
w ~ t h  6 x  SSPET at 22"C, and staned at room tem- 
perature w t h  stanng souton [streptavdn R-phy- 
c o e ~ h r n  (2 pg.'mI) (Molecular Probes) and acety- 
ated bov~ne serum albumin (0.5 mgiml) n 6 x  
SSPETj for 8 m n .  After they were stained, the chps 
were washed 10 tmes w~ th  6 x  SSPET at 22°C on a 
flu d c s  workstaton (Affymetrix). Hybrdzaton to the 
chip was detected by usng a confocal c h p  scanner 
(HP~Afymetrx) w~ th  a resouton of 40 to 80 pixels 
per feat,!re and a 560-nm flier. 

17. Catiddate SNPs were dent fed by using a comb-  
naton of four agorthms followed by a visual nspec- 
t~on.  A: each posltlon, the VDA contans one "ex- 
pected" probe (correspondng to the sequence from 
whch the c h p  was desgned) and three "varant" 
probes (containng a substtuton n the central p o w  
ton). The frst agorthm (base-calng) looked for po- 
s~tions at which, n some ndviduals, a varant probe 
gave a stronger s~gnal than the expected probe. The 
second algor~thm (custerng) consdered :he sgnal 
vector s,from the eght probes at poston i (fouvbase 
substitd~ons on both strands) in nd~v idua 1 and 
looked for pos~tons I at whch the vectors s,, fell n t o  
mult~ple clusters. The thrd  agorthm (mutant frac- 
tion) was s m a r  but focused only on the expected 
probe and a s~ngle variant probe at a time (rather 
than a three varant probes). The fourth agor~thm 
(footpr~nt detect~on) looked for the loss of signal that 
occurs at the expected probes n the neghborhood 
of an SNP (73, 75). The algor~thms have d~fferent 
sens~tlv~t~es for detect~ng heterozygous and homozy- 
gous varatons. 

18 As dscussed n the text below the proporton K of 
polymorphc stes IS expected to be proporiona to 
11- - 2-- + 3-- + . . . - (n - 1) -'I, where n IS tne 
number of genomes sampled. The propori~on of 
polymorph c s~tes IS thus expected to ncrease by 
39 3% when the number of genomes is Increased 
from 6 (In the gel-based survey) to 14 (In the chp -  
based survey). This agrees w e  w ~ t h  the obsewed 
ncrease of 38.8%. 

19. A relat~vely small sample slze suffices to capture 
muc:? of the common varaton. The sample sze of 
14 has a 50% chance of detectng an a lee with a 
frequency of 5%. Doubng the proporion of varant 
sites dentifled would reqllre increasing the number 
of genomes suweyed from 1 to 325, on the bass of 
the formula for K.  The larger sample size w tend to 
identty p~ymorphsms  with lower heterozygosty 

20. STSs were resequenced on both strands w~ th  dye- 
prmer and dye-termnator chemistry 

21. The chip-based approach has the further advatitage 
that long STSs can be analyzed, whereas gel-based 
sequencing IS im~ ted  to about 600 bp, It IS thus 
possbe to use fewer PCR products to analyze a 
regon. The current study d d  not take advantage of 
t hs  feature because we used short STSs areadv 
available from our prevous work (6, n. 

22. Confrmaton was n tally performed by mut  pass se- 
quencing but IS currently being done by usng the 
custerng test on genotyping chps. 

23. M. A. \!\!alter et a/., Nature Genet. 7,  22 (1 994) 
2L, The lowest dens~ty occurs on chromosome X, w l ich  

has the lowest dens~ty of STSs and which was 
screened n fewer total genomes n as much as the 
screening panel Included three males. 

25. For each SNP, PCR prlmevs were chosen w ~ t h  the 
PRIMER software package (6) to closely flank the 
polymorphc base and to have a predicted meltng 
temperature of 57°C. Fonvard and reverse prmers 
were syntheszed w~ th  the T7 and 73 promoter stes 
(5'-TAATACGACTCACTATAGGGAGA-3' and 5 ' -  
AATTAACCCTCACTAAAGGGAGA-3') at the~r re- 
spectlve 5'-ends. Each PCR prlmer pair was ndi- 
vdualy tested to determne f t produced a s n g e  
clear fragment v s b e  by agarose gel eectrophoress 
and ethid~um-bromide stalnlng, as descr~bed (6) 
PCR assays passng ths  test were further classif~ed 
as being strong or weak accordng to the y e d  of the 
fragment produced. Primer pars were grouped Into 
multpex sets, w~ th  the sets chosen to consst of 
either strong assays or weak assays. 

26. Multplex PCR was performed by usng multple PCR 
primer pars n a sngle reacton. Specfcaly, muti-  
plex PCR reactons were periormed n a 50.~1 vol- 

ume contanng 100 ng of human genornc DNA, 0.1 ECLUS procedure of the SAS software package 
to 0.2 p,M of each prlmer, 1 unlt of AmpTaq Gold (SAS nsttute). A maxmum of three nonoverappng 
(Perkin-Elmer), 1 mM deoxynucleotide trphosphates clusters was permitted, defned by ponts w~ th  a m n -  
IdNTPsi. 10 mM t rs -HC (DH 8.3) 50 mM K C ,  5 mM imum separation of 0.12. A locus f a e d  the cluster 
MSCI, and 0 ,00 j~ /b  geat ln,  ~h~~~~~~~~~~ was per. test if a the samples fell Into a s n g e  cluster, f the 

formed on a Tetrad (MJ Research). w~ th  n ~ t ~ a l  dena- gave but 

turaton at 96°C for 10 m n  foowed by 30 cycles of the heterOz~gOus or l f  

denaturation at 9 6 " ~  for 30 primer at many Samples (more than 9 of 39) f e  outsde the 

550C for mln, and primer extenson at 650C for three optimal clusters. A locus passng the cluster 
test gave rlse to e~ther three clusters (genotypes AA, 

m n .  After 30 cycles, a f n a  extenson reacton was AB, BB) or two clusters (genotypes AA, AB or BB, 
carried out at 65°C for 5 m n .  Because the resutina n o \  

PCR products were small, t was unnecessary to 
fragment them (as was done for the STSs n the SNP 
screen). The PCR products were then labeled w~ th  
b o t n  in a standard PCR reacton, by usng 7 7  and 
I 3  prmers w ~ t h  biotn labels at ther 5'-ends. The 
reacton was performed w ~ t h  1 pl of template DNA, 
0.1 to 0.2 p,M labeled prmer, 1 unt  of AmpiTaq Gold 
(Perkn-Elmer), 100 p M  dNTPs 10 mM t r~s-HC (pH 
8.3), 50 mM KCI. 1.5 mM MgCI, and 0.001 % gea- 
t ~ n  Thermocycng was performed w~ th  n ~ t ~ a l  dena- 
turaton at 96°C for 10 m n  followed by 25 cycles of 
denaturat~on at 96°C for 30 s, prlmer anneang at 
52°C for 1 m n ,  and prmer extenson at 72°C for 1 
m n .  After 25 cycles, a f ~ n a  extenson reacton was 
carred out at 72°C for 5 m n .  The PCR products 
from the varous mult~plex reactons for an ndvdual 
were then pooled together. One-tenth of the pooled 
sample was denatured and used for chp  hybrdiza- 
ton.  Chps were hybrdzed. washed, stained and 
scanned, as above (76). 

27. D. G Wang, unpubshed obsewatons. 
28 A classification procedure for assgning genotypes 

was der~ved for each locus on the bass of the hy- 
brdizaton results obsewed n a test popuaton of 39 
ind~v~duals. The proportions of the two alleles 
present n the /-ti: sample, denoted T,, and T,,, 
(wth w,, + T ~ , ,  = 1) were estmated essentaly by 
comparng the observed hybridzaton sgna  to the 
expected sgnas for the two VDAs. The values T,,, 
for the 39 md~v~duals he n the n tewa [0,1] and 
should dealy cluster near 0, 0.5, and 1.3, but other 
patterns m~ght occur because of difierences n hy- 
bridzaton Intensity between the two alleles. The va -  
ues were optimally clustered (33) w ~ t h  the MOD- 

no,. 

29. Subsequent samples were genotyped accordng to 
the cluster n whch the hybr~dzaton pattern fell, with 
no genotype being called for samples f a n g  outsde 
these predef~ned clusters. 

30. W.-H. Li, Molecuiar Evolution (Snauer. Sunderland. 
MA, 1997); N. Takahata and Y. Satta. Proc. Nati. 
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RasGRP, a Ras Guanyl Nucleotide- 
Releasing Protein with Calcium- and 

Diacylglycerol-Binding Motifs 
Julius 0. Ebinu, Drell A. Bottorff, Edmond Y. W. Chan, 

Stacey L. Stang, Robert J. Dunn, James C. Stone* 

RasGRP, a guanyl nucleotide-releasing protein for the small guanosine triphosphatase 
Ras, was characterized. Besides the catalytic domain, RasGRP has an atypical pair of 
"EF hands" that bind calcium and a diacylglycerol (DAG)-binding domain. RasGRP 
activated Ras and caused transformation in fibroblasts. A DAG analog caused sustained 
activation of Ras-Erk signaling and changes in cell morphology. Signaling was associ- 
ated with partitioning of RasGRP protein into the membrane fraction. Sustained ligand- 
induced signaling and membrane partitioning were absent when the DAG-binding do- 
main was deleted. RasGRP is expressed in the nervous system, where it may couple 
changes in DAG and possibly calcium concentrations to Ras activation. 

T h e  cellular properties of neurons are cules can regulate the activities of protein 
modulated by a nuinber of extrinsic signals, kinases ( 1  ). As the mechanisms linking Ras 
i~lcluding synaptic activity, neurotrophic signaling to nerve function are not corn- 
factors, and hormones. These signaling sys- pletely understood, we developed a cDNA 
tems alter the i~ltracellular concentrations cloning approach to identify proteins that 
of second messengers such as calcium and e~lhance Ras signaling in the brain. From 
cyclic nucleotides, and these small mole- rat brain inRNA, we derived cDNAs that 
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Fig. 1. Structures of rbc7 and RasGRP proteins. (A) Schematic domain 
structure map of RasGRPkbc7. The REM box, CDC25 box, EF hands, and 
DAG-binding domain (DG) are shown as open boxes. The regions found in 
RasGRP but missing in rbc7 are shown as hatched boxes. (B) The se- 
quence of RasGRP was deduced from the sequence of the rbc7 isolate 
and from overlapping cDNA clones. The entire coding sequence was 
confirmed from PCR products recovered by reverse transcription PCR 
from rat brain RNA. RasGRP and rbc7 differ at two internal sites: Asp404 is 
Asn in rbc7 and Gly576 is GIu in rbc7. The Met and Pro residues underlined 
represent the first and last residues of the deduced rbc7 product. rbc7 
encodes a 550-residue, 63.4-kD product. RasGRP encodes a 795-resi- 
due, 90.3-kD product (Genbank accession number AF060819). (C) Se- 
quence comparisons of the deduced protein primary structures. The REM 
box and the three structurally conserved regions (SCRs) within the CDC25 
box (29) are aligned with the corresponding regions of mouse SOSl (70) 

RasGRP 58 .XWLRDLI DSCIQSFDAD .GNLCRSNQL I.4IICIWW IISSA_UU)B W L T  
RdsGRFl 632 IRYISVEW . .L TDLRFLSIDF LNTFLHSYRY FTDAVVVLDB LISIT 
rnSOS-1 617 IXA&KLI LR.. . . . . .L TYHMYADPNF VRTFLTTYRS FCRPQELLSL L I E W  - . .. . 
RasGRP 201 D H L  EEESLSEHLT YLTFKSTRP.1 
RasGRFl 1005 EEXH SAMTIAEQLT LWHLVmSI 
rnSOS-1 793 LLTL HEILIARQLT LLESDLYRAV 

-15 SCR I1 ... . .. . 
RasGRP 271 ?.A LBFIXCIHVA QKLHQLPtmO TIIRVIGGLC HSSISIILKET S 
RasCRFl 1077 ?.A STIEIPflAVA DICBCL- AVLEITSSIN BSAIFRLKKT W 
mSOS-1 865 RV AYVSRIIEIL QVFQELK' GVLFJ!LSW SSi.WllLD'3 F - ...  . . 
RasGRP 349 HFK IPILQVHLKD LLSL-P 
RasGRFl 1156 PC. WY-Tp LAFLEEQTPN 
mSOS-1 942 PC. WFFOIYLTN ILKTEEQNPE - . . . . ..... . . . . . . . . . 
RasGRP 475 VDWTIWS -POEL FEKIRRS. ... ..FPF..SFCVn DEWWLIBRDI ITAYFHRA 
Cal 8 91 LRFURIT m W N I P U G I  LFQVLKH -114:- MK..TIINA WZGPORISFU FCAWGGL 

and rat RasGRFl (8). The EF hands are aligned with those of calcineurin B 
(Cal B) (30). The DAG-binding domain of RasGRP is aligned with that of 
PKCF (31). In all alignments, residues that are identical or chemically similar 
are in bold; those that are identical are marked with an asterisk. In the 
alignments of the REM and CDC25 boxes, residues that are underlined in 
RasGRP are identical or similar to either SOSl or RasGRF1. In the align- 
ment of the EF hands, the underlined residues are those that interact with 
calcium. In the alignment of the DAG domain of RasGRP to that of 
PKC8,the underlined residues are those that coordinate with zinc atoms 
and are conserved in all DAG-binding proteins (32). 

could complement a transformation-defec- 
tive allele of v-H-ras in a fibroblast trans- 
formation assay 2). 

One cloned cDNA, rbc7 (rat brain 
cDNA 7), was weakly transforming in rat2 
fibroblasts in the absence of the transforma- 
tion-defective allele of v-H-ras. However, 
the rbc7 product did appear to function in 
the Ras pathway. The morphology of trans- 
formed foci was similar to that obtained 
wi th an activated version of Ras. Compared 
wi th control cells, pooled populations of 
rbc7-expressing cells exhibited a higher sat- 
uration density, some anchorage-indepen- 
dent growth, and a tumorigenic phenotype. 
More pronounced morphological transfor- 
mation was exhibited by rat2 cells express- 
ing rbc7 and overexpressing c-H-ras. We  
also observed strong morphological trans- 
formation when rbc7 was expressed in 
rv68BUR, a somatic mutant that is hyper- 
sensitive to transformation by Ras. This 
rat2 derivative i s  heterozygous for an acti- 
vating mutation in Mekl, a kinase that 
functions downstream of Ras in cell trans- 
formation (3, 4). 

J. 0. Ebinu, D. A. Bottorff, E. Y. W. Chan, S. L. Stang, 
J. C. Stone, Department of Biochemistry, University of 
Alberta, Edmonton, Alberta, Canada T6G 2H7. 
R. J. Dunn, Center for Research in Neuroscience, Mon- 
treal General Hospital Research Institute, Montreal, Que- 
bec, Canada H3G 1 A4. 

'To whom correspondence should be addressed. E-mail: 
jim.stoneQualberta.ca 

Analysis of the sequence o f  rbc7 and guanyl-releasing protein), was determined 
the deduced protein product indicated from rat brain cDNAs isolated from a 
that the c D N A  i s  a 5 '  and 3' truncated phage library and from polymerase chain 
version o f  a larger normal transcript (Fig. reaction (PCR) products (5). Within the 
1A). The sequence of the normal version predicted rbc7 and RasGRP polypeptides, 
o f  rbc7, which we refer to  as RasGRP (Ras we identified several putative functional 

Fig. 2. Biochemical analysis of Ras- 
GRP proteins. (A) Dissociation of 
Ras-GDP promoted by RasGRP. 
Release of PHIGDP from Ras was 
followed with an immunoprecipita- 
tion procedure (13). Reactions in- 
cluded buffer (Buff.), RasGRP (cat- 
alytic region) (GRP), or p30GRFl 
(GRFI), as indicated. Values repre- 
sent the proportion of GDP that 
was released from the Ras-GDP 

.- 
0 

50 W 
2 
a 
I- 
0 

0 -- 
Buff. GRP GRFl 

" Buff. GRP GRFl 

complex and are the average of c 
three determinations with the stan- 
dard error of the mean indicated. 
(B) Association of Ras and GTP + 
promoted by RasGRP. Ras was in- 
cubated with [c~~~-P]GTP, and the formation of R 
(13). Reactions included buffer, RasGRP (catalytic region), or p3OGRF1. , 
as indicated. The amount of complex that formed is expressed as a 
proportion of that observed under saturating conditions. (C) Binding of 

product fused to GST were resolved by SDS-PAGE, blotted to nitrocel- 
calcium by GST-RasGRP proteins. Proteins consisting of the rbc7HA 0 

1 2 3 4  
lulose, and then probed with 45Ca. Lane 1, wild type; lane 2, GST-EFI- 
(the first EF hand mutated); lane 3, GST-EF2- (the second EF hand mutated); and lane 4, GST- 
EF1 -EFT (both EF hands mutated) (16). (D) Interaction of the DAG-binding domain with a DAG analog. 
Test samples were incubated with labeled PDBu, and ligand complexed with protein was assessed by 
filter binding. Column 1, buffer control; column 2,50 pg of soluble mouse brain protein (including PKC); 
column 3, 50 pg of GST protein; and column 4, 50 pg of GST-DG protein (7 7).  Values are the average 
of three determinations with the standard error of the mean indicated. 
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regions (Fig. 1). The catalytic region in- 
cludes the CDC25 box, named for the 
prototypic Ras activator from Saccharomy- 
ces cerevisiae (6), and the Ras exchange 
motif (REM) typical of guanyl nucleotide- 
releasing factors that interact with Ras 
and its closest relatives (7). From the anal- 
ysis of conserved sequences within the 
CDC25 box, RasGRP exhibits about 50% 
similarity to RasGRFl, a brain-specific 
Ras activator that is regulated by calcium- 
bound calmodulin (8, 9). RasGRP also 
exhibits about 50% similarity to SOSl 
(lo), a Ras activator that links receptor 

tyrosine kinases to Ras in a variety of cell 
types (I I ). 

Besides the catalytic region, RasGRP has 
a structure resembling a pair of calcium- 
binding "EF hands" (12). This calcium- 
binding module differs from the typical 
paired EF hand structure in that the region 
between the calcium-binding loops consists 
of only 15 residues rather than the 20 to 30 
residues typically found. RasGRP also has a 
diacylglycerol (DAG)-binding domain. On 
the basis of the sequence analysis of the 
CDC25 box and the presence of the EF 
hands and the DAG-binding domain, Ras- 

"lye --- 
P M A -  + - + -- 

- 7HA E untreated PMA 

D P S P S  ---- 
Ab 

- 7HA 

, . - Y w --ADG 

Fig. 3. Facilitation by RasGRP proteins of 
Ras signaling initiated by PMA and endo- 
thelin-1 . (A) Cells were incubated with 32Pi 
for 4 hours to label GTP and GDP pools. 
Rat2 cells expressing the empty vector (1, 
2) or the rbc7-expressing vector (3,4) were 
either untreated (1, 3) or treated with PMA 
for 2 min (2,4). Guanyl nucleotides associ- 
ated with Ras were immunoprecipitated 
and analyzed. The values represent the 
amounts of GTP expressed as a percent- 
age of total guanyl nucleotide (19). 7HA, 
rbc7HA. (B) Rat2 cells expressing empty 
vector (Pure) or RasGRP (GRP) were either 
left untreated or treated with endothelin-1 
(Endo-1) (100 nM) for 10 min. postnuclear 
cell tysates were prepared and then incu- 

bated with either GST-RBD (the Ras-binding domain of Raf) (+) or GST alone (-). After precipitation. 
21-kD Ras was detected with an immunoblot method. Cells also overexpressed c-H-Ras. The total 
amounts of Ras in the lysates were very similar. (C) The activation state of Erk was assessed with an 
SDS-PAGE mobility shift assay after various periods of PMA treatment. Lanes 1 to 8, untreated or 
treated for 2, 5, 10, or 60 min or 4, 6, or 8 hours. Rat2 cells expressed empty vector (top), rbc7HA 
(middle), or ADG (bottom). The arrows indicate the positions of the phosphorylated pp42 species of 
Erk2. Erkl behaved similarly but was only visualized upon longer exposure to film. (D) Cell morphology 
was studied after exposure to PMA (1 00 nM) for 40 hours. Rat2 cells expressing rbc7HA were exposed 
to solvent control (panel I), PMA (10% serum) (panel 2), or PMA (0.5% serum) (panel 3). Rat2 cells 
expressing ADG were exposed to solvent control (panel 4), PMA (1 0% serum) (panel 5), or PMA (0.5% 
serum) (panel 6). (E) Rat2 cells that expressed either rbc7HA or ADG were labeled with p5S]methionine 
overnight, treated with either solvent or PMA for 2 min, and then disrupted in a Tenbroeck-style 
homogenizer. After a low-speed centrifugation to remove unbroken cells and nuclei, the lysates were 
centrifuged at 100,000g to prepare particulate (P) and soluble (S) fractions. Proteins in each fraction 
were solubilized in buffer containing Triton X-100, and RasGRP proteins were precipitated with an 
antibody to HA, resolved by SDS-PAGE, and visualized by fluorography. 

GRP appears to be a third type of mamma- 
lian Ras guanyl nucleotide-releasing factor 
in the CDC25 family. 

We used bacterial systems to express 
RasGRP sequences, and the expressed pro- 
teins were tested for the relevant biochem- 
ical activities. A protein consisting of the 
catalytic region enhanced dissociation of 
the Ras-guanosine diphosphate (GDP) 
complex and the association of Ras with 
guanosine triphosphate (GTP) (Fig. 2, A 
and B) (1 3). No activity was observed when 
either R-Ras or RhoA was used as a sub- 
strate (14). Recombinant RasGRP protein 
and Ras also formed a stable complex in 
vitro (15). To examine binding of calcium 
to the EF hands, we resolved-glutathione 
S-transferase (GST)-RasGRP fusion pro- 
teins expressed in Escherichia coli by electro- 
phoresis, transferred them to a nitrocellu- 
lose filter, and probed them with 45Ca (Fig. 
2C). GST-GRP bound calcium, as did 
GST-EF1-, which contains alanine substi- 
tutions in the first EF hand (1 6). In con- 
trast, GST-EF2- and GST-EF1-EF2-, 
which contain substitutions in the second 
EF hand or both EF hands, respectively, did 
not bind calcium. Thus, the second EF 
hand is apparently the higher affinity site. 
A fusion protein consisting of GST and the 
DAG-binding domain bound to [3H]phor- 
bol 12,13-dibutyrate (PDBu), a DAG ana- 
log (Fig. 2D) (1 7). 

To determine how the domains of Ras- 
GRP might contribute to Ras function, we 
engineered fibroblasts to express various 
forms of the protein. A hemagglutinin 
(HA) epitope-tagged version of the trans- 
forming sequence, rbc7HA, directed ex- 
pression of a 66-kD protein (1 8). Relative 
to rat2 cells expressing the empty vector, 
cells expressing rbc7HA exhibited an in- 
creased amount of Ras-GTP (Fig. 3A) 
(19). When cells expressing rbc7HA or 
full-length RasGRP were treated with 
phorbol 12-myristate 13-acetate (PMA), a 
DAG analog, the amount of Ras-GTP in- 
creased. To examine the response to more 
physiologic stimuli, we treated cells ex- 
pressing RasGRP with endothelin-1. In 
parental rat2 cells, this peptide growth 
factor results in weak activation of the 
mitogen-activated protein kinases, Erkl 
and Erk2, probably by tyrosine kinase- 
dependent pathways (20). Endothelin-1 
also stimulates phospholipid breakdown in 
rat fibroblasts (21), and this process in- 
creases the concentrations of membrane 
DAG and free cytoplasmic calcium. Rat2 
cells engineered to express full-length Ras- 
GRP exhibited an increased level of Ras- 
GTP that increased further when cells 
were treated with endothelin-1 (Fig. 3B). 

Treatment of parental rat2 cells with 
PMA resulted in transient and incomplete 
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activation of Erk (Fig. 3C). This process 
may have involved the direct activation of 
the Raf-Mek-Erk protein kinase cascade by 
protein kinase C (PKC) (22), and it did not 
involve an increase in Ras-GTP (Fig. 3A). 
When cells expressed full-length RasGRP 
or the truncated rbc7HA protein, PMA- 
induced activation of Erk was strong and 
sustained. When cells expressed ADG, a 
version of rbc7HA missing the DAG-bind- 
ing domain (Fig. lA), Erk activation was 
similar to that seen with the empty vector 
(Fig. 3C). 

When subjected to prolonged exposure 
to PMA, rat2 cells expressing rbc7HA as- 
sumed a transformed morphology (Fig. 3D). 
Reducing the concentration of serum in the 
culture medium from 10 to 0.5% exagger- 
ated this effect of PMA on morphology, 
although serum reduction alone was with- 
out effect. The ADG protein did not facil- 
itate a substantial PMA-induced change in 
cell morphology, confirming the impor- 
tance of the DAG-binding domain for Ras- 
GRP signaling. 

To question whether DAG signaling 
might serve to recruit RasGRP to the plasma 
membrane, where it can interact efficiently 
with Ras, we monitored subcellular fraction- 
ation of RasGRP. Less than half of the 
rbc7HA protein was found in the membrane 
preparation from untreated cells. More of the 
protein was associated with the membrane 
fraction after PMA treatment (Fig. 3E). This 

increase was not seen with the ADG protein. 
A single 5.6-kb RasGRP RNA species 

was detected in brain but not in other tis- 
sues (Fig. 4A) (23). Expression of the nor- 
mal RasGRP transcript was widespread in 
the brain with the highest grain densities in 
the hippocampal CAI and CA3 fields (Fig. 
4B) (24). The majority of the grains were 
located within the pyramidal cell layers, 
probably over the pyramidal cell bodies. In 
contrast, we did not detect RasGRP mRNA 
in the granule cells of the adjacent dentate 
gyrus. 

Ras-GTP is thought to stimulate at least 
two effector pathways: the Raf-Mek-Erk ki- 
nase cascade and the phosphoinositide 
3-OH kinase pathway, which can result in 
activation of the protein kinase AktlPKB 
(25). In neurons, signaling in the Raf-Mek- 
Erk pathway promotes differentiation, ax- 
onal growth, and synaptic plasticity (26), 
whereas signaling through AktlPKB is asso- 
ciated with cell survival (27). Our character- 
ization of RasGRP suggests that it is a Ras 
activator that links DAG and possibly calci- 
um second messengers to Ras output in neu- 
rons. Both calcium and DAG can arise from 
several sources in neurons, and they could 
affect RasGRP independently. Altemative- 
ly, receptors linked to phospholipase C stim- 
ulate cleavage of phosphatidylinositol bis- 
phosphate, and the resulting calcium and 
DAG signals could coordinately regulate 
RasGRP (28). 

Fig. 4. Expression of RasGRP RNA 
in the nervous system. (A) RNA blot -. 

% 
hybridization of RasGRP transcripts 
from transformed cells and various 
adult rat tissues. Lane 1, rat2 cells engineered to express rbc7HA; lane 2, brain; lane 3, liver; lane 4, lung; 
and lane 5, intestine. In other blots, heart, muscle, spleen, and uninfected rat2 fibroblasts were negative. 
Exposure was for 4 days. The agarose gel was stained with ethidium bromide before blot transfer to  
check that the RNA was intact and that each lane contained similar amounts of RNA. Numbers at left are 
molecular masses given in kilobases. (B) Expression of RasGRP mRNA in the adult hippocampus. (a) 
Film autoradiograph of coronal section showing localization of RasGRP mRNA in CA I  and CA3. Label 
in the dentate gyrus (DG) is not above background levels. (b) Emulsion autoradiography showing the 
section outlined by the square in (a). RasGRP is restricted to the regions over the pyramidal cell bodies 
in these sections. 
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Mutations in the SMAD4/DPC4 Gene in 
Juvenile Polyposis 

James R. Howe," Stina Roth, John C. Ringold, 
Robert W. Summers, Heikki J. Jarvinen, Pertti Sistonen, 
Ian P. M. Tomlinson, Richard S. Houlston, Steve Bevan, 

Frank A. Mitros, Edwin M. Stone, Lauri A. Aaltonen 

Familial juvenile polyposis is an autosomal dominant disease characterized by a pre- 
disposition to hamartomatous polyps and gastrointestinal cancer. Here it is shown that 
a subset of juvenile polyposis families carry germ line mutations in the gene SMAD4 (also 
known as DPC4), located on chromosome 18q21 . I ,  that encodes a critical cytoplasmic 
mediator in the transforming growth factor-p signaling pathway. The mutant SMAD4 
proteins are predicted to be truncated at the carboxyl-terminus and lack sequences 
required for normal function. These results confirm an important role for SMAD4 in the 
development of gastrointestinal tumors. 

Familial juvenile polyposis (JP) is an auto- 
soma1 dominant disease in which individu- 
als are predisposed to hamartomatous pol- 
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yps and gastrointestinal cancer. Gastro111- 
testinal malignancy develops in 9 to 68% of 
JP patlents ( 1 ) .  Two groups have reported 
that a subset of JP  patients harbor muta- 
tions in the protein phosphatase gene 
PTEN, located on chromosome 10q23 (2) .  
PTEN is somatically mutated in many hu- 
man tumor types and is the gene responsible 
for Cowden disease and Bannayan-Ruval- 
caba-Riley syndrome (3). Other groups 
have found no evidence of linkage to mark- 
ers on 1Oq or PTEN mutations in JP faml- 
lies (4). These results suggest that there IS 

genetlc heterogeneity in JP families, or that 
JP patients previously described with 1Oq 
abnormalities may have actually been Cow- 
den disease or Bannayan-Ruvalcaba-Riley 
syndrome patients (5). 

We  recently mapped a gene predisposing 
to JP  to chroinosome 18q21.1, between 
markers D18S1118 and D18S487 (6),  an 
interval that contains the two putative tu- 
mor suppressor genes DCC and SMAD4 
(7). The high incidence of colorectal call- 
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