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NIH 3T3 fibroblasts stably transformed with a constitutively active isoform of p2IRaS, 
H-RasV1' (v-H-Ras or EJ-Ras): produced large amounts of the reactive oxygen species 
superoxide (0-). 0 -  production was suppressed by the expression of dominant 
negative isoforms of Ras or Racl, as well as by treatment with a farnesyltransferase 
inhibitor or with diphenylene ~odonium, a flavoprotein inh~bitor. The mitogenic activity of 
cells expressihg H-RasVq2 was inhibited by treatment with the chemical antioxidant 
N-acetyl-L-cysteine. Mitogen-activated protein kinase (MAPK) activity was decreased 
and c-Jun N-terminal kinase (JNK) was not activated in H-RasV"-transformed cells. 
Thus, H-Ra~"'~-induced transformation can lead to the production of 0 -  through one 
or more pathways involving a flavoprotein and Racl . The implication of a reactive oxygen 
species, probably 0 - ,  as a mediator of Ras-induced cell cycle progression independent 
of MAPK and JNK suggests a possible mechanism for the effects of antioxidants against 
Ras-induced cellular transformation. 

Reactive oxygen species (ROS) have been 
coilventionally regarded as having carcino- 
genic poteiltial and have been associated 
n ith tumor promotion (1 )  Some tuinol 
cells produce ROS ( 2 ) ,  although the source 
of these products and their coiltribution to 
the transformed plle~lotype is not kno\vn. 
Certain ROS have also been sl~o\vn to act 
as essential intracellular second messengers " 
for several cytokiiles and growth factors (3). 
Thus. antioxidants inav be orotective 
against cancer and may inhibit cell prolif- 
eration, and iiltracellular ROS scavengers 
may actually coiltribute to suppression of 
the transformed phenotype (4) .  

The intracellular pathways leadillg to 
the oeneration of ROS are best character- " 
ized in phagocytic cells. In these specialized 
cells, the superoxide free radical ( .02- )  is 
generated by the multimolecular p-nicotin- 
ainide adenine dinucleotide phosphate 
(NADPH)-oxidase complex, which in- 
cludes Rac, a inember of the Ras superfam- 
ily of small guanosine triphosphate-binding 
proteins (5). In nonphagocytic cells, the 
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proteins respoilsible for producing .O,- and 
other ROS are less well characterized, but 
they may be f~unctionally similar to those 
involved in the phagocyte N.4DPH-oxidase 
coinplex (6) .  

The proto-oncogene p21R"' (c-Ras) it- 
self participates in various cellular process- 
es, including proliferation, differentiation, 
and cytoskeletal organization. Overexpres- 
sion of Ras and mutations of Ras that 
render it constitutivelv active have been 
described in various humail tumors (7) .  
The signal transduction pathway by which 
Ras causes transformation includes Racl 
(8). However, the mechallislns and second ~, 

messengers through ~vhich  ollcogeilic Ras 
affects do~vnstreain targets are not fully - 
~~nders tood .  Because Racl call induce pro- 
duction of ROS in nonphagocytic cells 

Fig. 1. Spin t rappng  and A 

er ROS contribute to generation of the 
oncogenic phenotype. 

We  studied Ras-transformed NIH 3T3 
fibroblasts stably expressing the H-Ras"" 
oncogene (1 0).  A prototypical cloilal cell 
line, A6, which has been extensively char- 
acteri:ed and stably expresses H-Ras\'12 
(IC),  nTas compared rvith Neo (a pool of 
control clonal lines not expressing onco- 
genic Ras) and with a clonal line of NIH 
3T3 fibroblasts stably transformed with a 
constitutively active isoforin of the pro- 
tein kinase Raf ( I  1 ), a downstream effec- 
tor of Ras. LVe used electroil paramagnetic 
resonailce (EPR) spectroscopy and the 
spin trap 5,5-diinetl1yl-1-pyrroline-A~-ox- 
ide (DIvlPO) to demonstrate that A6 cells 
displayed a 1 : 2:2 : 1 quartet signal (with uH 
= ax = 14.9 G) indicative of the DMPO- 
O H  adduct, whereas Neo co~ltrol cells and 
Raf-transformed cells did not generate 
such a signal (Fig. 1, A ,  B, and I). A 
similar, though weaker, signal was ob- 
served in another Ras-transformed cloilal 
cell line. A2 (Fig. 1K) (10) .  The DhlPO- 
O H  adduct can be formed either by direct 
trapping of the hydroxyl radical (.OH) or 
by rapid breakdown of DhlPO-OOH, the 
adduct formed by .O,- (12). Superoxide 
dismutase (SOD) quenched the observed 
signal, whereas catalase had no effect (Fig. 
1, C and D).  Although this result showed 
that the observed signal was attributable 
to 0 -  trapping rather than to .OH de- 
rived from H 2 0 2 ,  it did not rule out the 
possibility that H 2 0 2  is generated within 
these cells, probably by the rapid dismuta- 
tion of .02-. Small amounts of .O,-, u11- 
detectable by EPR, inight also be present 
within Neo and Raf-transformed cells. 
Production of .02- by A6 cells was con- 
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firmed by a lucigenin-enhanced chemilu- 
minescence (LUCL) assay, which has 
specificity for -0,- (13). A6 cells had a 
significantly stronger signal by LUCL as- 
say relative to that of Neo cells (Student's 
t test, P < 0.05) (Fig. 2). 

A6 cells transiently transfected with an 
expression plasmid encoding a dominant 
negative isoform of Ras, RasN17, showed a 
significantly weaker LUCL signal than that 
from cells transfected with the empty plas- 
mid (Student's t test, P < 0.05) (Fig. 2). In 
addition, A6 cells treated with an inhibitor 
of famesyl protein transferase (FPTase), 
which inhibits Ras-dependent transforma- 
tion and results in morphological reversion 
of Ras-transformed cells (14), displayed an 
attenuation of the DMPO-OH signal (Fig. 
1E); this observation showed that -0,- pro- 
duction in A6 cells is dependent on onco- 
genic Ras. 

In phagocytic cells, production of -0, - 
during the microbiocidal oxidative burst re- 
quires the assembly of the flavoprotein-con- 
taining NADPH-oxidase complex. To de- 
termine whether a functionally similar en- 
zyme was involved in the generation of 
-0,- by A6 cells, we treated A6 cells with 
diphenylene iodonium (DPI), a potent and 
highly selective flavoprotein inhibitor. The 
DMPO-OH signal was diminished in DPI- 
treated A6 cells (Fig. IF). Treatment of A6 
cells with rotenone, a mitochondria1 oxi- 
dase inhibitor, did not reduce the EPR sig- 
nal (Fig. lI), which indicated that such 
oxidases have no role in generating the 
DMPO-OH signal. 

The widely expressed Racl protein and 
the more selectively expressed Rac2 pro- 
tein regulate production of ROS by phago- 
cytic and nonphagocytic cells (6, 9). Racl 
is believed to act downstream of Ras in 

Fig. 2. Measurements of 
-0,- in A6 and Neo cells 
transiently transfected 
with the indicated ex- 
pression plasmids (23) 
using lucigenin-en- 

kacN17 - - + - hanced chemilumines- 
rasN17 - - - + cence. Cells (1 x 1 05, on 

10-mm tissue culture in- 
serts) were placed in 0.25 mM lucigenin in Krebs- 
Hepes buffer, and the luminescent signal was re- 
corded immediatelv thereafter for 1 min with a 
Monolight 2010 1ur;linometer. Background lumi- 
nescence from blank inserts was subtracted. Val- 
ues from a representative experiment are ex- 
pressed as mean relative light units per lo5 cells ? 
SEM. 

mediating many cellular processes, and in 
certain cells it is essential for Ras-induced 
transformation (8, 15). We therefore at- 
tempted to characterize the role of Racl in 
producing -0,- in Ras-transformed cells. 
Neo cells transientlv transfected with an 
expression vector encoding Raclvlz, a 
constitutively active mutant of Racl, pro- 
duced a DMPO-OH signal similar to that 
observed in A6 cells (Fig. 1G). Neo cells 
transfected with the vector with no cDNA 
insert produced no signal. A LUCL assay 
of A6 cells transiently expressing RaclN17, 
a dominant negative allele of Racl, 
showed a reduction in -0,- production 
relative to that from A6 cells transiently 
transfected with the empty vector (Fig. 2). 
Expression of the RaclN17 mutant was 
confirmed by protein immunoblotting 
with an antibody to the myc epitope 
(9E10, Santa Cruz Biotechnology). These 
data strongly indicate that oncogenic Ras- 
transformed fibroblasts ~ roduce  -0,- 
through a mechanism analogous to that of 
the NADPH-oxidase complex in phago- 
cytes, which is dependent on Racl. 

From these results, we concluded that 
Ras transformation by overexpression of on- 
cogenic Ras leads to the production of 
SO,-. However, the functional significance 
of -0,- generation for the Ras-induced 
transformed phenotype was not known. A 
hallmark of Ras-transformed cells is their 
ability to progress through the cell cycle 
even under conditions of confluence and 
growth factor deprivation. A6 and Raf- 
transformed cells displayed a greater rate of 
DNA synthesis than did Neo cells under 
serum-starved conditions (Fig. 3A). To test 
whether SO,-, or -0,--derived ROS, medi- 
ated this oncogenic Ras-induced mitogenic 
response, we treated A6 cells with the 
membrane-permeant antioxidant N-acetyl- 
L-cysteine (NAC). NAC effectively inhib- 
ited DNA synthesis in A6 cells in a dose- 
dependent manner (Fig. 3B). Likewise, 
there was a dose-dependent decrease in the 
DMPO-OH signal in A6 cells treated with 
NAC (Fig. 3C). Complete inhibition of the 
DMPO-OH signal by NAC did not result in 
a reduction of DNA synthesis to an amount 
comparable to that in Neo cells, which 

0 -  a Neo A6 Raf 

Serum + + + - - - - - - 
NAC (mM) - 5 20 - 5 20 - 5 20 

Fig. 3. Effect of ROS on cell division. (A) Relative PHIthymidine incorporation in 
serum-starved A6, Neo, and Raf-transformed cells (24). Serum-starved cells 
were incubated with PHIthymidine (1 pCi/ml) for 4 hours, and radioactivity in 100 
trichloroacetic acid (TCA)-precipitable material was measured. Values were 8 
obtained from triplicate wells and are expressed as mean -C SEM relative to Neo j 75 cells. (6) Inhibition of mitogenic signaling in A6, Neo, and Raf-transformed cells. .? 
Serum-starved or serum-stimulated cells were treated for 4 hours with the .: 
indicated concentrations of NAC and incubated with [3H]thymidine (1 pCi/ml) for $ 
4 hours. Radioactivity from TCA-precipitable material was measured; values are 
expressed as percent of mitogenic signal of untreated cells and represent the 25 

mean % SEM from triplicate wells. (C) Reduction in EPR signal of A6 cells treated 
with NAC. EPR spectra of untreated cells or cells treated with the indicated 0 

concentration of NAC for 20 min were obtained. Values are expressed as 

il -9 

percent of signal magnitude of untreated cells and represent mean ? SEM of 
duplicate measurements. (D) Effect of catalase overexpression on the mitogenic QG$53~q 
signal of A6 cells. A6 cells were transiently transfected with an empty plasmid or 
w~th an expression plasmid for human catalase (21) and 48 hours later they were 

c ' ~ ' ~  
incubated with PHIthymidine (1 pCi/ml) for 4 hours. Radioactivity from TCA- 
precipitable material was measured: values are expressed as percent of mitogenic signal of cells 
transfected with the empty plasmid and represent the mean ? SEM from duplicate wells. Expression of 
catalase was determined in 20 pg of total cell lysates from A6 cells transfected with the indicated 
plasmids (23). Extracts were subjected to immunoblotting with an antibody to human catalase (CalBio- 
chem) (25). 
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suggested that .02- may not be the sole 
mediator of mitogenic signaling within Ras- 
transformed A6 cells. The inhibition of 
DNA synthesis with addition of NAC was 
small in Raf-transformed cells (Fig. 3B); 
this finding implies that Raf-induced mito- 
genic signaling is much less dependent on 
the production of ROS, and it is consistent 
with the finding that Raf-induced transfor- 
mation is independent of Racl (8). Serum- 
stimulated Neo cells treated with NAC also 
showed a dose-dependent decrease in DNA 
synthesis (Fig. 3B), supporting the role of 
Ras-mediated ROS production in serum- 
induced mitogenic signaling (16). The via- 
bility of A6, Neo, and Raf-transformed cells 
treated with NAC was not affected, as 
judged by trypan blue exclusion (1 7). 

Bv altering the intracellular redox mi- " 
lieu, NAC could be suppressing mitogenic 
signaling mediated through ROS other 
than .02-. Therefore, we transiently trans- 
fected A6 cells with an emDtv ~lasmid and . , .  
an expression plasmid encoding human 
catalase. Overexpression of catalase resulted 
in a decrease of 15 to 20% in DNA synthe- 
sis in A6 cells (Fig. 3D), thus implicating 
H202, a product of SO,-, as another 
(though less important) potential mediator 
of mitogenic signaling in Ras-transformed 
cells. Both -0,- and H202 have been im- 
plicated in the proliferation of transformed 
and nontransformed cells (4). 

Members of the mitogen-activated pro- 
tein kinase (MAPK) family of proteins are 
effectors of the Ras-Raf pathway and can be 
phosphorylated and activated in response to 
various extracellular signals (18). In certain 
cells. MAPK activation in resDonse to 
growth factors is dependent on the produc- 
tion of ROS (3). MAPKs in turn act to . . 
phosphorylate and activate certain nuclear 
transcription factors (19). We therefore in- 
vestigated whether MAPK activity was up- 
regulated by so2- in A6 cells. Relative to 
Neo cells, A6 cells under serum-starved 
conditions had decreased amounts of p44 
and p42 MAPK tyrosine phosphorylation 
(Fig. 4A) and MAPK activity (1 7). As ex- 
pected, p44 and p42 MAPK were activated 
in the Raf-transformed cells (Fig. 4A). 

Fig. 4. (A) Tyrosine 
phosphorylation of p42 
and p44 MAPK in se- 
r~m-sta~ed A6, Neo, 
and Raf-transformed 
cells. Total cell lysates 

Amounts of MAPK were equivalent in all 
cell lines (1 7). We conclude that -0,- does 
not lead to MAPK activation in A6 cells, 
and that the mitogenic activity of these 
cells is mediated through a MAPK-inde- 
pendent pathway. 

c-Jun N-terminal kinase (JNK) can also 
induce transcriptional activity throughphos- 
phorylation and activation of c-Jun. Ras 
and Racl modulate JNK activity (20). JNK 
activity was comparably low in both Neo 
and A6 cells (Fig. 4B). In addition, JNK 
activity that was increased in both cells in 
response to tumor necrosis factor* (TNF- 
a) was blunted if the cells were first treated 
with NAC (Fig. 4D). H-RasV12-induced 
-0,- production by A6 cells therefore does 
not up-regulate JNK activity, but JNK ac- 
tivity in these cells seems to be sensitive to 
alterations of the intracellular redox state. 

Unlike transient elevations in intracel- 
lular ROS that occur in response to extra- 
cellular stimuli in plant and animal cells 
(3), we observed constitutive production of 
ROS in cell lines transformed by overex- 
pression of oncogenic Ras. The ROS pro- 
duced constitutively by A6 cells appear to 
function differently from the burst of ROS 
generated by growth factors that activate 
the Ras pathway. The decreased activation 
of the MAPK pathway in A6 cells is con- 
trary to observations with growth factor- 
induced ROS production or transient ex- 
pression of oncogenic Ras in nontrans- 
formed cells (3, 20). Although increased 
tyrosine kinase activity occurs after addi- 
tion of growth factors or high concentra- 
tions of exogenous ROS in various cells, 
including NIH 3T3 cells (3), the A6 cells 
exhibited reduced tyrosine kinase activity 
of key signaling molecules such as the plate- 
let-derived growth factor receptor (1 0, 17). 
Finally, JNK activity, though seemingly 
sensitive to the redox state of the cell, was 
not enhanced in the Ras-transformed cells, 
whereas transient expression of oncogenic 
Ras in nontransformed cells leads to activa- 
tion of JNK (20). 

We therefore propose that constitutive 
production of ROS in Ras-transformed A6 
cells activates intracellular pathways that 

A 
p44 MAPK 

B ---' 
I-: p42 MAPK Neo A6 Neo A6 Neo A6 

A6 Raf Neo TNF-a - - + + + +  
NAC(rnM) - - - - 20 20 

(500 pg) were immunoprecipitated with an antibody to phosphotyrosine 

may be distinct from those that are activat- 
ed by extracellular growth factors. In our 
model of H-Ra~~'~-transformed NIH 3T3 
cells, production of ROS correlates with the 
ability of these cells to progress through the 
cell cycle in the absence of growth factors. 
This phenomenon suggests that modulation 
of the redox state of the cell may provide 
one mechanism to explain the observation 
that some antioxidants appear to exert pro- 
tective effects against human cancers. 
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at 50 mM w~ th  t i e  spectrometer set at a mcrowave 
frequenc), of 9.77 GHz w~ th  20 m\!'J of microwave 
power and a modulat~on ampl~tude of 0 5 G. Treat- 
ment w ~ t h  Cu-Zn SOD (Syniaj, catalase (Sgmai. DPI 
(Toronto Pesearcli), or (V-acetyl-L-cyste ne (Syniaj 
was for 20 m n  before recordng of EPR spectra. 
Treatment w~ th  the FPTase n l i ~b~ to r  H-Ampalrb- 
Phe-Met-OH (LC Laboratores) was for L6 hours be- 
fore obtanng spectra. At t hs  concentraton and w t l i  
t l i s  duraton of treatment, no cellular t oxc t )~  was 
obsen'ed 

23. The empty expression plasmid pEXV and the ex- 
presslon plasm~ds pEXVracV12 (encod~ng myc 
ep~tope-tagged consttut~vely actlve Racl) ,  pEXV- 
racN17 (dom~nant negatlve Racl l ,  pCMVrasN17 
(domnant neyatlve Ras). and pS3CAT (catalase) 
have been descr~bed (75 21). Transient transfec- 
tlons were done accordng to t i e  ~manafacturer s 
recomme,ldat~ons uslng 15 pI of L~pofectam~ne 

( G ~ c o )  and 5 p g  of DNA per 10%ells. EPR spectra 
were obtaned L6 iours ater transfecton. For the 
LUCI. assay 1 x 1 0Vransfected cells were repated 
onto each tssL!e culture nserr 2 1  iours a?er trans- 
fect on and the assay was performed 24 iours later. 
Proten mmunobot ana1)yss was done on cells 16 
hours afier transfecton 

2L. Estabshed A6 Neo and Raf-transformed cell n e s  
(70, 7 7 1  were mantaned n Dubecco's modf ed Ea- 
gle's medium w~ th  10°)~ fetal bovne serum (Gbcoj 
and G418 (250 pglnil. Slyma). Expression of 
H - R ~ ~ L " ' ~  In A6 cells was conf~rmed by proten m -  
niunobottny w~ th  an antbody to H-Pas (Oncogene 
Scencej. Serum stan'aton was carried out n 0.1 % 
serum for L8 hours 

25, For mmunoprec~p~tatlon and proteln ~rn iunob lo t -  
t ~ny .  cells were harvested In colrplete y s ~ s  buffer 
[ I  45 mM NaCl. 0 I mM MgCl,. 15 mM Hepes, 10 
mivl EGTA (pH 7.0). O. lO.~ Tr~ton X-100 20 pg!nil 

A Member of the Frizzled Protein Family 
Mediating Axis Induction by Wnt-SA 

Xi He,*? Jean-Pierre Saint-Jeannet, Yanshu Wang, 
Jeremy Nathans, lgor Dawid, Harold Varmus 

In Xenopus laevis embryos, the Wingless~Wnt-1 subclass of Wnt molecules induces axis 
duplication, whereas the Wnt-5A subclass does not. This difference could be explained 
by distinct signal, transduction pathways or by a lack of one or more Wnt-5A receptors 
during axis formation. Wnt-5A induced axis duplication and an ectopic Spemann or- 
ganizer in the presence of hFz5, a member of the Frizzled family of seven-transmembrane 
receptors. Wnt-5NhFz5 signaling was antagonized by glycogen synthase kinase-3 and 
by the amino-terminal ectodomain of hFz5. These results identify hFz5 as a receptor for 
Wnt-5A. 

T h e  Drosophila n~elanogaste~ tissue polarity 
gene j ~ t i ~ l e d  ( f ~ ) ,  which ellcodes a receptor- 
type protein (Fz) with seven putatlve trans- 
membrane helixes ( I ) ,  belongs to  a family 
of related genes found in  Caenorhabdttts el- 
egans, Drosophtla, zebrafish, chicken, and 
~na in~na l s  (2-4). DFz2, a Fz-type protein 
from D~osophila, fi~~lctioils as a receptor for 
the  Wingless (Wg)  protein (4 ) ,  a member 
of the  Wilt  family of secreted s ~ g n a l ~ n g  
inolec~lles essential for a1111nal development 
(5 ) .  Upon  transfection of D~osophtla tissue 
culture cells, DFz2 confers both the  ability 
to  bind W g  at  the  cell surface and V(lg 
responsiveness, as measured by accumula- 
tion of Arinadillo protein (4) .  Certain 
~na ln~na l i an  Fz proteins also confer the  \iVg 
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binding property to transfected cells (4) and 
call enhance the loca11;ation of Writ-8 to  
the  plasma ~neinbrane in  Seizopus laeuis em- 
bryos ( 6 ) .  Thus, the  fz gene fanlily may 
encode receptors for Writ molecules, but 
the  scarcity of soluble \iVnt nroteiils com- 
plicates the  study of l~gand-receptor Inter- 
actions and their s~ecificity.  Therefore, we 
used the  Xenopzis embryo to  assay for such 
interactions and their specificity. 

Mouse Writ-1, Xenopus wilt-3A (Xmnt- 
3 A ) ,  Xnnt-8 ,  and D~osophila LVg induce 
dorsal axis duplication when small amounts, 
usually 1 to 10 pg, of t h e ~ r  corresponding 
RNAs  are injected into the  ventral side of 
early Xenopus embryos (7) .  In  contrast, 
Xnnt-SA R N A  fails to do so even after 
ventral injectloll at higher doses (75 pg to 1 
ng per embryo); instead, dorsal iillection of 
X~vnt-SA R N A  generates head and tail de- 
fects that lnav result from ~er tu rba t ion  of 
cell movements durinq qastrulation ( 3 ) .  - - 
Xwnt-it. and Xwnt-11 behave similarly to 
X~vnt-5A (9) .  T h e  X~vnt-8  dorsalizing func- 
tion is obserr~ed before the  mid-blastula 
t ransi t~on n h e n  zygotic t ra~lscr~pt ion be- 
gins, whereas the  Xnnt -5A effect occurs 
after m~d-blastula transition (7, 8, 10, 1 1 ). 
T h e  difference between the  effects of 
X~vnt-8  and Xnnt-SA may reflect the acti- 

each of ciymostatn, pepstat~n. ant~pa~n, and eu-  
peptn 1 mivl ~-(2-am1noeti)~l)benz)~ls~1lfonyl fluo- 
r~de, and 1 n M  Na orrhovanadate], lniniunoprec~p~- 
tates or total cell ysates were sab,ected to SDS- 
polyacvlam~de gel electrophores~s (PAGEI and 
transferred to n~trocelulose f ters.  Blots were t i en  
probed w ~ t i  the ndcated antbody and developed 
by ECL (Amersham). 
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 ati ion of distinct signaling pathways (1 1)  
or the  lack of one or more f ~ ~ n c t i o n a l  Xnn t -  
5 A  receotors during axis formation. 

u 

T o  exallline whether a particular Fz pro- 
tein can f ~ ~ ~ ~ c t i o n  as a n  Xwnt- iA receptor, 
synthetic RNAs correspo~lding to Dfz2 (4) 
and six malnmalia~l fz  cDNAs-1nfz3, mfz4, 
111fz6, mfz7, mfz8 (froin mouse), and hfz5 
[from h ~ l i n a ~ l  (3)]-xere pooled into two 
groups and coinjected w ~ t h  10 pg of Xnn t -  
SA R N A  into the  ventral side of embryos at 
the  four-cell staee (1 2 ) .  Iiliection of Xnn t -  

L , ,  , 
SA alone, either f z  group alone, or Xnn t -  
SA together with f z  group 2 (mfz3, mfz4, 
mfz6, and mfz7) produced n o  phenotypic 
effects (Fig. 1A) .  However, coinjection of 
X~vnt-5A with f z  group 1 RNAs (Dfz2, hfz5, 
and mfz8) induced extensive dorsal axis 
duplication (Fig. 1 A )  (13) ;  in Inany cases, 
duplication was complete, as determined by 
the  presence of anterior structures such as 
the  eyes and the  cement gland. V(lhen the 
three fz  RNAs in group 1 were individually 
tested, Xwnt-5A plus hfz5 eenerated siinilar - 
degrees of axls duplication, ~vhereas Xnnt -  
i A  plus Dfz2 or mfz8 did not (Fig. IB) .  
Thus, hFzi alone ainong the  Fz proteins 
tested is respo~ls~ble  for mediatiilg axis in- 
duction by Xant-SA.  Dorsal injection of 
the  same concentration of Xnnt-5A plus 
hf;5 RNAs produced n o  axis d ~ ~ p l i c a t ~ o i l  
and 1111ected embryos appeared normal. 

T h e  inature Writ-5A proteins (after 
cleavage of the  signal peptides) are 1C0% 
identical between inouse and human, and 
95% identical between mouse and Xenopus 
(8, 14).  G i r ~ e n  this high degree of sequence 
identity, it is not  surprising that lnurine 
wilt-SA R N A  (1 5 )  also ~ ~ l d u c e d  axis dupli- 
cation n h e n  coiiliected rvith h f z i  R N A ,  
albeit less eff~cien;ly (Fig. 1C) .  T h e  lower 
eff~ciency might be due to  effects of un- 
translated regions in the  inurine nn t -SA 
construct (1 5) 011 R N A  stability or transla- 
tion efficiency or both. 

Axis dupl~cat ion by Xnnt-5A plus fz 
group 1 or hfz5, as descr~bed above, was 
observed in 14 of 2C einbryo batches tested 
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