 
exons al?d the 7-9 cDNA ~ndcate  conearty of sequences Ope11 box, an open reading fra~ne of 51 24 
nc,cIeotdes: s o d  n e s ,  uniransated reglons: strped alro\::heads, two Alu I repetti'e eenients dent fed 
at the 3'  ~~ntranslated I-egions of tt is clone and 1 G slnaer clones representlig this gene from the same 
cDNA library and a tliymus brary 



Fig. 2 (top). Expression of 
the ATM gene. A 5-kb 
probe spanning the ORF of 
the 7-9 cDNA was hybrid- 
ized to RNA blots. (A) A 
blot containing 2 pg of. 
each of lymphoblast and fi- 
broblast polyadenylated 
RNA in lanes 1 and 2, re- 
spectively. A prominent 
12-kb band is detected in 
both tissues, and a minor 
10.5-kb species is ob- 
served in fibroblasts. (B) 
Longer exposure of the 
same autoradiogram that 
shows additional minor 
bands of various sizes indi- 
cating alternatively spliced 
sequences or other similar 
sequences. (C) The same 
probe was hybridized 
against blots containing 
RNA from 16 human tis- 
sues (Clontech, Palo Alto, 
California). Contents of the 
lanes (1 to 16) are as fol- 
lows: 1, pancreas; 2, kid- 
ney; 3, skeletal muscle; 4, 
liver: 5. luna: 6. ~lacenta: - -. . .  
7, brain; 8, heart; 9, 
spleen; 10, thymus; 11, 
prostate; 12, testis; 13, 
ovary; 14, small intestine; 
15, colon; and 16, leuko- 
cytes. Fig. 3 (bot- 
tom). Amino acid se- 
quence (50) of the de- 
duced translation product encoded 
methionine residue. The PI-3 kinase 

1 MTLHEPANSS ASQSTDLCDF SGDLDPAPNP PHFPSHVIKA TFAYISNCHK 
5 1  TKLKSILEIL SKSPDSYQKI LLAICEQAAE TNNVYKKHRI LKIYHLFVSL 

101  LLKDIKSGLG GAUAFVLRDV IYTLIHYlNQ RPSCIMDVSL RSFSLCCDLL 
151  SQVCQTAVTY CKDALENHLH VIVGTLlPLV YEQVEVQKQV LDLLKYLVID 
201  NKDNENLYIT IKLLDPFPDH VVFKDLRITQ QKIKYSRGPF SLLEEINHFL 
251  SVSVYDALPL TRLEGLKDLR RQLELHKDQM VDIMRASQDN PQDGIMVKLV 
3 0 1  VNLLQLSWIA INHTGEKEVL EAVGSCLGEV GPIDFSTIAI QHSKDASYTK 
3 5 1  ALKLFEDKEL QUTFIMLTYL NNTLVEDCVK VRSAAVTCLK NILATKTGHS 
4 0 1  FUEIYKMTTD PMLAYLOPFR TSRKKFLEVP RFDKENPFEG LDDINLYIPL 

- - .-- - - ~  

5 0 1  ILLQDTNESY RNLLSTHVQG FFTSCLRHFS QTSRSTTPAN ~DSESEHFFR 
5 5 1  CCLDKKSQRT MLAVVDYMRR QKRPSSGTIF NDAFULDLNY LEVAKVAQSC 
6 0 1  AAHFTALLYA EIYADKKSMD DQEKRSLAFE EGSQSTTISS LSEKSKEETG 
6 5 1  ISLQDLLLEI YRSIGEPDSL YGCGGGKMLQ PITRLRTYEH EAMUGKALVT 
7 0 1  YDLETAIPSS TRQAGIIQAL QNLGLCHILS VYLKGLDYEN KDWCPELEEL 
7 5 1  HYQMYRNMQ UDHCTSVSKE VEGTSYHESL YNALQSLRDR EFSTFYESLK 

YARVKEVEEM CKRSLESVYS LYPTLSRLQA IGELESIGEL FSRSVTHRQL 
SEVYIKYQKH SQLLKDSDFS FQEPIMALRT VILEILMEKE MDNSQRECIK 
DILTKHLVEL SILARTFKNT QLPERAIFQI KQYNSVSCGV SEYQLEEAQV 
FUAKKEQSLA LSILKQMIKK LDASCAANNP SLKLTYTECL RVCGNULAET 
CLENPAVIMO TYLEKAVEVA GNYDGESSDE L R N G W F L  SLARFSDTOY 
QRIENYMKSS EFENKQALLK RAKEEVGLLR EHKIQTNRYT V K V Q R E L E ~ D  
ELALRALKED RKRFLCKAVE NYINCLLSGE EHDMUVFRLC SLULENSGVS 
EVNGWKRDG MKIPTYKFLP LMYQLAARMG TKMMGGLGFH EVLNNLISRI 
SWHPHHTLF IILALANANR DEFLTKPEVA RRSRITKNVP KQSSQLDEDR 
TEAANRIICT IRSRRPQWR SVEALCDAYI ILANLDATQY KTQRKGINIP 

1301  ADQPITKLKN LEDVVVPTME IKVDHTGEYG NLVTIQSFKA EFRLAGGVNL 
1351  PKIIDCVGSD GKERRQLVKG RDDLRQDAVM QQVFQMCNTL LQRNTETRKR 
1401  KLTICTYKVV PLSQRSGVLE UCTGTVPIGE FLVNNEDGAH KRYRPNDFSA 
1451  FQCQKKMEV QKKSFEEKYE VFMDVCQNFQ PVFRYFCMEK FLDPAIUFEK 
1501  RLAYTRSVAT SSIVGYILGL GDRHVONILl NEQSAELVHI DLGVAFEQGK 
1551  ILPTPETVPF RLTRDIVDGM GITGVEGVFR RCCEKTMEVM RNSQETLLTI 
1601  VEVLLYDPLF OUTMNPLKAL YLQQRPEDET ELHPTLNADD QECKRNLSDI 
1651  DQSFDKVAER VLMRLQEKLK GVEEGTVLSV GGQVNLLIQQ AIDPKNLSRL 
1701  FPGUKAYV 

by the ORF in cDNA clone 7-9, beginning with the first 
signature sequence is underlined. 

available 

in length, which could correspond to the 
product of the 12-kb transcript (Fig. 2). 

The similarity between these proteins i s  
greatest across the COOH-terminal 400 
amino acids, where identities of 32, 34, and 
42% were observed between the 7-9 protein 
and the TOR proteins, ESR1, and YBL088, 
respectively (Fig. 4). T h i s  region shows high 
similarity to the lipid k inbe domain of the 
100-kD catalytic subunit of the signal trans- 
duction mediator phosphatidylinositol-3' ki- 
nase (PI-3 kinase) of mammalian cells (38), 
and the corresponding yeast protein Vps34 
(39) (Fig. 4). A portion of the 7-9 protein 
(residues 95 to 1080) shows similarity to yet 
another yeast protein, the rad3 gene product 
in the fission yeast Schi~osaccharomyces 
pornbe (19% identity, 46% similarity; Fig. 4). 
The rad3 protein i s  required for the G2-M 
cell cvcle checkpoint, where it monitors the 
completion of DNA damage repair and is 
essential for the correct coupling of mitosis 
to DNA synthesis. Mutations in this protein 
in S. pmbe result in sensitivity to y- and 
ultraviolet radiation (40). 

Southern blot analysis revealed a ho- 
mozygous deletion in the gene encoding the 
7-9 transcript in affected members of family 
ISAT  9, an extended Palestinian-Arab AT 
family that has not been assigned to a 
complementation group. All of the patients 
in this family are expected to be homozygous 
by descent for a single AT mutation [see 
(41) for a full pedigree]. The deletion in- 
cludes almost the entire genomic region 
spanned by transcript 7-9 and segregates in 

Table 1. Mutations identified in the ATM gene in AT patients. Abbreviations: aa, amino acid; Compd Htz, compound heterozygote; Del, deletion; Hmz, 
homozygote; Ins, insertion; ND, not determined; nt, nucleotide; trunc., truncation. 

Mutation 
Ethnidgeographic Comple- 

Patient* mentation Predicted protein Genotype$ origin groupt mRNA sequence change alteration Codon 

AT2RO Arab 
AT3NG Dutch 
AT1 5LA Philippine 

A Del, 11 ntll 
A Del, 3 nt 
A Ins, 1 nt 

Frameshift, trunc. 499 Hmz 
Del, 1 aa 1512 Compd Htz 
Frameshift, trunc. 557 Compd Htz 

AT3LA8 African American C Del, 139 nt, Del, 298 nt¶ Frameshift, trunc. 1196 Compd Htz 
AT4LA8 African American C Del, 139 nt, Del, 298 nt¶ Frameshift, trunc. 1196 Compd Htz 

AT2BR Celtic/lrish C Del, 9 ntll Del, 3 aa 1 1 98-1 200 Hmz 

AT1 ABRB Australian (Irish/British) E Del, 9 ntll 
AT2ABRS Australian (Irish/British) E Del, 9 nt 

D Del, 6 nt 
D Del, 6 nt 

Del, 3 aa 1 198-1 200 Hmz 
Del, 3 aa 1 198-1 200 Hmz 

Del, 2 aa 1079-1 080 Compd Htz 
Del, 2 aa 1079-1 080 Compd Htz 

F-2079 Turkish ND Ins, 1 ntll Frameshift, trunc. 504 Hmz 
AT29RM Italian ND Del, 175 nt Frameshift, trunc. 132 Hmz 
AT1 03L0 Canadian ND Ins, 1 nt Frameshift, trunc. 1635 Hmz 
F-596 Palestinian-Arab ND Del# Trunc. Most of ORF Hmz 

'Cell line designation. ATIABR and AT29RM are lymphoblastoid cell lines. All other cell lines are primary fibroblasts. ?According to Jasper et a/. (12), except for patients ATIABR 
and AT2ABR who were typed by Chen et a/. (49). fln the compound heterozygotes (Compd Htz), the second mutation is still unidentified. Sibling patients in both of whom 
the same mutation was identified. Ibn identical sequence change was observed in genomic DNA. PNo evidence for deletion was observed in genomic DNA. In both siblings, 
a normal mRNA was observed in addition to the two deleted species, which may represent abnormal splicing events caused by a splice site mutation. #Reflects a genomic deletion 
segregating with the disease in family ISAT 9 (Fig. 5). 
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the family together with the disease (Fig. 5). 
This finding led to a systematic search for 
mutations in the 7-9 transcript in additional 
patients. The restriction endonuclease fin- 
gerprinting (REF) method (42) was applied 
to reverse-transcribed and polymerase chain 
reaction-amplified (RT-PCR) RNA from 
AT cell lines (43). When an abnormal REF 
pattern was found, the relevant portion of 
the transcript was directly sequenced (44) 
and another independent RT-PCR product 
analyzed. In compound heterozygotes, the 
two alleles were separated by subcloning the 
RT-PCR products and then individually se- 
quencing them. Genomic sequencing was 
conducted in some cases to confirm the 
sequence alteration. Additional family 
members were studied when available. 

Table 1 summarizes sequence alterations 
found in the 7-9 transcript in 14 AT pa- 
tients including three sibling pairs. Most of 
these sequence changes should lead to pre- 
mature truncation of the protein product, 
whereas the rest should create in-frame de- 
letions of one to three amino acid residues. 
Although the consequences of the in-frame 
deletions remain to be investigated, it is 
reasonable to assume that they result in 
impairment of protein function. In one pa- 
tient, AT3NG, the loss of a serine residue 
at position 1512 occurs within the PI-3 

kinase signature sequence (Fig. 3). This 
well-conserved domain is distantly related 
to the catalytic site of protein kinases (38). 
In view of the evidence that mutations in 
this gene are responsible for AT, it was 
designated ATM (AT mutated). 

Additional insight into the function of - 
the ATM gene products awaits the com- 
plete cloning and sequencing of the rest of 
the major 12-kb ATM transcript and the 
possible minor transcripts. However, the se- 
quence similarities of ATM suggest involve- 
ment of the ATM gene product in signal 
transduction. cellular resDonses to DNA 
damage, and cell cycle control-the func- 
tions defective in AT. The similarity of the 
ATM protein to PI-3 kinases is of special 
interest. PI-3 kinase mediates cellular re- 
sponses to several mitogenic growth factors, 
to factors triggering cellular differentiation, 
and to insulin (38). Defective protein ty- 
rosine phosphorylation and calcium mobi- 
lization in response to the triggering of B 
cells and T cells support the idea of defects 
in intracellular signalling pathways in AT 
(45). The role of PI-3 kinase in mediating 
glucose transport by insulin could be linked 
to the insulin-resistant diabetes occasional- 
ly noticed in AT patients (1 ). PI-3 kinase is 
required for the prevention of programmed 
cell death in rat pheochromocytoma cells 

by nerve growth factor (46). This observa- 
tion may be correlated with the increased 
nerve cell death in AT and the observation 
of increased apoptosis in cultured AT cells 
treated with DNA-damaging agents (47). 

The TOR proteins are the targets of the 
immunosuppressant agent rapamycin. In 
view of the profound immunodeficiency 
and the defective GI checkpoint in AT, it 
is of interest that the mammalian TOR 
protein and PI-3 kinase are involved in 
parallel signal transduction pathways medi- 
ating T lymphocyte activation by interleu- 
kin-2; both of these pathways end in acti- 
vation of pp70S6k, a protein kinase that is 
important in the GI-to-S transition (48). 

Thus, ATM may be the link between 
several key physiological processes. The 
mechanism behind such a link and the 
pleiotropic nature of AT mutations may be 
explained by the mosaic structure of this 
protein, with domains having similarity to 
other proteins, and by the production of 
several proteins by alternative splicing. 

The convergence of all complementation 
groups into one gene accords with previous 
linkage studies that pointed to a single AT 
locus (18,22) and suggests that ATM is the 
sole gene responsible for AT. This conclu- 
sion requires reconsideration of the comple- 
mentation group phenomenon that has 

PI-3 kinase domain % 

ESRI 4.0- C 

3.3- - r 
2.8- " - w  - m - -  

rad3 t I- 

TORI 
1 2 -  

mTOR 

p110 

vps34 

i I I I I I I 
0 500 1000 1500 2000 2500 3000 

1.4 Length (amino acid residues) 

Fig. 4. Schematic diagram of representative PI-3 kinases. The protein sequences indicated were 
analyzed with the BLAST and MACAW programs (51). The sequences were drawn to scale as indicated 
by the length of the horizontal line for each protein. The 7-9 protein represents a partial sequence. The 
highly conserved regions within the PI-3 kinase domain are denoted by striped rectangles [Karlin-Altschul 
probability (P < 1 O-50; 40 to 50% identity]. The white boxes indicate regions of weak similarity with rad3 
(P = 1 O-4; 20 to 23% identity). Data (52) have shown that the published fad3 sequence is incomplete and 
that in fact rad3 encodes a2386-amino acid protein with asimilar domain structure to the ESRl and TOR 
genes. It has recently been shown (53) that ESRl is identical to a cell cycle checkpoint gene called MEC1. 
MECl mutants in budding yeast have cell cycle and radiosensitivity defects like rad3 mutants in fission 
yeast (54). Thin lines for each sequence indicate regions with little similarity (<20% identity). TORI, TOR2, 
and mTOR share a region of 40 to 67% similarity (thick lines for TOR1 and TOR2; graded lines for mTOR 
and other proteins indicate a range of similarity) that is not shared by 7-9. p110 is the 11 0-kD subunit of 
PI-3 kinase. 

Fig. 5. A deletion in the gene corresponding to the 
7-9 transcript in family ISAT 9. (A) A probe corre- 
sponding to the COOH-terminal 1.2-kb portion of 
the 7-9 ORF (residues 1 31 1 to 1 708, Fig. 3) was 
hybridized to a Southern blot containing Hind III- 
digested genomic DNA from several family mem- 
bers [see (41) for the complete pedigree]. C, con- 
trol. (B) Hybridization of the same blot with a probe 
spanning 0.94 kb at the 5' region of the ORF 
(residues 360 to 671, Fig. 3) showing complete 
lack of hybridization with all patient DNAs. Sizes 
are in kilobases. 
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dominated AT research for the last 13 years. 
This is particularly necessary in view of the 
lack of correlation between complementa
tion group assignment and the mutation sites 
or nature, and the identical homozygous mu
tation in patient AT2BR and the sibling 
patients AT1ABR and AT2ABR previously 
assigned to two different complementation 
groups (Table 1). AT patients were assigned 
to complementation groups on the basis of 
measurements of radioresistant DNA syn
thesis (RDS) (11) or radiation-induced 
chromosome breakage (49) in heterokary-
ons. However, RDS and radiosensitivity in 
AT cells can be dissociated from each other 
and modulated separately by in vitro manip
ulations of the cells, in particular by gene 
transfer (2). A variety of cDNAs introduced 
into AT cells were found to complement the 
radiometric sensitivity of these cells (13-15). 
Moreover, such complementation was 
achieved recently by the introduction of 
cDN A clones of the same gene, the gene for 
phospholipase A2, into group A cells (14) 
and into group E AT1ABR cells (15). Thus, 
cellular sensitivity and RDS appear to be 
modulated by genes and physiological factors 
unrelated to AT. In retrospect, they may 
have been unsatisfactory experimental clues 
to the AT genetic defect. 

The identification of a single gene re
sponsible for AT should enable clinical ge
neticists to offer reliable diagnostic tests, 
including prenatal diagnosis and carrier de
tection to all AT families. The possible role 
of the ATM gene in cancer predisposition 
in the general population, particularly 
breast cancer in women, makes this gene a 
potential target for screening. Elucidation 
of the full spectrum of AT mutations may 
enable the detection of AT carriers in the 
general population or in specific groups, 
such as cancer patients or individuals with a 
positive family history. Carrier detection 
may also allow a determination of whether 
preventive measures such as serial mam
mography are effective or even dangerous in 
this potentially radiation-sensitive group. 
Although major ethical and psychological 
implications of such tests should be consid
ered, these investigations may lead to a 
better understanding of the genetic back
ground of cancer in humans. 
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