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NIH 3T3 fibroblasts stably transformed with a constitutively active isoform of p217as,
H-Ras"2 (v-H-Ras or EJ-Ras), produced large amounts of the reactive oxygen species
superoxide (‘O,7). ‘O, production was suppressed by the expression of dominant
negative isoforms of Ras or Rac1, as well as by treatment with a farnesyltransferase
inhibitor or with diphenylene iodonium, a flavoprotein inhibitor. The mitogenic activity of
cells expressing H-Ras¥'2 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-RasY'2-transformed cells.
Thus, H-Ras¥'?~induced transformation can lead to the production of -O,~ through one
or more pathways involving a flavoprotein and Rac1. The implication of a reactive oxygen
species, probably -O, ~, 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
conventionally regarded as having carcino-
genic potential and have been associated
with tumor promotion (1). Some tumor
cells produce ROS (2), although the source
of these products and their contribution to
the transformed phenotype is not known.
Certain ROS have also been shown to act
as essential intracellular second messengers
for several cytokines and growth factors (3).
Thus, antioxidants may be protective
against cancer and may inhibit cell prolif-
eration, and intracellular ROS scavengers
may actually contribute to suppression of
the transformed phenotype (4).

The intracellular ‘pathways leading to
the generation of ROS are best character-
ized in phagocytic cells. In these specialized
cells, the superoxide free radical (-O,7) is
generated by the multimolecular B-nicotin-
amide adenine dinucleotide phosphate
(NADPH)-oxidase complex, which in-
cludes Rac, a member of the Ras superfam-
ily of small guanosine triphosphate-binding
proteins (5). In nonphagocytic cells, the
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proteins responsible for producing *O,~ and
other ROS are less well characterized, but
they may be functionally similar to those
involved in the phagocyte NADPH-oxidase
complex (6).

The proto-oncogene p217* (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 constitutively active have been
described in various human tumors (7).
The signal transduction pathway by which
Ras causes transformation includes Racl
(8). However, the mechanisms and second
messengers through which oncogenic Ras
affects downstream targets are not fully
understood. Because Racl can induce pro-
duction of ROS in nonphagocytic cells

Fig. 1. Spin trapping and A

(9), we investigated whether Ras-trans-
formed cells also produce ROS through a
pathway involving Racl, and if so, wheth-
er ROS contribute to generation of the
oncogenic phenotype.

We studied Ras-transformed NIH 3T3
fibroblasts stably expressing the H-RasV!?
oncogene (10). A prototypical clonal cell
line, A6, which has been extensively char-
acterized and stably expresses H-Ras¥!?
(10), was compared with 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 isoform of the pro-
tein kinase Raf (11), a downstream effec-
tor of Ras. We used electron paramagnetic
resonance (EPR) spectroscopy and the
spin trap 5,5-dimethyl-1-pyrroline-N-ox-
ide (DMPQO) to demonstrate that A6 cells
displayed a 1:2:2:1 quartet signal (with ay,
= gy, = 14.9 G) indicative of the DMPO-
OH adduct, whereas Neo control cells and
Raf-transformed cells did not generate
such a signal (Fig. 1, A, B, and J). A
similar, though weaker, signal was ob-
served in another Ras-transformed clonal
cell line, A2 (Fig. 1K) (10). The DMPO-
OH adduct can be formed either by direct
trapping of the hydroxyl radical (-OH) or

by rapid breakdown of DMPO-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 “O,” trapping rather than to ‘OH de-
rived from H,O,, it did not rule out the
possibility that H,O, is generated within
these cells, probably by the rapid dismuta-
tion of O, ”. Small amounts of ‘O, un-
detectable by EPR, might also be present
within Neo and Raf-transformed cells.
Production of ‘O,” by A6 cells was con-
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firmed by a lucigenin-enhanced chemilu-
minescence (LUCL) assay, which has
specificity for ‘O, (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, RasN!'7, showed a
significantly weaker LUCL signal than that
from cells transfected with the empty plas-
mid (Student’s ¢ test, P < 0.05) (Fig. 2). In
addition, A6 cells treated with an inhibitor
of farnesyl 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 O, ™ pro-
duction in A6 cells is dependent on onco-
genic Ras.

In phagocytic cells, production of ‘O, ~
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. 1F). Treatment of A6
cells with rotenone, a mitochondrial oxi-
dase inhibitor, did not reduce the EPR sig-
nal (Fig. 1I), 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
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ues from a representative experiment are ex-
pressed as mean relative light units per 10° cells =
SEM.
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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 ‘O, in Ras-transformed cells.
Neo cells transiently transfected with an
expression vector encoding RaclV!?, 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 Rac1N'7,
a dominant negative allele of Racl,
showed a reduction in ‘O, production
relative to that from A6 cells transiently
transfected with the empty vector (Fig. 2).
Expression of the RacIN'7 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 produce -O,~
through a mechanism analogous to that of
the NADPH-oxidase complex in phago-
cytes, which is dependent on Racl.

1004

>

~
o
1

Mitogenic signal (%)
()}
(=]
1

n
w
1

Relative [*H]Jthymidine incorporation

Neo A6 Raf

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

el

04
L_NeoJ L_aAs 1 L_Raf

- 5 20

= U

From these results, we concluded that
Ras transformation by overexpression of on-
cogenic Ras leads to the production of
‘O, . However, the functional significance
of ‘O, 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 -O, 7, or “O, ~-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
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Fig. 3. Effect of ROS on cell division. (A) Relative [*H]thymidine incorporation in D

serum-starved AB, Neo, and Raf-transformed cells (24). Serum-starved cells
were incubated with [BHjthymidine (1 wCi/ml) for 4 hours, and radioactivity in 100+
trichloroacetic acid (TCA)-precipitable material was measured. Values were
obtained from triplicate wells and are expressed as mean = SEM relative to Neo
cells. (B) Inhibition of mitogenic signaling in A8, 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 [*H]thymidine (1 nCi/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
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
concentration of NAC for 20 min were obtained. Values are expressed as

751

50

25

Mitogenic signal (%)

0

percent of signal magnitude of untreated cells and represent mean = SEM of {g\ ®
duplicate measurements. (D) Effect of catalase overexpression on the mitogenic QC" .—1,%0

signal of A6 cells. A6 cells were transiently transfected with an empty plasmid or

‘bx xQ

with an expression plasmid for human catalase (27) and 48 hours later they were '
incubated with [PH]thymidine (1 wCi/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 ‘O,” 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 (17).

By altering the intracellular redox mi-
lieu, NAC could be suppressing mitogenic
signaling mediated through ROS other
than ‘O, . Therefore, we transiently trans-
fected A6 cells with an empty plasmid 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
H,0,, a product of ‘O,7, as another
(though less important) potential mediator
of mitogenic signaling in Ras-transformed
cells. Both ‘O,~ and H,O, 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 response 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 ‘O,” 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 (17). 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-
rum-starved A6, Neo,
and Raf-transformed
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Amounts of MAPK were equivalent in all
cell lines (17). We conclude that -O,~ 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 through phos-
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-a (TNF-
o) was blunted if the cells were first treated
with NAC (Fig. 4D). H-RasV'?—induced
‘O, 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 373 cells (3), the A6 cells
exhibited reduced tyrosine kinase activity
of key signaling molecules such as the plate-
let-derived growth factor receptor (10, 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

_p44 MAPK - gy =
—— p42 MAPK Neo A6 Neo A6 Neo A6
TNF-o - -+ o+ o+ o+
NAC (mM) - - 20 20

cells. Total cell lysates (500 ng) were immunoprecipitated with an antibody to phosphotyrosine
(4G10, UBI) and immunoprecipitates were probed with an antibody to the p42 and p44 isoforms of
MAPK (erk1-CT, UBI) (25). (B) JNK enzymatic activity in A6 and Neo cells and the effect of NAC on
TNF-a-stimulated JNK activity. Equal amounts of protein from extracts of serum-starved A6 and Neo
cells treated as indicated [NAC for 12 hours, TNF-a for 15 min] were precipitated with agarose-
conjugated human c-Jun(1-169)-GST (UBI). Solid-phase kinase assays were done on the precipi-
tates as described (26). Phosphorylated proteins were eluted with Laemmli buffer, resolved by

SDS-PAGE, and autoradiographed.
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may be distinct from those that are activat-
ed by extracellular growth factors. In our
model of H-RasV'?—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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A Member of the Frizzled Protein Family
Mediating Axis Induction by Wnt-5A

Xi He,*t Jean-Pierre Saint-Jeannet, Yanshu Wang,
Jeremy Nathans, Igor 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-5A/hFz5 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.

The Drosophila melanogaster tissue polarity
gene frizzled (fz), which encodes a receptor-
type protein (Fz) with seven putative trans-
membrane helixes (1), belongs to a family
of related genes found in Caenorhabditis el-
egans, Drosophila, zebrafish, chicken,.and
mammals (2—4). DFz2, a Fz-type protein
from Drosophila, functions as a receptor for
the Wingless (Wg) protein (4), a member
of the Wnt family of secreted signaling
molecules essential for animal development
(5). Upon transfection of Drosophila tissue
culture cells, DFz2 confers both the ability
to bind Wg at the cell surface and Wg
responsiveness, as measured by accumula-
tion of Armadillo protein (4). Certain
mammalian Fz proteins also confer the Wg
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binding property to transfected cells (4) and
can enhance the localization of Wnt-8 to
the plasma membrane in Xenopus laevis em-
bryos (6). Thus, the fz gene family may
encode receptors for Wnt molecules, but
the scarcity of soluble Wnt proteins com-
plicates the study of ligand-receptor inter-
actions and their specificity. Therefore, we
used the Xenopus embryo to assay for such
interactions and their specificity.

Mouse Wnt-1, Xenopus wnt-3A (Xwnt-
3A), Xwnt-8, and Drosophila We induce
dorsal axis duplication when small amounts,
usually 1 to 10 pg, of their corresponding
RNAs are injected into the ventral side of
early Xenopus embryos (7). In contrast,
Xwnt-5A RNA fails to do so even after
ventral injection at higher doses (75 pg to 1
ng per embryo); instead, dorsal injection of
Xwnt-5A RNA generates head and tail de-
fects that may result from perturbation of
cell movements during gastrulation (8).
Xwnt-4 and Xwnt-11 behave similarly to
Xwnt-5A (9). The Xwnt-8 dorsalizing func-
tion is observed before the mid-blastula
transition when zygotic transcription be-
gins, whereas the Xwnt-5A effect occurs
after mid-blastula transition (7, 8, 10, 11).
The difference between the effects of
Xwnt-8 and Xwnt-5A may reflect the acti-
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vation of distinct signaling pathways (11)
or the lack of one or more functional Xwnt-
5A receptors during axis formation.

To examine whether a particular Fz pro-
tein can function as an Xwnt-5A receptor,
synthetic RNAs corresponding to Dfz2 (4)
and six mammalian fz cDNAs—mfz3, mfz4,
mfz6, mfz7, mfz8 (from mouse), and hfz5
[from human (3)]—were pooled into two
groups and coinjected with 10 pg of Xwnt-
5A RNA into the ventral side of embryos at
the four-cell stage (12). Injection of Xwnt-
5A alone, either fz gioup alone, or Xwnt-
5A together with fz group 2 (mifz3, mfz4,
mfz6, and mfz7) produced no phenotypic
effects (Fig. 1A). However, coinjection of
Xwnt-5A with fz group 1 RNAs (Dfz2, hfz5,
and mfz8) induced extensive dorsal axis
duplication (Fig. 1A) (13); in many cases,
duplication was complete, as determined by
the presence of anterior structures such as
the eyes and the cement gland. When the
three fz RNAs in group 1 were individually
tested, Xwnt-5A plus hfz5 generated similar
degrees of axis duplication, whereas Xwnt-
5A plus Dfz2 or mfz8 did not (Fig. 1B).
Thus, hFz5 alone among the Fz proteins
tested is responsible for mediating axis in-
duction by Xwnt-5A. Dorsal injection of
the same concentration of Xwnt-5A plus
hfz5 RNAs produced no axis duplication
and injected embryos appeared normal.

The mature Wnt-5A proteins (after
cleavage of the signal peptides) are 100%
identical between mouse and human, and
95% identical between mouse and Xenopus
(8, 14). Given this high degree of sequence
identity, it is not surprising that murine
wnt-5A RNA (15) also induced axis dupli-
cation when coinjected with hfz5 RNA,
albeit less efficiently (Fig. 1C). The lower
efficiency might be due to effects of un-
translated regions in the murine wnt-5A
construct (15) on RNA stability or transla-
tion efficiency or both.

Axis duplication by Xwnt-5A plus fz
group 1 or hfz5, as described above, was
observed in 14 of 20 embryo batches tested
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