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16 	 Xotochords wcrc removed from stagc 10 chick 
donor embryos. The vitclline rncmbraic of host 
chicks above the area to bc oocratcd was rcrnovcd. 
an Inclslon \Yay made through cctodcrrn and rncso- 
dcrm, and the cndodcrm \vas lcfi intact. In Ytagc 10 
hosts, grafts \vcrc positioned adlacent to  the closing 
neural tubc at nonscgnientcd Icvcl~. In stages 1 I to  
14 hosts, gratis were posltioncd bcnvecn the spinal 
cord and prospectlvc soniltcs 10 to  18 tggshclls 
\\.ere scaled and embryos allo\vcd to  develop a 
further 40 to  48  hours at 38°C. The approximate 
location of thc graftcd notochord was ind~catcd by 
d~splaccrncnt of somltcs from thc spinal cord. The 
graftcd notochord often elongated in ovo. The 
graftcd notocliord ~ n d  appropriate rcglons of the 
spinal cord \\ere dissected and tcstcd for exprcsslon 
of thc chcmoa~mctant.  

17.  Stage 7 notochord alone occasionally Induced axon 
outgro\vth (Fig. 3) (16% ofexpiants, n = 44; 4 i 1 
bundles per posiuve explants, SEM; P < 0.16 when 
compared wlth dorsal explant cultured alone; SN- 
dent's t test), although the amount is not s d i c ~ m t  
to account for the chemotrop~c acuvlty detected In 
neural plate-notochord coculmres. Stage 10 noto- 
chord, which can induce chemouopic activity in 
neural tissue In \ i tro (.?0),ncvcr cvokcd .uon out^ 

growth ( 1 1  = 23) The lo\v amount of actlvln dc- 
tcctcd In stagc 7 notochord may have been due to  
production of c h e n i o ~ ~ r a c t a n t  by the notochord or 
to  leaching of chemoanractant prcv~ously rclcascd 
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bv 	 the Hoor platc and tx,~uid to  the notochord 
before ~ t s  removal from the c m b n o  

18 	The dors.11 spin.11 cord explait may provide a cofac- 
tor that acts In concert \v~th the notochord-der~vcd 
~ ~ g n a lto Induce chcrnotn~pic acti! ln in the lateral 
ncural platc. Ho\vcvcr. \vc cannot test thls dlrcctly 
bccause the a~say of ason outgn~wth  rcqulres the 
prescncc of spinal cord tlsyue. 
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20. Stages 	 10 to  12 caudal \.cntral m~dlinc cultured 
alone \vltIi a dorsal crplant d ~ d  not cvokc n o n  
outgrcnvth [hOh of cxplants, 2 buncllcs pcr posit~ve 
cxplu t  (mcmi.  11 = 161. In conua?t, ~tages 10 n) 12 
caudal lcntral rnidllnc cultured \ \ ,~ th  stagc 10 noto- 
chord o p p o ~ ~ t c  dorsal cxplant cvokcd cxtcn?Ivc .I 

outgro\vth (88% of cxpl~nts. 11 ? 3.7 b~uidlc? per 
p o ~ ~ t i v ccxplant SEIM; I I  = 8 ) .  .%yon outgro\vth \ v a ~  
also obscned \vhcn stagc 10 lateral neural mbc \ v a ~  
culn~rcd together \vlth stagc 10 notochorci (55% of 
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Correction of a Defect in Mammalian GPI Anchor 
Biosynthesis by a Transfected Yeast Gene 

Glycosylphosphatidylinositol (GPI) serves as a membrane anchor for a large number 
of eukaryotic proteins. A genetic approach was used to investigate the biosinthesis of 
GPI anchor precursors in mammalian cells. T cell hybridoma mutants that cannot 
synthesize dolichol-phosphate-mannose (Dol-P-Man) also do not express on their 
surface GPI-anchored proteins such as Thy-1 and Ly-6A. These mutants cannot form 
mannose-containing GPI precursors. Transfection with the yeast Dol-P-Man synthase 
gene rescues the synthesis of both Dol-P-Man and mannose-containing GPI precur- 
sors, as well as the surface expression of Thy-1 and Ly-6A, suggesting that Dol-P-Man 
is the donor of at least one mannose residue in the GPI core. 

ANUMBER O F  EUKARYOTIC PRO-

teins, such as Thy- 1, Ly-6A, and the 
variant surface glycoprotein (VSG) 

of the protozoan Tqlpar~osornn bvuct'i, are 
attached to the cell membrane by a GPI 
anchor (1, 2). The GPI anchors of T. llrrrcci 
VSG and rat brain Thy- 1have a remarkably 
consened core structure (3, 4, which sug- 
gests that a common biosynthetic pathlvay 
may have been consewed throughout eu-
kanotic evolution. For VSG, the first step in 

GPI anchor biosynthesis is the transfer of 
X-acetylglucosamine (GlcNAc) from uri-
dine 5'-diphosphate (UDP)-AV-acenlglu-
cosamlne to phosphat~dvl~nos~tol,  w h ~ c h  is 
followed bv N-deacetylation to form glu- 
cosam~nylphosphat~dvlinos~tol(7, 6)  Sub-
sequently, three mannose residues are added 
from either panosine 5'-diphosphare 
iCDP)--mannose or 1301-P-Man. after 
;vhich'phosphoethanolamine is added. The 
completed GPI core is then transferred en 
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bloc to the COOH-termini of proteins with 
appropriate cleavage and attachment signals 
(2 .  7-9'). ~. , 

A panel of T cell hybridoma mutants that 
synthesize Thy-1 and Ly-6A but cannot 
express them on the cell surface, presumably 
due to defects in the synthesis or attachment 
of the GPI anchor, has been described (10). 
To define the precise defect, we incubated 
wild-type (YH16.33) and mutant (M38120) 
hybridoma cells with [3H]mannose in the 
presence of tunicamycin-to block the for- 
mation of dolichol-linked oligosaccharides. 
[3H]Mannose-labeled glycolipids were then 
extracted and examined by thin layer chro- 
matography (TLC) (Fig. 1). The wild-type 
hybridoma synthesized at least four distinct 
mannose-containing glycolipids (referred to 
as glycolipids 1 to 4) (Fig. lA), whereas the 
mutant hybridoma did not (Fig. 1B). Gly- 
colipid 1 could also be labeled with 3H- 
labeled inositol, glucosamine, or  ethanol- 
m i n e  (11). Glycolipid 1 was sensitive to 
treatment with nitrous acid (HNO,), but 
resistant to treatment with dilute hydrochlo- 
ric acid and a-mannosidase (Table 1); it 
therefore satisfied the proposed criteria for 
the completed GPI core (5, 12). Glycolipid 
1, however, was resistant to phosphatidylino- 
sitol-specific phospholipase C (PI-PLC) treat- 
ment, suggesting that it may be acylated with a 
fatty acid in the inositol residue ( 13) (Table 1). 
The absence of glycolipid 1 in the mutant 
indicated that the latter's failure to express 
Thy-1 and Ly-6A was attributable to a defect in 
GPI anchor synthesis. 

Glycolipids 2 and 3 were sensitive to 
treatment with HNO, and a-mannosidase, 
indicating that they were mannose-con- 
taining GPI compounds (Table 1). The oli- 
gosaccharides liberated from HNO, treat- 
ment of glycolipids 2 and 3 were reduced 
with sodium borohydride and analyzed by 
high-pressure liquid chromatography (HPLC) 
(1 4). Reference oligosaccharides were iso- 
lated from the urine of a patient with a-man- 
nosidosis; these compounds, with composi- 
tion Man,GlcNAc (where x = 2 to 9), were 
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used because of their close structural simi- 
larity to the products of HNO, treatment 
and their similar chromatographic proper- 
ties (15). The major compounds derived 
from glycolipids 2 and 3 had the same 
retention times as the trisaccharide 
Man,GlcNAc and the chemically synthe- 
sized disaccharide ManGlcNAc (1 6), respec- 
tively. A similar analysis of material eluting 
be&een glycolipids 1 and 2 suggested the 
presence of a compound containing three 
mannose residues. Glycolipid 4 was not a 
GPI precursor because it was resistant to 
treatment with HNO, and a-mannosidase. 
This glycolipid was identified as Dol-P-Man 
because it comigrated with an authentic 
Dol-P-Man standard and released mannose 
quantitatively after mild acid hydrolysis 
(17). The absence of glycolipids 1, 2, and 3 - .  - 
in a mutant that cannot synthesize Dol-P- 
Man suggested that Dol-P-Man was re- 
quired for the synthesis of mannose- 

Fig. 1. Mannose-containing glycolipids in wild- 
type (YH16.33) (A), mutant (M38120) (B), and 
transfected (BL20) (C) cells. Hybridoma cells 
(20 x lo6) were labeled for 45 min with 
[3H]mannose (20 p,Ci/ml) in low glucose RPMI 
containing tunicamycin (1  pglml). Lipids were 
extracted with CHC13:CH30H:H,0 (10: 10:3), 
and the lipid extract was dried, dissol\red in water- 
saturated butanol, and partitioned with H 2 0 .  In a 
typical experiment, 15,000 cpm were extracted 
from the wild type and 10,000 cpm from the 
transfectant. Portions of the butanol phases cor- 
responding to the same number of cells were 
analyzed by TLC on silica gel 60 plates. The plates 
were developed in CHCI,:CH30H:H,0 
(10: 10: 3) and analyzed with a linear radioisotope 
scanner (Berthold, Hanover, New Hampshire). 
Each lane was scanned for 5 min, and the tracing 
was smoothed electronically. 

Fig. 2. Northern blot analysis of mRNA isolated 
from wild-type (YH16.33) (lane l ) ,  mutant 
(M38120) (lane 2), and transfected (BL20) (lane 
3) cells. Cell pellets were lysed in 4 M guanidin- 
ium th iqana te  and extracted with phenol as 
described (30). RNA was size-fractionated on 1% 
agarose-formaldehyde gels and transferred to ni- 
trocellulose filters in 0.1 x SSC (standard saline 
citrate). The DNA probes specific for DPMl and 
Ly-6A were excised by digestion with appropriate 
restriction enzymes and purified on agarose gels. 
Purfied inserts were labeled with 32P by random 
primer extension (31, 32). Baked nitrocellulose 
filters were prehybridzed and then hybridized 
with 32P-labeled probes for 20 hours at 42°C in 
50% formamide, 5 x SSC, 1 x Denhardt's solu- 
tion, 20 mM sodium sulfate, and 10% dextran 
sulfate. Hybridized blots were then washed at 
65°C in 0.1% SDS and decreasing concentrations 
of SSC (2x to 0.1 x ) ,  and finally autoradio- 
graphed at -70°C. 

containing GPI precursors. This was further 
supported by the analysis of [3H]mannose- 
labeled glycolipids in two independently de- 
rived hybridoma mutants defective in Dol- 
P-Man synthesis. In both cases, no 
mannose-containing GPI precursors were 
detected (1 1). 

Dol-P-Man is synthesized from dolichyl 
phosphate and GDP-mannose in a reaction 
catalyzed by Dol-P-Man synthase ( 18). Our 
mutants were not deficient in either sub- 
strate because they accumulated truncated 
N-linked glycan precursors (19). To ascer- 
tain whether the defect involved Dol-P-Man 
sythase, we tested the ability of the yeast 
Dol-P-Man synthase gene, DPM1, to com- 
plement the biosynthetic defect in the mu- 
tant (20). For this purpose, we cloned 
DPMl into a cytomegalovirus (CMV) vec- 
tor (21). This construct was introduced by . . 
electroporation into three independently de- 
rived mutants defective in Dol-P-Man syn- 
thesis. Transfectants resistant to antibiotic 
G418 were then subcloned, and 31 stable 
transfectants were obtained. Analysis was 
performed on subclones that were grown in 
regular culture medium for several weeks. 
Results from BL20, a representative trans- 
fectant derived from M38120, are described. 

Northern blot analysis of mRNA isolated 
from the wild-type (YH16.33), mutant 
(M38/20), and transfected (BL20) cells 
showed that they all expressed similar 
amounts of Ly-6A mRNA (Fig. 2). How- 
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Log relatlve fluorescence intensity 

Fig. 3. I~nrnunofluoresce~~ceanalysis of L!.-6.1 
(A, C. and El and Thy-1 (B, D, and F) cxpresslon 
inwild-npe (YH16.33) (A and R ) .  mutant (hi381 
201 ( C a ~ d111, a ~ d  F )transfcctcd (BL201 [E a ~ d  
cells. Staining and analmi were performed as 
described ( 10). Solld traces. \rlth spcc~tic anti-

body; dottcd traces, negative controls. Scale for 
the vertlcal x i s  is from 0 to 250. 

eler, the DP.tI1 transcript could onlv be 
detected In the transfectant. The  DP.II1 
product \vas t i lnct~onal In the transfectant 
because Dol-P-hIan svnthesls \\as restored 
(glycol~pld 4 ,  Fig 1C) .  The  abllltv o f  the 
yeast en7vme t o  tilnction In the mammalian 
system suggested consenation in the syn- 
thesis o f  Dol-P-hIan, a crucial substrate in 
the N-linked glycosylation path\vay ( -31) .  
Despite the lo\ver amount o f  Dol-P-Xlan in 
the transfectant, formation o f  the mannose- 
containing GPI  precursors-glycolipids 1,  
2, and 3-was completely restored (Fig. 
1C) .  This result provided direct evidence 
that Dol-P-Xlan was required for GPI  an- 
chor synthesis in vivo. The  restored G P I  

anchor allo\ved the expression o f  Thy-1  and 
Ly-6A o n  the cell surface (Fig.  3). Because 
the p h e n o ~ p e  o f  the transfectant \vas stable 
in regular culture medium for over 2 
months, the expression o f  Thy-1 \iras n o t  a 
result o f  metabolic correction by G 4 1 8  (-32). 

T o  s h o n  that Thy-1  and L y - 6 h  were 
indeed GPI-anchored, \ve treated both  the 
\vild-vpe and transfected cells with PI-PLC 
and analyzed them by irnmunofluorescence. 
A t h o u g h  the expression o f  the C D 3  E sub-
~rni t ,a non-GPI-anchored protein, \vas no t  

Log relative fluorescence intensity 

Fig. 4. PI-I'LC scnsltivin of membrane protclns 
C113 E suhun~t( A  and B),  L ~ - 6 ~ 1  ( C  and D), a ~ d  
Thy-1 (E and F1, on \rlld-npe (YH16.33) (A,  C, 
and E)  and transfcctcd (BL2O) (B. 1). a ~ d  F ) cells. 
Solid traces. no treatment; dashed traces. PI-I'LC 
trcauncnt; dottcd traccs. negative controls. Cells 
(5  x 106iml) were incubated for 60 min at 37°C 
in RP,MI 1640 \\rich bovine scnlm albumin (2 
rnglml) and 0.1% NaN, 1'1-PLC (0.4 unitlndl 
xvas used for the treatment group. Stalning and 
analysis xvcre performed as descr~bcd(10) .Scde 
for the vertical axis 1s from 0 to 250. 

Table 1. Characteristics of glycolipids to 1 to 4. ['HIMannosc-1abclc.d glycol~plds prepareti from 
1 x 108 wild-npc hybrldoma cells ivere scraped from a preparatlvc TLC plate. extracted \ \ ,~ th  
CHC13:CH30H.H20 (10:10.3). dried, dissolved In xvater-saturated butanol. partltloncd \vlth H 2 0 .  
and drlcd agaln. l'uriticd gl\col~pids were redlssolvcd in 400 )*I of 25 n ~ \ l  sodium acetate (pH 3.5) and 
0.1% SLX, and ~ncubatcd \vith 10 )*I of 2.5 h1 NaNO, for 3 hours at 3 7 C  or In 150 p1 of 0.1 M 
sodium acetate (pH 4.2) and 2 rilr\l ZnS04 contaming 0.5 unlt of a-mannosidasc (Jack hem) for 3 
hours at 37C .  The samples ivcrc then extracted nrice \vith \vatcr-saturated butanol. and the butanol 
phase ivas alal\zed by T12C as descr~bcd (Fig. 1) .  Sens i t~v~n to treatment 1s defined as a greater than 
50% reduction In the total counts. GIycans rclcascd after HNOZ treatment were ,u~,dyzcd b!. HPLC on 
a I'ar~an 5020 instrument (Varian ,4ssoclates, \ \ ' h u t  Creek. California) and a 5-pm ,Qnlno Spherisorb 
column (Kcgls Chemical. .Morton Grove, Illinois). Elution was performed \vith 74% acctonitr~lc-water 
at a Aoiv rate of 2 111Vmin. Fractions were collected even 30 s and anal\.zcd by scintillation counting. ,is 
Internal standards. a misturc of ollgosaccharidcs [Xlan,GlcNAc (s= 2 to 911 or the synthctlc 
disacchar~de hl,mGlcNA1c \verc co-injected and dctcctcd by absorbance at 195 nrn. E. cthanolarnine; l', 
phosphate; GlcN. glucosaminc. 

GI\co- Labels \vitli: Scnsiti\-c to: Suggested 

lipid Ethanolaminc hlannosc HNO, a-Alannosidasc structure 

altered b!, PI-PLC treatment, both  Thy-1  
and Ly-6A in the I\-ild-npe and transfected 
cells Mere remo\,ed by PI-PLC t o  the same 
degree (Fig.  4 ) .  Cross-linking o f  Thy-1  and 
Ly-6A o n  the ~vild-type h!.bridoma results 
in interleulun-2 production (23). Thus,  \ve 
also tested the functional capacin o f  Thy-1  
and Ly-6A o n  the transfectant. Indeed, both  
antibodies t o  Thy-1  and t o  Ly-6A stimu- 
lated i~lterleulun-2 production in the trans- 
fectant, but not  in the mutant  (23).  Taken 
together, ou r  results sho\v that yeast DP.\11 
\vas capable o f  restoring the surface espres- 
sion o f  functional, GPI-anchored proteins. 

The  part~cipation o f  Dol-P-&Ian in G P I  
anchor synthesis was previously suggested 
o n  the basis o f  experiments with the class E 
mutant derived from B\2'5 1 4 7  cells (25, 26). 
The  class E nlutallt does not  synthesize 
Dol-P-Xlan and cannot express Thy-1  o n  
the cell surface (27,  28). Similar results \\.ere 
obtained with an inhibitor o f  Dol-P-hIan 
synthesis in the T. b v ~ i i e iYSG system in 
vitro (29).Complementation o f  ou r  mutants 
by the structural gene for the yeast Dol-P- 
Man synthasc suggests that Dol-P-Man do- 
nates at  least one  mannose residue t o  the 
GPI  core The  complete absencc o f  any 
mannose-containing G P I  precursors in ou r  
mutants suggests that Dol-P-Man is proba- 
bly the donor  o f  the first mannose added t o  
the G P I  core. Mutants such as these ~vi l l  
provide an important tool for the genetic 
analysis o f  G P I  anchor s!.nthesis and attach- 
ment. 
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W ILMS TUMOR ( W T ) IS A HERITA-

ble embryonal renal malignancy 
with complex genetic (1) and 

pathological (2) features. Although earlier 
statistical and molecular genetic analyses im­
plicated a single recessive oncogene locus in 
the etiology of WT (3, 4) recent studies 
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suggest mutations in at least three loci (two 
mapping to l ip ) can cause or predispose to 

I the development of WT (5, 6). Heterogene­
ity also characterizes WT histopathology, 
such that these tumors can be categorized 

i into: (i) intralobar WTs, which feature het-
> erogeneous tumor histology and association 

with the WAGR (Wilms tumor, aniridia, 
genitourinary dysplasia, mental retardation) 

t syndrome region on 1 l p l 3 ; or (ii) perilobar 
WTs, which are characterized by homoge­
neous histology and association with the 

r Beckwith-Wiedemann syndrome mapped to 
. I l p l 5 (7). 

In Bonetta et al. (8) we describe the 
identification and mapping of three tran­
scripts expressed in kidney tissues to a ho-

f mozygous 175-kb WT deletion, using chro­
mosome walking and yeast artificial 

1 
1 chromosome (YAC) cloning. On the basis 

of data by Gessler et al. (5>), it appears that 
one of these transcripts (WIT-3) maps out­
side the putative WT locus and thus seems 

less likely to be involved in WT. Here we 
report the biological characterization of 
cDNA clones corresponding to the two 
remaining transcripts, WIT-1 and WIT-2. 
These genes are transcribed in divergent 
directions from a single CpG island, and 
their expression shows a striking correlation 
with tumor histopathology. 

Two phvlogeneticallv conserved DNA 
fragments, AvHl and E9, which detected 
distinct transcripts of 2.5 (WIT-1) and 3.5 
kb (WIT-2), respectively, in human fetal 
kidney RNA (#), were used to isolate two 
corresponding cDNA clones, GB16 
(WIT-1) and 31E1 (WIT-2). Southern blot 
hybridization and DNA sequencing con­
firmed that these cDNAs mapped to the 
homozygouslv deleted region in the WiT-13 
cell line (10, 11). The WIT-1 transcript 
corresponding to GB16 is novel, whereas 
31E1 identifies the same gene as two other 
previously described cDNAs (12). This gene 
encodes a potential zinc finger protein and is 
deleted in WiT-13 and in two other cases of 
sporadic Wilms tumor (9, 12, 13). 

Using GB16 and 31E1 as probes for 
Southern blot hybridization of cloned ge­
nomic DNA, we found that the transcrip­
tion units for these two genes were tightly 
linked. RNase protection analyses (14) de­
termined that the WIT-1 mRNA was tran­
scribed in a telomeric-to-centromeric direc­
tion, while transcription of the WIT-2 
mRNA was in the opposite direction (Fig. 
1) DNA sequencing mapped the 5' termini 
of GB16 and 31E1 to a single genomic 
fragment of < 3 kb. As both GB16 (2 kb) 
and 31E1 (2.7 kb) did not represent full-
length cDNA clones, we used RNase pro­
tection analysis of the intervening genomic 
region to identify and map transcribed se­
quences corresponding to the uncloned 5' 
regions of each gene. RNA probes comple­
mentary to both strands of genomic DNA 
were used to show that the most 5' exons 
detected for each transcript were non-
overlapping and divergently mapped 
within approximately 600 bp. Sequence 
analysis revealed the presence of two puta­
tive TATA boxes and a CCAAT box within 
this intervening region (Fig. 1A) that could 
potentially function as a bidirectional pro­
moter. 

When we examined the sequence of GB16 
(Fig. IB), we found the WIT-1 transcript 
spanned CpG island 6, which we had iden­
tified previously by pulsed-field gel electro­
phoresis (8, 15). Although RNase protec­
tion experiments indicated GB16 contained 
only exon sequences, the largest open read­
ing frame (ORF) discernible within the 
2025-bp insert of GB16 was 276 bp (Fig. 
IB). Subsequent isolation (from indepen­
dent libraries) of three shorter cDNA clones 
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