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Wehave reported that expression of Sprouty 2 (Spry2) is neces-
sary for tumor formation byHRasV12-transformed fibroblasts.We
now report on the role of Spry2 in the inhibition of UV254 nm
radiation-induced apoptosis in HRasV12-transformed human
fibroblasts. Silencing Spry2 in this context resulted in
increased apoptosis, associated with decreased Akt activation
and decreased phosphorylation of HDM2 at Ser-166, which
has been shown to stabilize HDM2. As a consequence, when
cells with silenced Spry2 were UV-irradiated, they exhibited
diminished levels of HDM2 and elevated levels of p53. In
agreement with these findings, overexpression of Spry2 in the
parental non-transformed fibroblasts led to increased Akt
activation and to the stabilization of HDM2. It also led to
diminished expression of p53 and decreased apoptosis fol-
lowing UV irradiation. Silencing Spry2 in HRas-transformed
cells decreased Rac1 activation, but independent expression
of Spry2 in the non-transformed parental cells had no effect
on Rac1, suggesting a specific involvement in the activation of
Rac1 by Ras. Silencing Spry2 in HRasV12-transformed cells
resulted in diminished interaction between HRas and Tiam1,
a Rac1-specific nucleotide exchange factor. Expression of
constitutively active Rac1 in cells with silenced Spry2 partly
reversed the effect of Spry2 down-regulation. Furthermore,
loss of Spry2 expression in HRasV12-transformed cells aug-
mented the cytotoxicity of the DNA-damaging, chemothera-
peutic agent cisplatin, a process that was also reversed by
active Rac1. Together, these data show that Spry2 inhibits
apoptosis in response to DNA damage by regulating Akt,
HDM2, and p53, by a process mediated partly by Rac1.

Ras is an important regulator of cellular proliferation and
survival (1). In appropriate cellular contexts, oncogenic activa-
tion of Ras inhibits apoptosis in response to DNA damage
caused by UV irradiation or by chemotherapeutic agents, such
as cisplatin (2, 3). This effect is mediated by phosphatidyl-ino-

sitol-3-kinase (PI3K)3 andRac1 (4). PI3K activates several effec-
tor proteins, including the serine/threonine kinase Akt, which
controls survival proteins, such as the human homolog of the
murine double mutant 2 (HDM2) (5–7). Rac1, a member of the
Rho family of GTPases, plays an important role in the transfor-
mation of fibroblasts by Ras. Although Rac1 is mainly involved
in the regulation of migration, adhesion, and cell division, a
number of studies also implicate Rac1 in the regulation of apo-
ptosis (8, 9).
Apoptosis in response to DNA damage is under the immedi-

ate control of HDM2 and p53 (10). Under physiological condi-
tions, transcription factor p53 ismaintained at a low level by the
ubiquitin-protein isopeptide ligase (E3) HDM2, which ubiq-
uitinates p53 and targets it for proteasomal degradation. p53 is
activated in response to cellular stresses that induceDNAdam-
age. Then, the ubiquitination of p53 byHDM2 is abolished, and
p53 translocates to the nucleus, where it induces the transcrip-
tional activation of genes that mediate cell cycle arrest, DNA
repair, and apoptosis (11).
Sprouty (Spry) proteins have been characterized as repres-

sors of receptor tyrosine kinase (RTK) signaling (12–15). Spry
proteins inhibit growth factor-induced cellular differentiation,
migration, and proliferation (16–21), and they act as tumor
suppressors in a variety of cancer types (19, 20, 22, 23). The
inhibitory function of Spry is directed at various levels of the
RTK/Ras-mitogen activated protein kinase pathway (16,
24–26). In some cellular contexts, however, the Spry2 isoform
potentiates epidermal growth factor receptor (EGFR) signaling
(27–29). This results from the interaction of Spry2 with the E3
ubiquitin ligase c-Cbl and the endocytotic protein CIN85,
which regulate receptor endocytosis and degradation (29, 30).
We have found that Spry2 is necessary for tumor formation by
Ras-transformed fibroblasts, and in this setting, Spry2 interacts
with HRas and mediates a complex between HRas and c-Cbl,
which sustains the level and signaling activity of EGFR (31). In
recent studies, Spry2 is reported to positively or negatively reg-
ulate apoptosis and cellular survival pathways (32–34), but
these functions have not been fully characterized, especially in
response to DNA damage.
In the present study, we determined the role of Spry2 in the

ability of Ras to inhibit UV-induced apoptosis. We found that
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down-regulation of Spry2 in HRasV12-transformed fibroblast
cell strain PH3MT increased UV-induced apoptosis and that
overexpression of Spry2 in the parental, infinite lifespan human
fibroblast cell strain MSU1.1 inhibited UV-induced apoptosis.
In accordance with these results, we found that Spry2 also
inhibited the cytotoxic effects of cisplatin. These findings sug-
gest that in our model system, Spry2 has an antiapoptotic func-
tion in response to DNA damage. Our data also show that this
function of Spry2 is mediated by a pathway consisting of Akt,
HDM2, and p53, and that in HRasV12-transformed cells, this
pathway is recruited through Rac1.

EXPERIMENTAL PROCEDURES

Cells and Cell Culture—The derivation of the human fibro-
blast cell lineMSU1.1 has been described (35, 36). The PH3MT
cell strain was derived from tumors formed in athymic mice by
the injection of MSU1.1 cells malignantly transformed by an
overexpressed HRas oncogene (35). The cells were cultured as
described previously (31).
Apoptosis Assay—Early apoptotic events were detected with

annexin V-FITC (BD Biosciences) according to the manufac-
turer’s recommendations. Briefly, cells were plated at a density
of 200,000 cells/60-mm dish; 16 h later, they were irradiated
with UV at a dose of 30–60 J/m2 (60–90 s) and incubated at
37 °C under normal conditions for 4–6 h. Then, the cells were
collected, washed twice with annexin V binding buffer, and
incubated with annexin V-FITC at room temperature for 15
min. The cells were also stained with propidium iodide to dis-
tinguish between live and dead cells. Annexin V-FITC-positive
cells were determined by flow cytometry under standard con-
ditions. Only the cells that stained positive for annexin V, and
not those that were positive for both annexin V and propidium
iodide, were considered apoptotic.
Western Blotting—This was performed as described previ-

ously (31). Antibodies against pp85, p85,HDM2, p53, andHRas
were purchased from Santa Cruz (Santa Cruz, CA); Spry2 was
fromCalbiochem; pAkt andAktwere fromCell Signaling (Dan-
ver, MA); and Ku80 was from Serotec (Raleigh, NC). Ku80 pro-
tein expression was used as a loading control. For the quantifi-
cation of theWestern blots, we used the image intensity tool in
Adobe PhotoShop to quantify the desired band. The intensity
of each bandwas corrected for the number of pixels in the field.
Rac1Activation—Whole cell lysates (2mg)were pulled down

with PAK-CRIB-conjugated beads fromCytoskeleton (Denver,
CO) according to the manufacturer’s instructions. The pulled-
down fractions were immunoblotted with a Rac1-specific anti-
body to determine the level of active Rac1.
Immunoprecipitations—Whole cell lysates (250–500 �g)

were precleared with an appropriate IgG antibody for 30 min
and then incubated with an antibody specific to HRas for 2 h
followed by incubation with protein-G overnight at 4 °C. The
immunoprecipitated fraction was washed several times with
lysis buffer and assayed by Western blotting.
Cisplatin Cytotoxicity Assay—This was performed with the

CellTiter 96�AQueous non-radioactive cell proliferation assay
by Promega (Madison, WI). The cells were plated at 10,000
cells/well in a 96-well plate and allowed to grow overnight, after
which they were treated for 5 h with Cisplatin at 2, 5, 10, 20, 40,

and 80 �M concentration. Cisplatin-containing media were
removed; the cells were washed twice with phosphate-buffered
saline and then allowed to grow for 24–48 h in medium with
normal serum. To determine cellular proliferation, the cells
were treated with trazolium and phenazine methosulfate, and
then the optical density was measured at 490 nm (A490 nm), as
indicated by the manufacturer.
Statistics—Statistical analysis was performed with the Stu-

dent’s t test. In the determination of the p value for the change
in apoptosis, independent experiments were pooled together
and analyzed as one data set. A paired, two-tailed distribution
was used. Also, in this determination, we corrected for the
change in baseline apoptotic levels. For the determination of
the significance of change in cisplatin cytotoxicity, the p value
was determined from a representative independent experi-
ment. A paired, two-tailed distributionwas used, and the values
were corrected for baseline proliferation differences.

RESULTS

Effect of HRas Transformation in UV-induced Apoptosis—
Ras protects immortalized fibroblasts from DNA damage-in-
duced apoptosis (3). To study the role of Spry2 in this process,
we used immortalized human fibroblasts (MSU1.1) and their
HRas oncogene-transformed derivatives (PH3MT), which
were generated in our laboratory (35, 36). To verify that the
antiapoptotic function of Ras in response to UV irradiation
could be reproduced in PH3MT cells, MSU1.1 and PH3MT
cells in an early stage ofUV-induced apoptosiswere detected by
using annexin V-FITC and flow cytometry. We found that the
HRasV12-transformed cells exhibited a 5-fold desensitization to
early apoptotic events (Fig. 1A, p � 0.05).

We previously reported that HRas transformation
resulted in elevated EGFR levels and that intact EGFR was
necessary for the ability of HRas-transformed cells to form
colonies in agarose (31). Also, PI3K activity is necessary for
the activation of survival pathways downstream of Ras, as
well as for the transformation of human cells by Ras onco-
gene (1). Therefore, we determined whether EGFR and PI3K
were also necessary for the resistance of PH3MT cells to
UV-induced apoptosis. To accomplish this, we measured
UV-induced apoptosis in the presence or absence of
AG1478, a selective EGFR inhibitor, and wortmannin, an
inhibitor of PI3K. As shown in Fig. 1B, both inhibitors sen-
sitized these cells to UV-induced apoptosis (p � 0.05), sug-
gesting that the resistance of PH3MT cells to UV-induced
apoptosis is dependent on intact EGFR and PI3K activities.
Effect of Spry2 inUV-inducedApoptosis inHRas-transformed

and in the Parental Non-transformed Human Fibroblasts—To
determine the role of Spry2 in UV-induced apoptosis, we com-
pared Ras-transformed cells expressing a Spry2-specific short
hairpin RNA (PH3MT-2A3) with cells expressing a scrambled
short hairpin RNA (PH3MT-SC). The generation of these sta-
ble cell strains has been described (31). The level of Spry1 is
unaffected by the Spry2 short hairpin RNA (31). Down-regula-
tion of Spry2 resulted in an increase in the percentage of cells
undergoing apoptosis in response to UV damage (Fig. 1C,
closed bars,p� 0.02), suggesting that Spry2 expression contrib-
utes to the protective effects that Ras signaling has in response
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to UV irradiation. To increase the number of cells undergoing
early apoptotic events, we increased the dose of UV treatment
for the next two experiments. To evaluate whether Spry2 had
an effect on apoptosis independent of UV treatment, we also
show the percentage of cells undergoing apoptosis (Fig. 1C).
Down-regulation of Spry2 had no effect on apoptosis when the
cellswere cultured under normal conditions (Fig. 1C, open bars,
p � 0.1).

To determine the role of Spry2 in the absence ofHRas onco-
gene expression, we compared control MSU1.1 cells (MSU1.1-
VC) with MSU1.1 cells stably expressing high levels of Spry2
(MSU1.1-S62) and found that high expression of Spry2 inhib-
ited apoptosis in response to UV irradiation (Fig. 1D, p� 0.04).
Together, these findings suggest that Spry2 has an antiapopto-
tic function when expressed at high levels and is necessary for

the ability of oncogenic Ras to protect fibroblasts from UV-
induced apoptosis.
Effect of Spry2 in the Regulation of a Signaling Pathway Con-

sisting of Akt, HDM2, and p53—We found that the ability of
PH3MT cells to resist UV-induced apoptosis required intact
PI3K, we hypothesized that Spry2 contributes to this resistance
through PI3K signaling. The phosphorylation of its p85 subunit
by RTKs, including EGFR, contributes to PI3K activation (37).
Additionally, the level of phosphorylated (phospho-) p85 is pro-
portional to the activation of PI3K (37). We chose to examine
EGF-induced signaling because EGFR is necessary for the
resistance of Ras-transformed fibroblasts to UV-induced apo-
ptosis (Fig. 1B), and we found that in PH3MT cells, Spry2
sustains EGFR signaling (31).Whenwe compared Spry2-down-
regulated (PH3MT-2A3) and control (PH3MT-SC) Ras-trans-
formed cells, we found that loss of Spry2 resulted in diminished
levels of phospho-p85 in response to EGF stimulation (Fig. 2,A
and B). The level of phospho-Akt was also decreased with
down-regulation of Spry2 (Fig. 2, A and B). Akt phosphorylates
HDM2 at Ser-166, which results in the stabilization of HDM2,
and subsequently, in the degradation of its substrate, p53. We
found that down-regulation of Spry2 in Ras-transformed cells
led to a modest decrease in the level of Ser-166 phosphoryla-
tion, in response to EGF stimulation (Fig. 2, A and B).
Because HDM2 and p53 are critical regulators of the cellular

response toUV-inducedDNAdamage, we next determined the
levels of these proteins in response to UV irradiation. As
expected, the down-regulation of Spry2 resulted in diminished
levels of HDM2 and in increased levels of p53, both of which
were observed even 1 h after UV irradiation (Fig. 2, B and D).
These results suggest that in Ras-transformed cells, in the
absence of DNA damage, Spry2 sustains the RTK-mediated
activation of a survival pathway, consisting of PI3K, Akt, and

FIGURE 1. Role of Spry2 on the inhibition of UV-induced apoptosis by
HRas. A, normal parental non-transformed human fibroblasts (MSU1.1) and
their HRas oncogene-transformed derivatives (PH3MT) were irradiated with
UV (30 J/m2), incubated at 37 °C in media containing 10% serum for 4 h, and
then assayed for early apoptotic events with annexin-FITC as indicated under
“Experimental Procedures.” Cells that stained positive for annexin only were
analyzed. The percentage of apoptotic cells following UV treatment was nor-
malized to the percentage of cells undergoing apoptosis in the absence of
treatment and is expressed in the graph as -fold change. A representative of
three experiments is shown. A, MSU1.1 and PH3MT cells were treated and
analyzed as described. A Western blot showing the level of Spry2 and HRas
proteins is also shown. B, MSU1.1 and PH3MT cells were analyzed as described
in the presence or absence of AG1478 (6 �M) and wortmannin (50 nM), as
indicated. A representative of three experiments is shown. C, HRas-trans-
formed cell lines with endogenous (PH3MT-SC) or down-regulated (PH3MT-
2A3) levels of Spry2 (inset) were exposed to UV radiation (90 J/m2), and the
percentage of cells undergoing apoptosis in the presence (black bars) or
absence (white bars) of such treatment is shown. A representative of seven
experiments is shown. D, the parental non-transformed human fibroblasts
expressing an empty vector (MSU1.1-VC (VC)) or high levels of Spry2 (MSU1.1-
S62 (S62)) (inset) were treated and analyzed as described. A representative of
three experiments is shown.

FIGURE 2. Effect of Spry2 down-regulation on the regulation of p85, Akt,
HDM2, and p53. A, the indicated cell strains were deprived of serum for 12 h
and then treated with EGF (100 ng/ml) for the indicated times (in min). Whole
cell lysates (WCL) were prepared and assayed by Western blotting to deter-
mine the levels of the indicated proteins; pp85, phospho-85; pAkt, phospho-
Akt; pHDM2, phospho-HDM2. B, bar graphs showing the quantification of the
bands in the Western blot in panel A. C, the cell lines were exposed to UV
radiation (90 J/m2) and allowed to grow under normal conditions for the
indicated time periods (in hours) following UV treatment. WCL were prepared
and then analyzed by Western blotting with the indicated antibodies. D, bar
graphs showing the quantification of the bands in panel C.
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HDM2, and through this pathway, Spry2 contributes to sup-
pression of p53 levels in response toUV-inducedDNAdamage.
We also investigated the effect that independent expres-

sion of Spry2 in the parental fibroblasts (MSU1.1) had on this
pathway. As shown in Fig. 3, A and B, expression of Spry2 in
MSU1.1 resulted in elevated phospho-Akt and in elevated
phospho-HDM2 levels, whereas the level of phospho-p85
remained unchanged. The unchanged level of phospho-p85
is not surprising given that the level of EGFR is unchanged by
overexpression of Spry2 in MSU1.1 cells (31). Although
these findings strengthen the proposed role of Spry2 in the
regulation of Akt and HDM2, this effect appears to be medi-
ated by a different mechanism in MSU1.1 cells, as compared
with PH3MT cells.
After exposure of the cells to UV radiation, expression of

Spry2 resulted in an elevation of HDM2 (Fig. 3, B and D; 2
and 4 h; top band) as well as in a decrease in the level of p53
(Fig. 3, B and D). Because Spry2 was found to sustain a sig-
naling pathway that promotes cellular survival through
diminished p53 levels, it is plausible to conclude that the
inhibition of UV-induced apoptosis by Spry2 is mediated by
this mechanism.
Effect of Spry2 in the Activation of Rac1 in HRas-trans-

formed Cells—Intact Rac1 and Cdc42 activity are necessary
for the malignant phenotype of PH3MT cells.4 To determine
whether these were involved in antiapoptotic function of
Spry2, we performed glutathione S-transferase pulldown
assays with the PAK-CRIB-conjugated beads, which bind
active Rac1 and Cdc42. We found that Ras-transformed cells
with endogenous levels of Spry2 contained a higher level of
active Rac1, as compared with cells with down-regulated
Spry2 expression (Fig. 4A, left). The levels of active Cdc42
were not affected by silencing Spry2 (Fig. 4A, left). To deter-
mine whether Spry2 regulated Rac1 independently of Ras

oncogene, we compared MSU1.1 cells expressing Spry2 with
control MSU1.1 cells and found that expression of Spry2 did
not have an effect on Rac1 activation in the absence of HRas
oncogene transformation (Fig. 4A, right). This suggests that
Spry2 is involved the specific regulation of Rac1 by Ras.
With this in mind, we focused our attention at the level of

Ras-Tiam1 interaction. Tiam1, a Rac1-specific guanine nucle-
otide-releasing factor, interacts with Ras, leading to Rac1 acti-
vation (38). To determine the role of Spry2 in this interaction,
we performed co-immunoprecipitation experiments and found
that the amount of endogenousTiam1 that co-immunoprecipi-
tated with overexpressedHRas was reduced in cells with down-
regulated Spry2, as compared with control cells (Fig. 4B).
Together, these findings propose that in Ras-transformed cells,
Spry2 contributes to the activation of Rac1 by Ras through
Tiam1.
Rac1 has been shown to have a protective effect against

UV-induced apoptosis. With this in mind, we determined
whether Rac1 activity was necessary for the inhibition of
UV-induced apoptosis in HRas-transformed cells (PH3MT).
PH3MT cells expressing dominant negative Rac1 (Rac1N17,
PH3MT-RC1) or vector alone (PH3MT-VC) were analyzed
for induction of apoptosis as above. The cells expressing
Rac1N17 displayed a modest increase in apoptosis as com-
pared with the control cells (Fig. 4C, p � 0.03), suggesting
that Rac1 plays a role in the resistance of Ras-transformed
cells to UV-induced apoptosis.
To determine whether Rac1 mediates the effect of Spry2 in

the activation of survival pathways and in the inhibition of apo-
ptosis, we stably expressed the GFP-tagged, constitutively
active form of Rac1 (Rac1V12) in HRas-transformed cells with
down-regulated Spry2 (PH3MT-2A3-R1). This resulted in an
increase in phospho-Akt and in a decrease in the level of p53
(Fig. 4D), reversing the effect caused by Spry2 down-regulation
(Fig. 3D). The level of HDM2 was not altered when cells were
grown under normal conditions.
We also determined whether expression of constitutively

active Rac1 had an effect in apoptosis in response to UV treat-
ment. As shown in Fig. 4E, a small decrease in UV-induced
apoptosis was observed in the cells expressing Rac1V12 (p �
0.04). It should be noted that the GFP tag emits fluorescence in
the same spectrum as does annexin V-FITC, which was used to
measure early apoptotic events, and perhaps this is a reason
why only a small change was observed. In the absence of treat-
ment, there was no significant difference between GFP- and
Rac1-expressing cells (p � 0.2). Adding further support,
expression of RacV12 in cells with down-regulated Spry2
resulted in an increase in the size of colonies (Fig. 3F), partially
reversing another phenotype caused by Spry2 down-regulation
(31). Together, these data indicate that the effect of Spry2 on
the activation of survival pathways and the evasion of apoptosis
in Ras-transformed, PH3MT cells is mediated at least in part
through Rac1.
Effect of Spry2 in Cisplatin Cytotoxicity in HRas-transformed

and in the Parental Non-transformed Human Fibroblasts—
Cisplatin is a widely used chemotherapeutic agent that
causes DNA damage, leading to cytotoxicity and decreased

4 D. M. Appledorn, K-H. T. Dao, S. O’Reilly, V. M. Maher, and J. J. McCormick,
manuscript in preparation.

FIGURE 3. Effect of Spry2 overexpression on the activation of Akt, HDM2,
and p53. A and B, a vector control cell strain, MSU1.1-VC, and a cell strain
overexpressing Spry2, MSU1.1-S62, were treated with EGF and analyzed as in
Fig. 2, A and B. pp85, phospho-85; pAkt, phospho-Akt; pHDM2, phospho-
HDM2. C and D, the indicated cell strains were exposed to UV radiation as
above and analyzed as in Fig. 2, C and D.
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cellular proliferation. The finding that Spry2 inhibited apo-
ptosis in response to UV-induced DNA damage led to the
hypothesis that Spry2 reduces cisplatin cytotoxicity. To test
this hypothesis, we used the 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide non-radioactive prolifera-
tion assay, which has been used to assess cisplatin cytotox-
icity. As shown in Fig. 5A, loss of Spry2 augmented
cisplatin-induced cytotoxicity in Ras-transformed cells (p �
0.04). Similar to our previous findings, expression of Rac1 in
the cells with down-regulated Spry2 diminished cisplatin
cytotoxicity especially at doses less than 40 �M (Fig. 5B, p �
0.04). This adds further credence that Rac1 mediates in part
the effect of Spry2 in the evasion of DNA damage-induced
apoptosis in Ras-transformed cells. Furthermore, expression
of Spry2 in the parental fibroblasts resulted in a decrease in
the effect of cisplatin (Fig. 5C, p� 0.04). These findings show
that Spry2 has the potential to decrease cisplatin cytotoxicity
and is necessary for the ability of Ras-transformed fibro-
blasts to resist cisplatin cytotoxicity.

A common problem with the use
of cisplatin is the emergence of cis-
platin resistance in tumor cells.
Recently, Gemma et al. (39) per-
formed an analysis of genetic
changes associated with cisplatin
resistance, as determined by the
level of cisplatin IC50 in 19 cell lines
derived frompatientswith small cell
lung cancer, squamous cell lung
cancer, or non-small cell lung can-
cer. We mined this public data set
(National Center for Biotechnol-
ogy Information (NCBI) Geo:
GDS1688) to determine whether
the expression Spry2 and Akt corre-
lated with increased cisplatin IC50
(Fig. 4D).We found that in the small
cell lung cancer subset, high Spry2
expression correlated with higher
cisplatin IC50 (p � 0.04). In the
squamous cell lung cancer subset,
high expression of Spry2was associ-
ated with higher cisplatin IC50, but
this was not statistically significant
(p � 0.1). In all three subsets, high
Akt expression was associated with
a higher cisplatin IC50 (p � 0.07).

DISCUSSION

In this study, we report the
novel ability of Spry2 to inhibit
apoptosis in response to UV irra-
diation. Spry2 expression was
required if Ras-transformed cells
were to evade apoptosis, and Spry2
was able to inhibit UV-induced
apoptosis independently of Ras
oncogene. Similarly, Spry2 inhib-

ited the antiproliferative effect of the DNA-damaging che-
motherapeutic agent cisplatin, an effect that was most pro-
nounced in Ras-transformed fibroblasts. These data suggest
that Spry2 provides an antiapoptotic signal in response to
DNA-damaging agents and are consistent with a recent
report showing that Spry2 inhibits the apoptotic effects of
serum deprivation (32). Perhaps reflecting a context-specific
role, Spry2 has also been shown to induce neuronal cell death
in response to brain-derived neurotrophic factor stimulation
(40) and to modulate cellular senescence in primary fibro-
blasts upon oncogene activation (41). In the latter setting,
Spry2 participates in a global negative feedback mechanism
that promotes senescence by inhibiting the Ras/PI3K path-
way, which can impact the senescence machinery through
HDM2 and FOXO, i.e. forkhead homeobox type O (41).
Without excluding alternative possibilities, the antiapo-

ptotic function of Spry2 in our model system appears to be
mediated by the Akt/HDM2/p53 pathway. In support of
these findings, Edwin and Patel (32) similarly found that

FIGURE 4. Effect of Spry2 on Rac1 activation in HRas-transformed cells. A, WCL from the HRas-trans-
formed cell strain expressing a high endogenous level of Spry2 (PH3MT-SC (SC)) or a reduced level of Spry2
(PH3MT-2A3 (2A3)) and the parental non-transformed human fibroblast cell strain expressing a low
endogenous level of Spry2 (empty vector) (MSU1.1-VC (VC)) or expressing a high level of Spry2 (MSU1.1-
S62 (S62)) were pulled down (PD) with PAK-CRIB-conjugated beads. The amount of Rac1 bound to the
beads, as well as the Rac1 present in the WCL was determined. The amount of active Cdc42 was deter-
mined only in the PH3MT cells. B, WCL from PH3MT-SC and PH3MT-2A3 cell strains were immunoblotted
or immunoprecipitated (IP) with an antibody specific to HRas and then immunoblotted to detect Tiam1
and HRas with the indicated antibodies. C, HRas-transformed fibroblasts (PH3MT) were stably transfected
with an empty vector or a vector encoding a Myc-tagged, dominant negative form of Rac1 (Rac1N17). WCL
from these stable clones were analyzed by Western blotting for Rac1 and �-actin expression. The same cell
strains were treated and analyzed as in Fig. 1A. The average of two independent experiments is shown.
D, HRas-transformed cells with down-regulated Spry2 (PH3MT-2A3) but stably expressing GFP-Rac1V12

(2A3-R1) or GFP alone (2A3-VC) were analyzed by Western blotting for pAkt; Akt; p53; HDM2; GFP; Spry2;
or �-actin. E, the PH3MT-2A3 VC and PH3MT-2A3 R1 cell strains were UV-irradiated and analyzed as in Fig.
1A. The average of three independent experiments is shown. F, the indicated cell strains (5,000 cells/dish)
were grown in agarose in a culture medium containing 2.5% serum for 3 weeks, as described in Ref. 31.
Representative pictures of the colonies that formed in agarose are shown. R1, PH3MT-2A3-R1.
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silencing Spry2 leads to diminished EGF-induced Akt acti-
vation and diminished activation of the Akt effector BAD, i.e.
BCL2-associated agonist of cell death. Further support is
provided by findings that independent activation of Akt,
HDM2, or p53 prevents DNA damage-induced apoptosis
and diminishes cisplatin cytotoxicity (42–44).
In Ras-transformed PH3MT cells, Spry2 regulates the Akt/

HDM2/p53 pathway through Rac1 GTP-ase. Rac1 was neces-
sary, not only for the inhibition of UV-induced apoptosis by
Spry2 but also for the ability of Spry2 to diminish cisplatin cyto-
toxicity. It is important to note that Spry2 has been reported to
inhibit Rac1 during wound healing, a property that is necessary
for the inhibition of cellular migration by Spry2 (45). However,
down-regulation of Spry2 in PH3MTcells enhanced stress fiber
formation, a process that is consistent with loss of Rac1 activity
(data not shown). In addition, Rac1 contributes to vascular
endothelial growth factor and urokinase-type plasminogen

activator secretion in PH3MT
cells,4 as well as in other Ras-trans-
formed cells (46, 47). Down-regula-
tion of Spry2 in PH3MT cells
resulted in a decrease in the amount
of vascular endothelial growth fac-
tor and urokinase-type plasmino-
gen activator secreted by these cells
(data not shown). These findings
also support the conclusion that
Spry2 contributes toRac1 activation
in PH3MT cells.
Spry2 appears to regulate the spe-

cific activation of Rac1 by Ras. In the
context of Ras transformation, this
regulation is directed at the level of
HRas-Tiam1 interaction, a step that
is critical for the direct activation of
Rac1 by Ras. Alternatively, Spry2
may contribute to the activation of
Rac1 indirectly, through PI3K,
which activates Rac1 in a process
that is also mediated by Tiam1 (4).
The contribution of Spry2 to

Akt activation may also be de-
pendent on EGFR because Spry2
sustains EGFR in PH3MT cells (31),
and EGFR enhances the activation
of PI3K (48). Moreover, Edwin and
Patel (32) found that Spry2 leads to
Akt activation through c-Cbl and
EGFR. Finally, active EGFR reduces
UV-induced apoptosis, in a PI3K/
Akt-dependent pathway (49, 50),
findings that are also consistent
with our conclusions.
Cancer treatment with radiation

and chemotherapy relies strongly in
the induction of apoptosis. Inactiva-
tion of proapoptotic pathways in
cancer cells, as observed during

the transformation of cells by Ras oncogene (2), compromises
the efficacy of such treatments. Through its ability to sustain the
activation of Ras effector pathways that mediate cellular sur-
vival, Spry2 appears crucial for the resistance of RasV12-trans-
formed fibroblasts to DNA damage-induced apoptosis. Also,
elevated expression of Spry2 appears to correlate with dimin-
ished cisplatin cytotoxicity, and therefore, Spry2 may contrib-
ute to the emergence of cisplatin resistance in certain cancer
types, such as small cell lung cancer.
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