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Downstream of receptor tyrosine kinase and G protein-cou-
pled receptor (GPCR) stimulation, the phosphatidylinositol
3,4,5-trisphosphate (PIP;)-dependent Rac exchange factor
(PREX) family of guanine nucleotide exchange factors (GEFs)
activates Rho GTPases, leading to important roles for PREX
proteins in numerous cellular processes and diseases, including
cancer. PREX1 and PREX2 GEF activity is activated by the sec-
ond messengers PIP; and Gy, and further regulation of PREX
GEEF activity occurs by phosphorylation. Stimulation of receptor
tyrosine kinases by neuregulin and insulin-like growth factor 1
(IGF1) leads to the phosphorylation of PREX1; however, the
kinases that phosphorylate PREX1 downstream of these ligands
are not known. We recently reported that the p21-activated
kinases (PAKs), which are activated by GTP-bound Ras-related
C3 botulinum toxin substrate 1 (Racl), mediate the phosphory-
lation of PREX2 after insulin receptor activation. Here we show
that certain phosphorylation events on PREX1 after insulin,
neuregulin, and IGF1 treatment are PAK-dependent and lead to
areduction in PREX1 binding to PIP;. Like PREX2, PAK-medi-
ated phosphorylation also negatively regulates PREX1 GEF
activity. Furthermore, the onset of PREX1 phosphorylation was
delayed compared with the phosphorylation of AKT, supporting
a model of negative feedback downstream of PREX1 activation.
We also found that the phosphorylation of PREX1 after isopro-
terenol and prostaglandin E2-mediated GPCR activation is par-
tially PAK-dependent and likely also involves protein kinase A,
which is known to reduce PREX1 function. Our data point to
multiple mechanisms of PREX1 negative regulation by PAKs
within receptor tyrosine kinase and GPCR-stimulated signaling
pathways that have important roles in diseases such as diabetes
and cancer.

The Rho family of GTPases, part of the Ras superfamily, con-
tains multiple subgroups, including the Ras-related C3 botuli-
num toxin substrate (Rac), cell division control protein 42 ho-
molog (CDC42), and Rho-like GTPases (1). Rho GTPases exist
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in the cell either in an inactive, GDP-bound or an active, GTP-
bound conformation. The cycling between these two con-
formational states can be regulated by guanine nucleotide
exchange factors (GEFs),> which promote the release of GDP
and subsequent binding of GTP to activate the Rho GTPase (2).
While in the GTP bound state, Rho GTPases can then bind to
their downstream effectors, which activate many intracellular
signaling pathways. For example, Rac1-GTP binds and acti-
vates the p21-activated kinases (PAKs), which are critical for
cell motility, survival, and proliferation (3). Phosphatidylino-
sitol 3,4,5-trisphosphate (PIP;)-dependent Rac exchanger
(PREX1), along with its homolog PREX2, are Rho family GEFs
(4-6). The ability of PREX proteins to activate Rho GTPases
makes them important regulators of cell motility, proliferation,
glucose uptake, and reactive oxygen species generation (7).
PREX1 activates Racl, Rac2, Rac3, and RhoG both in vitro and
in cells, and also activates TC10 and CDC42 in vitro (4, 8—11).

The regulation of Rho GTPases occurs at the cell membrane,
typically after the activation of a membrane-bound receptor
(12). This is evident in the regulation of PREX1 and PREX2, as
their GEF activity toward Rho GTPases is stimulated by PIP,
and by the Gy heterodimer, both of which are second messen-
gers that are produced at the membrane after receptor activa-
tion (4—6). PIP, can regulate the activity of other Rho GEFs at
the membrane as well, including VAV and SOS1 (13, 14). PIP; is
the product of class I PI3K activation downstream of both
receptor tyrosine kinases (RTKs) and G protein-coupled recep-
tors (GPCRs), and Gy is released following GPCR activation.
Given that PREX1 and PREX2 are activated in the same man-
ner, it is important to identify the similarities and differences in
their physiological functions and regulatory mechanisms. Part
of their physiological specificity likely arises from different pro-
tein expression patterns. PREX1 protein is strongly expressed
in leukocytes and in the brain, and PREX2 protein is also
strongly expressed in the brain in addition to other tissues but
not in leukocytes (4, 5, 15, 16). In the brain, where both PREX2
and PREX1 are expressed, there does appear to be some redun-
dancy in function. Prex2”/~ mice show motor function defi-
ciencies that are exacerbated in Prexl ™/ Prex2™/~ mice
despite the fact that Prex1 /" mice do not show these defects

2 The abbreviations used are: GEF, guanine nucleotide exchange factor; PAK,
p21-activated kinase; PIP;, phosphatidylinositol 3,4,5-trisphosphate; RTK,
receptor tyrosine kinase; GPCR, G protein-coupled receptor; PGE2, prosta-
glandin E2; mTOR, mechanistic target of rapamycin; PREX, PIP;-dependent
Rac exchange factor; PTEN, phosphatase and tensin homolog.
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(16). This suggests that PREX1 can partially compensate for the
loss of PREX2 and that these two proteins can potentially work
in similar pathways.

Given the importance of RTKs and GPCRs in mediating
numerous signaling outputs in multiple cell types, PREX pro-
teins are uniquely positioned to impact many cellular pro-
cesses. Following the stimulation of certain RTKs, including the
neuregulin-activated ErbB receptors, PREX1 regulates Rac
activation, proliferation, adhesion, colony formation, and inva-
sion of breast cancer cells (17-19). In breast cancer cell lines
with HER2 amplification or PIK3CA-activating mutations,
PREX1 is necessary for activation of ERK signaling through a
Rac and PAK-dependent mechanism (20). PREX1 also has a
role in Rac-mediated glucose uptake in mouse adipocytes
downstream of the insulin receptor (21). Prex2 /" mice have
deficient insulin signaling and decreased glucose uptake, likely
because of the dual role of PREX2 as both a Rac GEF and as an
inhibitor of PTEN phosphatase activity (15, 22). Interestingly,
PREX1 does not bind PTEN and does not appear to affect PTEN
function in cells (15). Furthermore, many of the known PREX1
physiological effects are due to its role in GPCR signaling path-
ways. For example, in neutrophils and macrophages, PREX1 is
important for GPCR-dependent Rac and RhoG activation to
regulate reactive oxygen species formation and cell migration
(8-10).

PREX1 also has a role in tumorigenesis and cancer metasta-
sis. PREX1 is overexpressed in a variety of human cancers,
including melanoma and breast, prostate, and colon cancer (17,
23-26). PREX1 knockdown decreases tumor growth in xeno-
graft mouse models of cancer using breast cancer cell lines (17,
18). Additionally, PREX1 appears to have a specific role in
metastasis. The expression of PREX1, but not a GEF-dead
mutant, induces spontaneous metastasis in a xenograft prostate
cancer mouse model (24), and PREX1 inactivation in mice
reduces metastasis in a melanoma transgenic mouse model
(23). PREX2 is also overexpressed in numerous cancer types
and is frequently mutated in cancer, with especially high muta-
tion rates in melanoma (25-27). PREX2 mutations found in
cancer activate its GEF activity and promote tumorigenesis in a
melanocyte xenograft mouse model (27, 28). Furthermore, cer-
tain mutations can also evade PTEN-mediated inhibition of
PREX2-driven breast cancer cell invasion (29).

Although PREX1 is clearly important for the physiological
outputs of receptor-activated signaling and in cancer, impor-
tant questions remain regarding how its GEF activity is regu-
lated downstream of receptor activation, particularly by phos-
phorylation. It is known that PREX1 is phosphorylated in the
cell, demonstrated by the fact that after gel electrophoresis, it is
detected as multiple bands that are collapsed by both A-phos-
phatase and protein phosphatase 1« (PP1a) (30, 31). A-Phos-
phatase and PP1a dephosphorylation of PREX1 increase GEF
activity, which is consistent with reports showing that PKA
phosphorylation of PREX1 leads to a reduction in its in vitro
GEF activity both in vitro and in cells (31, 32, 49). Importantly,
PREX1 is phosphorylated after the activation of specific RTKs
and GPCRs, indicating that the regulation of PREX1 by phos-
phorylation has a role in these signaling pathways. The stimu-
lation of B-adrenergic GPCRs with isoproterenol results in the
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phosphorylation of PREX1, which is likely due to the activation
of PKA downstream of the B-adrenergic receptor (31). Simi-
larly, downstream of sphingosine 1-phosphate, PKA phosphor-
ylates PREX1 to regulate an intramolecular interaction that
reduces PREX1 GEF activity (49). Additionally, PREX1 is phos-
phorylated after the stimulation of RTKs with neuregulin, insu-
lin-like growth factor 1 (IGF1), platelet-derived growth factor,
and fibroblast growth factor, but the kinases that are responsi-
ble for these phosphorylation events are not known (18, 19).

We recently identified PAKs as mediators of the phosphory-
lation of PREX2 after insulin receptor activation. PAK-depen-
dent phosphorylation of PREX2, which occurs downstream of
Rac activation, reduces PIP, and GBvy binding as well as PIP,
and GBy-stimulated PREX2 GEF activity, suggesting that these
phosphorylation events are part of a negative feedback circuit
to reduce Rac activation after insulin stimulation (33). In this
study, we found that PREX1 is phosphorylated after insulin
treatment of breast cancer cells and that insulin, neuregulin,
and IGF1-mediated phosphorylation of PREX1 are PI3K- and
PAK-dependent. Importantly, phosphorylated PREX1 does not
efficiently bind to PIP,, and the activation of PREX1 GEF activ-
ity by PIP, is reduced when PREX1 is phosphorylated in cells
that co-express PAKI. Last, we identified a GPCR ligand,
prostaglandin E2 (PGE2), that can induce PREX1 phosphor-
ylation, and we found that PGE2 and isoproterenol both
stimulate PAK-dependent phosphorylation events on
PREX1. Altogether, we show that PREX1 and PREX2 are
both similarly regulated by phosphorylation downstream of
RTKs through a PAK-dependent mechanism, demonstrating
that negative feedback on these GEFs could have a signifi-
cant impact on Rho GTPase function.

Results

PREX]1 Is Phosphorylated through a PI3K-dependent Mecha-
nism Downstream of Receptor Tyrosine Kinase Activation—
PREX1 is phosphorylated downstream of neuregulin and IGF1
(18,19),and multiple studies have demonstrated that phosphor-
ylation causes an electrophoretic mobility shift in PREX1 (18,
30, 31). In MCF7 breast cancer cells, we found that insulin also
caused a PREX1 mobility shift (Fig. 14). PREX1 can be com-
prised of three bands when gel electrophoresis is performed on
MCEF7 cell lysates with a 4% polyacrylamide gel, and, in the
starved state, the bottom band (Fig. 14, 1) and the middle band
(Fig. 1A, 2) are enriched. However, treatment with insulin,
IGF1, or neuregulin reduced the amount of the bottom, fastest
migrating band (Fig. 14, 1) and significantly enriched the
upper, slowest migrating band (Fig. 14, 3). Furthermore, treat-
ment with A-phosphatase ablated the RTK-induced electro-
phoretic mobility shift, demonstrating that these changes to
PREX1 were the result of phosphorylation (Fig. 1B). A-Phos-
phatase treatment also compressed band 2, which is seen in the
starved state, indicating that steady-state phosphorylation is
present on PREX1. However, from these data it is unclear
whether the RTK-induced band shift (to band 3) is a result of a
single or multiple phosphorylation events.

It is currently unknown which kinases are regulating PREX1
phosphorylation downstream of RTK activation. We found
that neuregulin, insulin, and IGF1-dependent PREX1 phos-
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FIGURE 1. Receptor tyrosine kinases regulate the phosphorylation of PREX1 through a PI3K-dependent mechanism. For all quantified Western blots, the
ratio of the intensity of band 3 by densitometry to that of total PREX1 protein was calculated, and the number of independent samples used for each
quantification is shown in parenthesis. A, Western blotting analysis of MCF7 cells that were starved and then treated with 5 ng/ml insulin, 50 ng/mlIGF1, or 10
nm neuregulin for 30 min. Arrows indicate the three different PREX1 bands in MCF7 cells. Band 3 was quantified as described above. *, p < 0.05 compared with
the starved sample. B, Western blotting analysis of A-phosphatase (A-ppase)- or mock-treated cell lysates from MCF7 cells that were treated with insulin,
neuregulin, or IGF1 for 30 min. Band 3 was quantified as described above. *, p < 0.05 compared with the corresponding mock-treated sample for that
treatment. C, Western blotting analysis of MCF7 cells that were starved and then treated with 500 nm GDC0941 (PI3K inhibitor) for 15 min, followed
by treatment with neuregulin, insulin, or IGF1 for 30 min. Band 3 was quantified as described above. *, p < 0.05 compared with the corresponding ligand
treatment without GCD0941. D, Western blotting analysis of MCF7 cells that were starved and then treated with 500 nm BEZ235 (PI3K/mTOR inhibitor) for 15
min, followed by treatment with neuregulin, insulin, or IGF1 for 30 min. Band 3 was quantified as described above. *, p < 0.05 compared with the corresponding
ligand treatment without BEZ235. E, Western blotting analysis of MCF7 cells that were starved and then treated with 1 um AZD6482 (PI3Kp inhibitor) and/or 1
M BYL719 (PI3Ke inhibitor) for 15 min, followed by treatment with neuregulin or insulin for 30 min. Band 3 was quantified as described above. *, p < 0.05
compared with the corresponding ligand treatment without AZD6482 or BYL719. F, Western blotting analysis of MCF7 cells that were starved and then treated
with neuregulin for the indicated time periods. Band 3 was quantified as described above. ¥, p < 0.05 compared with the starved sample. G, Western blotting
analysis of MCF7 cells that were starved and then treated with insulin for the indicated time periods. Band 3 was quantified as described above. *, p < 0.05
compared with the starved sample. A phospho-specific antibody to AKT (Thr-308) was used to detect signaling alterations downstream of receptor tyrosine
kinase ligands and small molecule inhibitors.
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phorylation was sensitive to PI3K inhibition after treatment
with either GDC0941, a pan-class I PI3K inhibitor, or
BEZ235, a class I PI3K/mTOR dual inhibitor (Fig. 1, C and
D). This suggests that the kinase that is regulating PREX1 is
downstream of PI3K-dependent PIP; production. Interest-
ingly, our experiments show that the phosphorylation of
PREX1 is not as sensitive to BEZ235 as it is to GDC0941, as
the induced upper band is still faintly present after BEZ235
treatment, whereas the upper band is completely gone after
treatment with GDC0941. Similarly, we previously reported
that the phosphorylation of PREX2 downstream of insulin is
more sensitive to GDC0941 than to BEZ235 (33). The
reduced sensitivity of PREX phosphorylation to BEZ235
could be because BEZ235 is a less potent inhibitor of PI3Kf3,
and PI3KB can help to maintain higher PIP; levels when
PI3K« is efficiently inhibited. This is supported by the fact
that the phosphorylation of PREX1 was more sensitive to a
combination of a PI3KB and a PI3Ke« inhibitor than it was to
either drug alone (Fig. 1E). Collectively, these data demon-
strate that the RTK-mediated phosphorylation events that
regulate PREX1 require PI3K activation.

Receptor Tyrosine Kinase-dependent Phosphorylation of
PREX1 Is Regulated by PAKs—W e then analyzed the kinetics of
PREX1 phosphorylation in MCF?7 cells after either neuregulin
or insulin stimulation and found that the phosphorylation of
PREX1 was very low for the first minute after stimulation and
did not reach peak levels of phosphorylation until 5-15 min
(Fig. 1, F and G). AKT, which is activated by PIP, production,
was significantly phosphorylated within the first 30 s. This time
course of PREX1 phosphorylation is consistent with the time
course of PAK-dependent PREX2 phosphorylation down-
stream of insulin receptor activation (33). Additionally, insulin-
mediated phosphorylation of PREX2 also requires PI3K, and
because of these similarities between PREX2 and PREX1, we
tested whether PREX1 phosphorylation downstream of
RTKs is also mediated by PAKs. Indeed, the pan-PAK inhib-
itor PF-3758309 reduced the neuregulin-, insulin-, and IGF1-
dependent phosphorylation of PREX1 in MCF7 cells (Fig. 2A4).
Phosphorylation of the PAK substrate RAF1 at Ser-338 was
used in this experiment to show that the PAKs were stimulated
by RTK activation and that the inhibitor efficiently blocked
PAK function. We also tested the effect of PAK inhibitors on
PREX1 electrophoretic mobility in T47D breast cancer cells, a
cell line where PREX1 is important for Rac activation in
response to neuregulin, EGF, and TGF« (17). Similar to what
we observed in MCF7 cells, the enrichment of a slower migrat-
ing band of PREX1 that was induced by neuregulin, insulin, and
IGF1 was sensitive to the inhibition of PAKs with PF-3758309
(Fig. 2B). Co-expression of PREX1 and PAK1 in starved MCF7
cells caused the same type of electrophoretic band shift that was
seen after treatment with RTK agonists, and co-expression of
the kinase-dead, dominant negative K299R mutant of PAK1
caused an enrichment of the lowest, presumably dephosphory-
lated PREX1 band (Fig. 2C). The K299R PAK1 mutant also pre-
vented neuregulin-, insulin-, and IGF1-mediated phosphoryla-
tion of PREX1 (Fig. 2D), providing further evidence that PAKs
are regulating the phosphorylation of PREX1 downstream of
RTK activation. After finding that PAKs could regulate PREX1
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phosphorylation in cells, we tested whether PREX1 was a direct
substrate of PAKs. Previous studies from our laboratory have
demonstrated that PREX2 is phosphorylated in vitro by recom-
binant PAK2 (33), which is constitutively active when produced
in bacteria (34). In an in vitro kinase assay, PREX1 was also
phosphorylated by PAK2 in a dose-dependent manner, and the
levels of phosphorylation were comparable with those seen
with PREX2 (Fig. 2E). In addition, in vitro phosphorylation of
PREX1 by PAK2 resulted in electrophoretic mobility shifts in
PREX1 at both the lower and higher doses of PAK2, as shown by
Coomassie staining. This indicates that PAKs contribute to the
PREX1 mobility shifts that are seen in cells in response to RTK
activation. Taken together, these data implicate PAKs as
important mediators of PREX1 phosphorylation downstream
of receptor tyrosine kinases.

Phosphorylation of PREX1 Reduces PIP,; Binding and PIP -
mediated GEF Activation—We then sought to determine the
functional consequences of RTK-dependent phosphorylation
of PREX1. We have shown previously that insulin-mediated
phosphorylation of PREX2 reduces binding to PIP; to prevent
PIP,-dependent activation of GEF activity (33). Furthermore,
multiple studies on PREX1 have shown that phosphorylation
can affect GEF activity. Dephosphorylation of PREX1 with
either A-phosphatase or PP1a increases GEF activity, and PKA-
mediated phosphorylation of PREX1 reduces both the binding
of PREX1 to GB7y and GB+y-dependent activation of PREX1
GEF activity (30 -32). By performing PIP, pulldowns in MCF?
cells, we found that treatment with neuregulin, insulin, or IGF1
for 30 min reduced the total amount of PREX1 that bound to
PIP, (Fig. 3A). A longer exposure of the Western blot revealed
that the upper or slowest migrating PREX1 band that is induced
by RTK activation did not efficiently bind to PIP; despite being
enriched in the input sample, providing further evidence that
RTK-dependent phosphorylation reduces PREX1 binding to
PIP,. Complete enrichment of the upper PREX1 band after
treatment with calyculin A, a PP1a and PP2A phosphatase
inhibitor, resulted in a further reduction in PREX1 binding
to PIP,. To test whether this decrease in PIP, binding was
PAK-dependent, we used the PAK inhibitor PF-3758309 and
found that it reversed the insulin-induced reduction in bind-
ing to PIP, (Fig. 3B). The PIP, binding of phosphoinositide-
dependent kinase-1 (PDK1), a well established PIP,-inter-
acting protein, was unaffected by insulin treatment or PAK
inhibition.Furthermore,abolishingtheinsulin-induced phos-
phorylation of endogenous PREX1 with in vitro A-phospha-
tase treatment also rescued PREX1 PIP; binding, whereas
A-phosphatase had no effect on the binding of PDK1 to PIP,
(Fig. 3C).

Given that PIP, is critical for PREX1 activation during RTK
signaling, we then used an in vitro Racl activation assay to test
whether the phosphorylated form of PREX1 that is induced
after RTK stimulation also shows reduced PIP;-mediated acti-
vation of GEF activity. Compared with dephosphorylated
PREX1 that was purified from HEK293 cells co-expressing
dominant negative PAK1, phosphorylated PREX1 that was
purified from calyculin A-treated cells had significantly
reduced PIP;-stimulated GEF activation (Fig. 3D). This is con-
sistent with previous reports showing that dephosphorylation
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of PREX1 by protein phosphatases activates GEF activity (30,
31). In addition, PREX1 that was purified from cells co-express-
ing PAK1 showed reduced GEF activity at multiple PIP; con-
centrations compared with dephosphorylated PREX1, with a
significant difference in GEF activation in the presence of 0.1
uM PIP,. Taken together, it appears that the phosphorylation of
PREX1 downstream of RTK activation and PAKs reduces bind-

A

ing to PIP,;, and PAK-mediated phosphorylation decreases
PIP,-dependent stimulation of GEF activity. When combined
with the delayed time course of phosphorylation shown in Fig.
1, F and G, these data suggest that the phosphorylation of
PREX1 is negatively regulating GEF activity at later time points
after stimulation, potentially as part of feedback to turn off
GTPase activation.
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Isoproterenol and Prostaglandin E2 Stimulation Leads to the
Phosphorylation of PREX1 through a Mechanism That Is Dis-
tinct from Phosphorylation Downstream of Receptor Tyrosine
Kinases—PREX proteins are also activated by GBy, and PREX1
is both activated and phosphorylated after GPCR activation
with the B-adrenergic receptor agonist isoproterenol (31, 35).
Thus far, we have established that RTK-dependent phosphor-
ylation of PREX1 is PAK-dependent, and next we sought to
determine whether certain GPCR-mediated phosphorylation
events on PREX1 also require PAKs. We analyzed the electro-
phoretic mobility of PREX1 after isoproterenol treatment in
MCF7 cells to see whether it mimics the changes seen after RTK
stimulation. Isoproterenol did induce an electrophoretic band
shift similar to that seen after RTK activation; however, the
upper band (band 3) was strongly enriched within the first 30 s
of treatment (Fig. 4A4). In contrast, after RTK activation, full
enrichment of the upper band was not seen until the 5-min time
point (Fig. 1, Fand G). We then screened other GPCR agonists
to see whether this type of regulation extends beyond B-adre-
nergic receptors, and we found that treatment of MCEF7 cells
with PGE2 resulted in the same electrophoretic mobility
changes in PREX1 that were seen with isoproterenol (Fig. 4B).
Furthermore, the mobility shifts induced by isoproterenol and
PGE2 treatment were sensitive to A-phosphatase, confirming
that these changes were a result of the phosphorylation of
PREX1 (Fig. 4C). As we established previously, RTK-mediated
phosphorylation of PREX1 requires PAKs, and because isopro-
terenol and PGE2-dependent phosphorylation resulted in the
same electrophoretic mobility changes in PREX1 that were
seen after RTK activation, we tested whether PAKs regulate the
phosphorylation of PREX1 downstream of these GPCR
agonists. Treatment of MCF7 cells with the PAK inhibitor
PF-3758309 or co-expression of the dominant negative PAK1
K299R mutant reduced enrichment of the upper PREX1 band
(band 3) that was induced by isoproterenol or PGE2, suggesting
that these agonists do cause PAK-dependent phosphorylation
events (Fig. 4, D and E).

Despite PAKs having a role in the phosphorylation of PREX1
downstream of both RTKs and GPCRs, our data show that the
mechanism of phosphorylation downstream of PGE2 and iso-
proterenol is different from the mechanism of phosphorylation
that occurs downstream of RTKSs. First, the time course of phos-
phorylation is much faster downstream of PGE2 and isoprot-
erenol, and second, as shown in Fig. 4, D and E, PAK inhibition
did not enrich the lower PREX1 band (band I) to the extent that

PAK-mediated Phosphorylation of PREX1

it did in the context of insulin treatment. One possible expla-
nation for this observation is that another kinase in addition to
PAKs is involved in the phosphorylation of PREX1 after isopro-
terenol and PGE2 treatment. We hypothesized that PKA could
have a role because it is known to phosphorylate PREX1 and is
activated downstream of both PGE2 and isoproterenol (31). We
found that activation of PKA with forskolin or 8-bromo-cAMP
resulted in a PREX1 band shift that was identical to the PGE2- and
isoproterenol-stimulated shift, suggesting that PKA might also
have a role in phosphorylating PREX1 downstream of these recep-
tors (Fig. 4F). Interestingly, pharmacological inhibition of PAKs
blocked the forskolin and 8-bromo-cAMP-dependent enrichment
of the PREX1 upper band (band 3), demonstrating that PAKs act
downstream of PKA in the same pathway (Fig. 4G).

Because PAK-mediated phosphorylation reduced the bind-
ing of PREX1 to PIP, after RTK stimulation, we tested whether
the phosphorylation of PREX1 after GPCR activation had the
same effect. We found that the PAK-dependent upper band
that was induced by PGE2, isoproterenol, and forskolin did not
efficiently bind to PIP,, which was similar to the effect of PAK-
mediated phosphorylation downstream of RTKs (Fig. 4H).
However, compared with the level of PIP3 binding after RTK
activation, the reduction in overall binding of PREX1 was not as
striking after PGE2, isoproterenol, and forskolin treatment, fur-
ther suggesting that the regulation of PREX1 downstream of
these particular GPCRs differs from the mode of regulation down-
stream of RTKs. The fact that GPCR-dependent phosphorylation
of PREX1 affects PIP, binding suggests cross-talk between RTKs
and GPCRs in the regulation of PREX1. This idea is supported by
the fact that PI3K inhibition moderately reduced the enrichment
of the PGE2-, isoproterenol-, and forskolin-dependent upper band
of PREX1 (Fig. 41). MCF7 cells contain an activating mutation on
the catalytic subunit of PI3Ke, and these data indicate that the
basal levels of PIP, that likely result from this mutation are impor-
tant for the stimulation of PAK that occurs downstream of GPCRs
and PKA activation. Taken together, these data demonstrate that
PAKSs have arole in the phosphorylation of PREX1 downstream of
isoproterenol and PGE2; however, the mechanism and conse-
quences of phosphorylation, perhaps to the differential role of
PKA, appear to be different from the phosphorylation of PREX1
downstream of RTKs.

Discussion

Although PREX1 and PREX2 are both activated by PIP, and
GpBy downstream of RTKs and GPCRs, it was previously

FIGURE 2. PAKs mediate receptor tyrosine kinase-dependent phosphorylation of PREX1. For all quantified Western blots, the ratio of the intensity of band
3 by densitometry to that of total PREX1 (or MYC-tagged PREX1) protein was calculated, and the number of independent samples used for each quantification
is shown in parenthesis. A, Western blotting analysis of MCF7 cells that were starved and treated with the indicated concentrations of PF-3758309 (PAK
inhibitor) for 15 min, followed by treatment with 10 nm neuregulin, 5 wg/ml insulin, or 50 ng/ml IGF1 for 30 min. Band 3 was quantified as described above. ¥,
p < 0.05 compared with the corresponding ligand treatment without PF-3758309. B, Western blotting analysis of T47D cells that were starved and treated with
the indicated concentrations of PF-3758309 (PAKi) for 15 min, followed by treatment with neuregulin, insulin, or IGF1 for 30 min. Band 3 was quantified as
described above. *, p < 0.05 compared with the starved sample; **, p < 0.05 compared with the corresponding ligand treatment without PF-3758309. C,
Western blotting analysis of MCF7 cells co-expressing MYC PREX1 and either MYC PAKT WT or MYC PAK1 K299R. Cells were starved before being harvested.
Band 3 was quantified as described above. *, p < 0.05 compared with the sample with no PAK expression; **, p < 0.05 compared with the WT PAK-expressing
sample. D, Western blotting analysis of MCF7 cells expressing MYC PREX1 with or without co-expression of MYC PAK1 K299R. Cells were starved and treated
with neuregulin, insulin, or IGF1 for 30 min. Band 3 was quantified as described above. *, p < 0.05 compared with the starved sample; **, p < 0.05 compared
with the corresponding ligand treatment without MYC PAK1 K299R co-expression. E, in vitro kinase assay with purified His PAK2 and MYC PREX1 or V5 PREX2
isolated on either MYC or V5-agarose beads. Incorporation of [y->?P]ATP was analyzed. A representative exposure is shown of two independent experiments.
Phosphospecific antibodies to AKT (Thr-308) and RAF1 (Ser-338) were used to detect signaling alterations downstream of receptor tyrosine kinase ligands and
small molecule inhibitors.
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unclear whether they were similarly regulated by phosphoryla-
tion in these signaling pathways. We have shown previously
that PREX2 is phosphorylated by PAKs after insulin receptor
activation, and here we report that PREX1 is regulated in a
similar manner by numerous RTKs. We show that these phos-
phorylation events on PREX1 after neuregulin, insulin, and
IGF1 treatment cause a band shift and that these particular
phosphorylation events that regulate the band shift require
PAK activation. RTK- and PAK-dependent phosphorylation of
PREX1 in MCEF7 cells reduced the ability of PREX1 to bind
to PIP;, and PAKIl-mediated phosphorylation of PREX1
reduced PIP,-stimulated GEF activity. These data suggest that,
like PREX2, PREX1 appears to be part of a negative feedback
circuit where PAKs, which are activated by GTP-bound Rac,
phosphorylate PREX1 after PREX1 has been activated to reduce
its GEF activity and turn off the signaling pathway (Fig. 5). For
illustrative purposes, our model shows that phosphorylated
PREX1 is not at the membrane because it does not bind to PIP;
however, given that PREX1 has been shown previously to have
PIP,-independent associations with the membrane, it is possible
that phosphorylation has a significant impact on GEF activation by
PIP, while only weakening overall membrane binding (36).

PREX1 is critical for Rac activation downstream of many
growth factors, such as neuregulin, IGF1, EGF, and TGFa. Fur-
thermore, PREX1 knockdown reduces cell proliferation, adhe-
sion, colony formation, and invasion after neuregulin stimula-
tion, and also reduces adhesion and cell growth after IGF1
stimulation (17-19). Phosphorylation events on PREX1 have
also previously been identified after both neuregulin and IGF1
treatment (18, 19). Our results further implicate PREX1 in
these signaling pathways, demonstrating that it is targeted by
downstream kinases, such as PAKs, to reduce its GEF activity.
The importance of RTK signaling in cancer is well studied, and
additionally, there is an emerging interest in targeting PAKs in
cancer (37). We have now identified PAK-dependent negative
feedback for both PREX1 and PREX2, and these signaling
mechanisms may need to be considered when determining how
to most effectively utilize PAK inhibitors in patients. Targeting
PAKs in the context of PREX1 or PREX2 overexpression may
reduce the efficacy of these inhibitors through prolongation of
PREX protein GEF activation of Rho GTPases. Many other neg-
ative feedback mechanisms like the one described here have
been identified, and importantly, some appear to have an
impact on therapeutics. For example, mMTORC1 is a key signal-

PAK-mediated Phosphorylation of PREX1

ing protein in cancer that is downstream of RTKs and PI3K, and
the reduced efficacy of mTORCI inhibitors in the clinic
appears to be the result of the shutting off of negative feedback
for IGF1 signaling that is downstream of the mTORC1-depen-
dent ribosomal S6 kinase (38). It will be interesting to see
whether this type of paradigm is also true with PAK inhibitors,
and, further, to potentially correlate the efficacy of PAK inhib-
itors in cancer with PREX expression.

This study also provides a further rationale to study PREX1
and PREX2 in the insulin signaling pathway and in insulin-
related disease, such as insulin resistance and type 2 diabetes.
We have now shown that both PREX1 and PREX2 are regulated
by phosphorylation after insulin stimulation, which is in agree-
ment with previous studies showing key roles for both proteins
in insulin signaling and insulin-mediated glucose uptake (15,
21). Furthermore, multiple SNPs that are near the PREX1 gene
locus and are associated with type 2 diabetes have been identi-
fied in independent populations, although it is unclear whether
these SNPs are actually altering PREX1 expression or function
(39). Downstream of PREX1, Racl and PAKs are also key medi-
ators of insulin-mediated glucose uptake, and both have been
implicated in insulin resistance (40, 41). Given that both PREX1
and PREX2 are negatively regulated by PAK-mediated phos-
phorylation in the insulin signaling pathway;, it will be crucial to
study the role of these phosphorylation events in insulin resis-
tance and diabetes. It is possible that PREX proteins have high
levels of phosphorylation in diabetic patients and that increas-
ing PREX phosphorylation downstream of PAKs is a mechanism
for insulin resistance, contributing to the onset of diabetes.

We also studied the phosphorylation of PREX1 after GPCR
stimulation. It is known that PREX1 can be phosphorylated
downstream of isoproterenol and sphingosine 1-phosphate (31,
49), and in this study we identified additional phosphorylation
events on PREX1 after treatment with another GPCR agonist,
PGE2. PGE2 is produced through the processing of the fatty
acid arachidonic acid and has wide-ranging and diverse roles in
physiology in addition to being implicated in cancer (42).
Cyclooxygenase enzymes, a family of enzymes in the PGE2 syn-
thesis pathway, are targets of non-steroidal anti-inflammatory
drugs such as aspirin, which are widely used pain relievers and
anti-inflammatory medications. These drugs have also been
linked to reductions in colorectal cancer, a disease where PGE2
levels are sometimes increased (42). Our data showing that
PREX1 is phosphorylated after PGE2 stimulation suggest that

FIGURE 3. Phosphorylation of PREX1 reduces PIP; binding and in vitro GEF activity. A, Western blotting analysis of PIP; bead pulldowns from MCF7 cells
that were starved and treated with 10 nm neuregulin, 5 ug/ml insulin, 50 ng/ml IGF1, or 100 nm calyculin A for 30 min. A representative blot is shown of four
independent experiments. Right panel, quantification of PREX1 bound to the PIP; beads for each condition. The ratio of PREX1 band intensity for the pulldown
sample over the PREX1 band intensity for the input was calculated for each sample. These values were then normalized to the average ratio for the starved/PIP3
bead samples. *, p < 0.05 compared to the starved/PIP3 bead sample. B, Western blotting analysis of PIP; bead pulldowns from MCF7 cells that were starved
and treated with insulin or 1 um of PF-3758309 (PAKi) for 15 min, followed by treatment with insulin. A representative blot is shown of two independent
experiments. The ratio of PREX1 or PDK1 band intensity for the pulldown sample over the band intensity for the input was calculated for each sample. These
values were then normalized to the average ratio for the starved/PIP3 bead samples, and these values are shown below the corresponding pulldown blot. *, p <
0.05 compared with the starved/PIP; bead sample; **, p < 0.05 compared with the insulin/PIP; bead sample. C, Western blotting analysis of PIP; bead
pulldowns from A-phosphatase- or mock-treated cell lysates from MCF7 cells that were starved and then treated with insulin. A representative blot is shown of
two independent experiments. The ratio of PREX1 or PDK1 band intensity for the pulldown sample over the band intensity for the input was calculated for each
sample. These values were then normalized to the average ratio for the insulin/mock-treated samples, and these values are shown below the corresponding
pulldown blot. *, p < 0.05 compared with the insulin/mock-treated sample. D, MYC PREX1 was purified from HEK293 cells co-expressing MYC PAKT WT or K299R
or from HEK293 cells that were treated with 100 nm calyculin A for 30 min (a representative Western blot is shown in the right panel). The ability of increasing
doses of PIP; to stimulate PREX1 GEF activity toward GST Rac1 was assessed in an in vitro GEF assay. Data are mean = S.D. for at least two experiments with
samples done in duplicate at each PIP; concentration. *, p < 0.05 by t test.
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PREX1 is involved in this signaling pathway. Given the impor-  hasbeen shown previously to regulate Rac1, but the data are not
tance of PGE2 for basal cellular function and in disease, it willbe  clear, as PGE2 can both activate and inhibit Racl function (43,
important to determine whether PREX1 (or PREX2) has a sig-  44). It is possible that the effect of PGE2 on Racl is dependent
nificant role in PGE2 signaling, and, if so, whether this contrib-  on the timing after stimulation, the cell type, and the isoform of
utes to the role of PREX proteins in cancer. Interestingly, PGE2  the PGE receptor that is expressed.
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FIGURE 5. Model for PAK-dependent regulation of PREX1 phosphorylation and function by membrane receptors. PREX phosphorylation can be regu-
lated by either RTKs or GPCRs. After RTK activation of PREX GEF activity, the Rac-dependent PAKs stimulate the phosphorylation of PREX proteins around 1-2
min after treatment with various RTK ligands. This causes a reduction in PIP; binding and a reduction in PIP;-stimulated GEF activity and potentially weakens
the membrane binding of PREX proteins. Downstream of certain GPCRs that are known to activate PKA, PAKs mediate the phosphorylation of PREX1 within 30 s
of treatment with an agonist. PREX proteins are activated by GBvy and PIP3 to promote GTP loading on Rac, which can then activate PAK-dependent
phosphorylation of PREX1 or PREX2. Additionally, PKA is activated by Ga, and it then potentially binds to Rac-GTP to phosphorylate and activate PAKs and
increase the PAK signal. This would allow for PAK-mediated phosphorylation of PREX proteins that relies on both PAK and PKA. While in this signaling complex,
PKA may also phosphorylate PREX, and both PAK and PKA-mediated phosphorylation could provide negative feedback by reducing the binding of PREX to
GBy and PIP;. PPTa and PP2A dephosphorylation may complete the circuit and allow for PREX proteins to become activated by future stimulation of the
receptor.

The phosphorylation events downstream of isoproterenol
and PGE2 treatment were at least partially dependent on PAKs,
demonstrating that PAKs can regulate the phosphorylation of
PREX1 after GPCR activation. Our data also suggest that PKA,
an established PREX1 kinase, likely has a role in the phosphor-
ylation of PREX1 after isoproterenol and PGE2 treatment. PKA
activation resulted in PAK-dependent phosphorylation of
PREX1, suggesting that PKA is upstream of PAKs. A recent
study showed that Rac binds to a PKA regulatory subunit and
that PKA phosphorylates and activates PAK, setting up a model
where PKA binds Rac-GTP to help in the stimulation of PAK
and its downstream signals (45). It is also important to note
that PREX1 is both activated by isoproterenol in cells and
negatively regulated by PKA in vitro (10, 31, 32, 46). One
possible model that incorporates all of these data is that,
after GPCR stimulation, GBvy signals to PREX1 to activate
Rac and Ga signals to PKA to help in the activation of PAK
by Rac-GTP, and then these two events lead to PAK-medi-

ated negative feedback on PREX1 to turn off Rac (Fig. 5). It is
also possible that PKA phosphorylates PREX1 in this path-
way as an additional node of negative feedback. Additionally,
very little is known about GPCR regulation of PREX2, so it
will be important to study whether PKA can also regulate the
phosphorylation of PREX2, particularly downstream of iso-
proterenol and PGE2.

Taken together, our data demonstrate that negative feedback
mediated by PAKs extends beyond PREX2, as it is involved in
the regulation of PREX1. These studies highlight the possibility
that negative regulation of GEFs by downstream signals may
play a significant role in shutting off GTPase activation. It will
be important to study the contribution of these negative feed-
back circuits to the functional outputs of these signaling path-
ways in more depth and also to determine whether PAKs can
regulate other GEFs. More generally, given how many cancer
therapeutics target kinases such as PAK, it is imperative to con-
tinue to uncover these instances of negative feedback to fully

FIGURE 4. Isoproterenol and prostaglandin E2 stimulation lead to a PAK-dependent mechanism of phosphorylation for PREX1 that is distinct from
receptor tyrosine kinase activation. For all quantified Western blots, the ratio of the intensity of band 3 or band 1 (as indicated) by densitometry to that of
total PREX1 (or MYC-tagged PREX1) protein was calculated, and the number of independent samples used for each quantification is shown in parenthesis. A,
Western blotting analysis of MCF7 cells that were starved and then treated with 1 um of isoproterenol (/SO) for the indicated times. Band 3 was quantified as
described above. B, Western blotting analysis of MCF7 cells that were starved and then treated with 10 nm of PGE2 for the indicated times. Band 3 was quantified
as described above. C, Western blotting analysis of A-phosphatase (A-ppase) or mock-treated cell lysates from MCF7 cells that were treated with PGE2 or
isoproterenol for 1T min. Band 3 was quantified as described above. *, p < 0.05 compared with the corresponding mock-treated sample for that treatment. D,
Western blotting analysis of MCF7 cells that were treated with 1 um of PF-3758309 (PAKi) for 15 min, followed by treatment with isoproterenol or PGE2 for 1 min
or 5 ug/mlinsulin for 30 min. Either band 3 or band 1 was quantified as described above. *, p < 0.05 compared with the starved sample for band 3; **, p < 0.05
compared with the corresponding ligand treatment without PF-3758309 for band 3; #, p < 0.05 compared with the insulin-and PF-3758309-treated sample for
band 1. E, Western blotting analysis of MCF7 cells expressing MYC PREX1 with or without co-expression of MYC PAKT K299R. Cells were starved and treated with
isoproterenol or PGE2 for 1 min or insulin for 30 min. Either band 3 or band 1 was quantified as described above. *, p < 0.05 compared with the starved sample
for band 3. **, p < 0.05 compared with the corresponding ligand treatment without MYC PAK1 K299R co-expression for band 3; #, p < 0.05 compared with the
insulin-treated sample with co-expression of MYC PAK1 K299R for band 1. F, Western blotting analysis of MCF7 cells that were starved and then treated with 100
nm forskolin, 500 um 8-bromo-cAMP, or 10 nm PGE2 for the indicated times. Band 3 was quantified as described above. *, p < 0.05 compared with the starved
sample. G, Western blotting analysis of MCF7 cells that were treated with 1 um of PF-3758309 (PAK:i) for 15 min, followed by treatment with PGE2 or forskolin
for 1 min, or 8-bromo-cAMP for 5 min. Band 3 was quantified as described above. ¥, p < 0.05 compared with the corresponding ligand treatment without
PF-3758309. H, Western blotting analysis of PIP; bead pulldowns from MCF7 cells that were starved and treated with PGE2 or isoproterenol for 1 min, forskolin
for 5 min, orinsulin for 30 min. A representative blot is shown of two independent experiments. /, Western blotting analysis of MCF7 cells that were treated with
500 nm of GDC0941 (PI3Ki) for 15 min, followed by treatment with PGE2, isoproterenol, or forskolin for 1 min. Band 3 was quantified as described above. *, p <
0.05 compared with the corresponding ligand treatment without GCD0941. Phosphospecific antibodies to AKT (Thr-308) and RAF1 (Ser-338) were used to
detect signaling alterations.
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understand and predict the contexts in which these kinase-tar-
geting drugs will be effective.

Experimental Procedures

Plasmids and Constructs—Full-length PREX1 with an N-ter-
minal MYC tag in the pCMV3 vector was a gift from Heidi
Welch (4). MYC-pCMV6M-PAK1 WT and PAK1 K299R
(Addgene plasmids 12209 and 12210) and His,-pET28-PAK2
WT were gifts from Jonathan Chernoff (47). PREX2 was cloned
into the pcDNA3.1 V5/His vector (Life Technologies) as
described previously (22).

Antibodies—The anti-PREX1 antibody (clone 6F12) was pro-
vided by Heidi Welch. The B-actin (A5316) antibody, anti-V5-
agarose affinity gel (A7345), and anti-MYC agarose affinity gel
(A7470) were purchased from Sigma-Aldrich. Rabbit total AKT
(9272) and p308 AKT (4056) primary antibodies were pur-
chased from Cell Signaling Technologies. The p338 RAF1/
CRAF (05-538) primary antibody was purchased from Milli-
pore. Anti-His HRP antibody (34460) was purchased from
Qiagen. Secondary antibodies directed against rabbit and
mouse IgG conjugated to HRP were purchased from Pierce.

Cell Lines, Transfection, and Drug Treatments—HEK293 and
MCEF7 cells were cultured in DMEM (Cellgro) supplemented
with 10% (v/v) FBS, 100 IU penicillin, and 100 pg/ml strepto-
mycin (Cellgro). T47D cells were cultured in RPMI (Cellgro)
supplemented with 10% (v/v) FBS, 100 IU penicillin, and 100
pg/ml streptomycin. When indicated, cells were starved for
16 h in the appropriate medium without FBS before treatment.
Transfections were performed with Lipofectamine 2000 (Life
Technologies) following the protocol of the manufacturer.
Unless otherwise indicated, cells were treated with 5 ug/ml
insulin (Sigma), 10 nM neuregulin (Prospec), 50 ng/ml IGF1
(Sigma), and 100 nm calyculin A (Cell Signaling Technology) for
30 min. In addition, 1 uMm isoproterenol (Sigma), 10 nm PGE2
(Sigma), 100 nM forskolin (Tocris), and 500 um 8-bromo-cAMP
(Tocris) were used for the indicated amounts of time. For treat-
ment of cells with small molecule inhibitors, cells were incu-
bated with the indicated concentrations for 15 min prior to
addition of growth factor or GPCR agonist. The signaling
experiments were performed in 6-well plates with the excep-
tion of the time course experiments with neuregulin, insulin,
isoproterenol, and PGE2, which were performed in separate
35-mm plates.

In Vitro A-Phosphatase Assay—MCEF7 cells were plated in
6-well plates, starved overnight, and then treated as indicated.
The cells were then harvested in 150 ul of 1X NEBuffer for
Protein Metallophosphatases (New England Biolabs) that was
supplemented with 1% Triton, 100 nm calyculin A, and 1X
eukaryotic protease inhibitor mixture (Sigma). The lysates were
then vortexed, sonicated, and centrifuged at 4 °C for 30 min.
The 40-pul phosphatase reaction was then set up with 35 ul of
the lysate, 4 ul of 10X MnCl, (New England Biolabs), and 1 ul
of either A-phosphatase (New England Biolabs) or 1 X NEBuffer
for Protein Metallophosphatases. The reactions were incubated
at 30 °C for 30 min. At the end of the incubation, 40 ul of 2X
Laemmli sample buffer (125 mm Tris (pH 6.8), 4% SDS, 20%
glycerol, 10% B-mercaptoethanol, and 0.05% bromphenol blue)
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was added to each mixture, and the samples were analyzed by
Western blotting.

In Vitro PAK2 Kinase Assay—His,-PAK2 was purified as
described previously (33). For the kinase assay, MYC PREX1 or
V5 PREX2-expressing HEK293 cells were starved and then
treated with 500 nm GDC0941 and 5 um PF-3758309 for 30
min. One 15-cm plate was transfected for every three kinase
reactions in a given experiment. Each plate was harvested into
1.5 ml of high-salt lysis buffer containing 25 mm Tris (pH 7.5),
0.1% Triton X-100, 1 M NaCl, and 1X eukaryotic protease
inhibitor mixture, and the lysates were then vortexed, soni-
cated, and centrifuged for 30 min at 4 °C. The lysates were com-
bined and then incubated with V5 or MYC-agarose beads for
16 h while rotating at 4 °C. The MYC PREX1 and V5 PREX2
beads were washed three times with lysis buffer, followed by
three washes with 1X phosphobuffer containing 50 mm HEPES
(pH 7.5), 25 mMm NaCl, 1.25 mm MgCl,, and 1.25 mm MnCl,.
The beads were divided equally into the appropriate number of
tubes and used in a 30-ul reaction consisting of the indicated
amount of His,-PAK2, 100 um cold ATP, and 5 uCi [y->*P]ATP
(PerkinElmer Life Sciences), all diluted in 1X phosphobuffer.
The reactions were incubated at 30 °C for 45 min. The beads
were then washed two times with kinase buffer and resus-
pended in 2X Laemmli sample buffer. Incorporation of
[y->*P]ATP was detected by gel electrophoresis.

PIP, Bead Pulldown of PREX1—10-cm plates of MCF7 cells
were starved overnight and then treated as indicated before,
being harvested in 1 ml of PIP; binding/lysis buffer (20 mm
HEPES (pH 7.4), 0.25% Nonidet P-40, 150 mm NaCl, 1 mm
EDTA, 1 mm Na;VO,, 1 mm NaF, 100 nm calyculin A, and 1X
eukaryotic protease inhibitor mixture). The lysates were then
vortexed, sonicated, and centrifuged for 30 min at 4 °C. The
supernatant was combined with 15 ul of PIP, beads (Echelon),
and these mixtures were rotated at 4 °C for 4 h. The beads were
then washed five times in PIP; binding/lysis buffer and resus-
pended in 30 ul of 2X Laemmli sample buffer to be analyzed by
Western blotting.

PIP, Bead Pulldown of PREX1I after in Vitro A-Phosphatase
Assay—15-cm plates of MCEF7 cells were starved overnight and
then were either left starved or treated with insulin before being
harvested in 300 wl of 1X NEBuffer for Protein Metallophos-
phatases (New England Biolabs) that was supplemented with
1% Triton, 100 nMm calyculin A, and 1X eukaryotic protease
inhibitor mixture. The lysates were then vortexed, sonicated,
and centrifuged at 4 °C for 30 min. The 190-ul phosphatase
reaction was then set up with 168 ul of the lysate (the starved
and insulin-treated lysates were each divided into two reac-
tions), 19 ul of 10X MnCl, (New England Biolabs), and 3 ul of
either A-phosphatase (New England Biolabs) or 1X NEBuffer
for Protein Metallophosphatases. The reactions were incubated
at 30 °C for 45 min. Next, 800 ul of PIP, binding/lysis buffer (20
mM HEPES (pH 7.4), 0.25% Nonidet P-40, 150 mMm NaCl, 1 mm
EDTA, 1 mm Na;VO,, 1 mm NaF, 100 nm calyculin A, and 1X
eukaryotic protease inhibitor mixture), and 15 ul of PIP; beads
(Echelon) was added to each reaction; these mixtures were
rotated at 4 °C for 4 h. The beads were then washed five times
in PIP, binding/lysis buffer and resuspended in 30 ul of 2X
Laemmli sample buffer to be analyzed by Western blotting.
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In Vitro Rac-GEF Assay—MYC PREX1 was purified from
HEK293 cells using the same method as described previously
for V5 PREX2 purification, except MYC-agarose and MYC
peptide (Sigma) were used (33). In vitro analysis of PIP;-stimu-
lated MYC PREX1 GEF activity toward GDP-loaded GST Racl
was performed as described previously, except glutathione-
Sepharose beads (GE Healthcare Life Sciences) were used to
isolate the GST Racl after incubation with MYC PREX1 (4, 48).
GST Racl was purified, eluted, and loaded with GDP as
described previously (33). For the in vitro GEF assay, PIP; diC16
was purchased from Echelon Biosciences and was incorporated
into liposomes. The final concentrations of GST Racl and MYC
PREX1 in the reaction were 100 nm and 5 nwm, respectively.
Purified PREX1 and GST Racl were incubated in a final reac-
tion volume of 10 ul with PIP;, 5 um cold GTPS (Sigma), and
1 uCi [**S]GTPYS (PerkinElmer Life Sciences) for 10 min at
30 °C. GST Racl was isolated on glutathione-Sepharose beads,
and the loading of [**S]GTPvS by GST Racl was measured by
scintillation counting.

Statistical Analysis—Student’s t test was used to determine
statistical significance, and p < 0.05 was considered significant.
Scatter plots show the average value of all the samples in that
dataset + S.D.
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