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p21-activated Kinases (PAKs) Mediate the Phosphorylation of
PREX2 Protein to Initiate Feedback Inhibition of Rac1 GTPase*
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(Background: The role of phosphorylation for regulating the Racl1 GEF PREX2 is not understood.
Results: PAK phosphorylation of PREX2 downstream of PIP; and G-y reduces PREX2 GEF activity.
Conclusion: Second messengers can initiate negative feedback to decrease Racl activation through PAK phosphorylation of

Significance: PAK negative regulation of GEFs could represent a broadly utilized mechanism to attenuate Racl activation and
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Phosphatidylinositol 3,4,5-trisphosphate (PIP;)-dependent
Rac exchanger 2 (PREX2) is a guanine nucleotide exchange fac-
tor (GEF) for the Ras-related C3 botulinum toxin substrate 1
(Racl) GTPase, facilitating the exchange of GDP for GTP on
Racl. GTP-bound Racl then activates its downstream effectors,
including p21-activated kinases (PAKs). PREX2 and Racl are
frequently mutated in cancer and have key roles within the insu-
lin-signaling pathway. Racl can be inactivated by multiple
mechanisms; however, negative regulation by insulin is not well
understood. Here, we show that in response to being activated
after insulin stimulation, Racl initiates its own inactivation by
decreasing PREX2 GEF activity. Following PREX2-mediated
activation of Racl by the second messengers PIP; or Gf3y, we
found that PREX2 was phosphorylated through a PAK-depen-
dent mechanism. PAK-mediated phosphorylation of PREX2
reduced GEF activity toward Racl by inhibiting PREX2 binding
to PIP; and Gfvy. Cell fractionation experiments also revealed
that phosphorylation prevented PREX2 from localizing to the
cellular membrane. Furthermore, the onset of insulin-induced
phosphorylation of PREX2 was delayed compared with AKT.
Altogether, we propose that second messengers activate the
Racl signal, which sets in motion a cascade whereby PAKs phos-
phorylate and negatively regulate PREX2 to decrease Racl acti-
vation. This type of regulation would allow for transient activa-
tion of the PREX2-Racl signal and may be relevant in multiple
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physiological processes, including diseases such as diabetes and
cancer when insulin signaling is chronically activated.

Phosphatidylinositol 3,4,5-trisphosphate (PIP;)>-dependent
Rac exchanger 2 (PREX?2) is a guanine nucleotide exchange fac-
tor (GEF) for the GTPase Ras-related C3 botulinum toxin sub-
strate 1 (Racl) (1, 2). GEFs such as PREX2 bind to Racl and
facilitate the exchange of GDP for GTP, and while in the GTP-
bound state, Racl is able to bind many effectors to carry out
various cellular functions (3). For example, GTP-bound Racl
activates the WASP family verprolin-homologous protein
(WAVE) regulatory complex, p21l-activated kinases (PAKs),
the NADPH oxidase complex, and the p110p catalytic subunit
of phosphatidylinositide 3-kinase (PI3K) (4—8). The mecha-
nisms of Racl inactivation are generally not as well character-
ized as the mechanisms of Rac1 activation, but inactivation in
some contexts is known to occur through GTPase-activating
proteins (GAPs), which increase the rate of hydrolysis of GTP,
promoting the inactive GDP-bound state of Racl, and by gua-
nine nucleotide dissociation inhibitors (GDIs), which sequester
inactive Racl in the cytosol (3, 9).

PREX2, along with its homolog PREX1, is activated by PIP,
and by (8 and vy subunits of G-proteins (GBvy). PIP; is generated
by PI3K activity downstream of receptor tyrosine kinase and
G-protein-coupled receptor (GPCR) activation (10-12), and
Gpy is released upon activation of GPCRs (13). PREX2 can be
directly activated by both PIP,; and GBvy in vitro, and expression

2 The abbreviations used are: PIP;, phosphatidylinositol-3,4,5-trisphosphate;
GEF, guanine nucleotide exchange factor; PAK, p21-activated kinase;
GPCR, G-protein-coupled receptor; GDI, guanine nucleotide dissociation
inhibitor; PH, pleckstrin homology; GTP+vS, guanosine 5'-3-O-(thio)triphos-
phate; GAP, GTPase-activating protein; PTEN, phosphatase and tensin ho-
molog; MWCO, molecular weight cutoff; IRS, insulin receptor substrate.
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Regulation of PREX2 Function by PAK Phosphorylation

of both PI3K and GBy synergistically activates PREX2 in vivo (1,
2). PIP; and Gpvy levels at the membrane are regulated by
numerous ligand-activated receptors, and PREX proteins have
been studied in many of these contexts. PREX2 mediates sig-
naling downstream of the insulin receptor (14), a receptor tyro-
sine kinase that stimulates PI3K and activates Racl and AKT,
both of which are critical for regulating glucose metabolism in
many tissues (15-19). PREX2 inactivating mutation in mice
leads to increased glucose in the blood after glucose or insulin
injection and a reduction in AKT phosphorylation in insulin-
treated liver and adipose tissue (14). These phenotypes are
likely the result of both PREX2 GEF activity toward Racl and
PREX2 inhibition of the phosphatase and tensin homolog
(PTEN), a lipid phosphatase that antagonizes PI3K by dephos-
phorylating PIP;, therefore reducing AKT activation (14-16,
20). Additionally, PREX2 expression increases the level of
platelet-derived growth factor (PDGF)-stimulated Rac activity
in porcine aortic endothelial cells, and knockdown of the
PREX2b isoform in endothelial cells prevents sphingosine
1-phosphate-stimulated cell migration (1, 21). PREX1 has
reported roles in Racl activation and cell migration down-
stream of many ligands, including PDGF, neuregulin, epider-
mal growth factor (EGF), and N-formyl-methionine-
leucyl-phenylalanine (fMLP) (1, 22-27). Furthermore, in
differentiated 3T3-L1 mouse adipocytes, the PREX1-Racl
signal regulates insulin-induced glucose uptake (28).

PREX2 also has important roles in cancer. PREX2 expression
is increased in many different tumor types, and it is one of the
most frequently mutated GEFs across all cancer types with
especially high rates of mutation in melanoma (20, 29-32). In
MCF10A cells, expression of PREX2 and a constitutively active
PI3K mutant cooperate to form colonies in soft agar (20). Fur-
thermore, in a melanocyte mouse xenograft model, the expres-
sion of certain PREX2 tumor mutations cooperates with neu-
roblastoma RAS viral (v-Ras) oncogene homolog to accelerate
tumorigenesis (29). PREX2 tumor mutations can also escape
PTEN-mediated inhibition of breast cancer cell invasion (30).
Additionally, PREX2 is the target of a microRNA that is down-
regulated in metastatic neuroblastomas and gastric cancer
(33, 34).

Despite the known roles of PREX2 in critical cellular signal-
ing pathways and potentially in cancer progression, very little is
known about how PREX2 is regulated downstream of PI3K and
GPCR activation. Although there are no reports of PREX2
phosphorylation, we hypothesized that phosphorylation is
likely to be important for PREX2 regulation and function, espe-
cially given that phosphorylation can regulate PREX1 and other
Rac GEFS, such as VAV and T-lymphoma invasion and metas-
tasis-inducing protein 1 (Tiam1) (26, 35—41). In this study, we
show that following PREX2 activation of Racl by PIP, or GS,
PAK phosphorylation of PREX2 accumulates to decrease
PREX2 GEF activity by reducing its ability to bind to second
messengers at the cell membrane. We also identified the insulin
pathway as one signaling context in which this regulation takes
place. Taken together, our study shows that PAKs mediate neg-
ative regulation of PREX2, allowing for tight control of the
length and amplitude of Racl activation.
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Experimental Procedures

Plasmids and Constructs—Full-length PREX2 was cloned
into the pcDNA3.1 V5/His vector (Life Technologies, Inc.), and
GST PTEN was cloned into the pGEX4T-1 vector (Amersham
Biosciences) as described previously (20). PTEN G129E was
made by mutating pCEP4-PTEN, and PREX2 point mutations
were made by mutating the full-length V5/His PREX2
pcDNA3.1 backbone using the QuikChange II XL site-directed
mutagenesis kit (Agilent). PP1a was amplified from ¢cDNA of
HEK293 cells and cloned into the pcDNA3.1 V5/His vector
using the TOPO-TA cloning kit (Life Technologies, Inc.).
E545K and H1047R mutants of p110«a were cloned into the
pcDNA3.1 vector. MYC-pCMV6M-PAK1 WT and PAK1
K299R (Addgene plasmids 12209 and 12210) and His,-pET28-
PAK2 WT were gifts from Jonathan Chernoff (42). The cata-
lytic subunit of PP2A (pcDNA-PP2A/C-HA) was a gift from
Gen Sheng Wu (43). pGEX encoding GST-tagged Racl was a
gift from Katrin Rittinger. The FLAG-GB,/HA-Gy, vector in
the pVITRO2-mcs(Hygro) backbone was a gift from Jonathan
Backer. MYC-Racl-WT and MYC-Racl-T17N were gifts from
Gary Bokoch (Addgene plasmids 12985 and 12984). The plas-
mid encoding the V5-CRAF fragment (residues 306 — 648) was
a gift from Poulikos Poulikakos.

Antibodies—Mouse V5 primary antibody (R960-25) was pur-
chased from Life Technologies, Inc. Mouse M2 FLAG (F1804),
vinculin (V9131), and actin (A5316) antibodies, in addition to
mouse anti-V5-agarose affinity (A7345) and anti-M2-FLAG-
agarose affinity (A2220) gels were purchased from Sigma.
Mouse tubulin (MMS-410P) was purchased from Covance.
Rabbit PTEN clone 138G6 (9559), total AKT (9272), p308 AKT
(4056), p473 AKT (9271), total ribosomal S6 (2271), p235/236
S6 (2211), ERK1/2 (9102), p202/204 ERK1/2 (4376) and total
EGEFR (4267) primary antibodies were purchased from Cell Sig-
naling Technologies. The rabbit polyclonal Ser(P)-1107 PREX2
antibody to amino acids 1098 -1116 (GHDTISNRDpSYSDCN-
SNRN) was made in collaboration with Cell Signaling Technol-
ogies. Mouse Racl (05-389) and p338 RAF1/CRAF (05-538)
primary antibodies were purchased from Millipore. Mouse
MYC clone 9E10 (sc-40) primary antibody was purchased from
Santa Cruz Biotechnology. Anti-His HRP antibody (34460) was
purchased from Qiagen. The PREX2 rabbit polyclonal antibody
was previously reported (20). Secondary antibodies directed
against rabbit and mouse IgG conjugated to HRP were pur-
chased from Pierce.

Cell Lines, Transfection, and Drug Treatments—HEK293 and
U87MG cells were cultured in DMEM (Cellgro) supplemented
with 10% (v/v) fetal bovine serum (FBS), 100 IU penicillin, and
100 pg/ml streptomycin (Cellgro). DBTRG-05MG cells were
cultured in RPMI 1640 medium supplemented with 10% (v/v)
FBS, 100 IU penicillin, and 100 ug/ml streptomycin. When
indicated, cells were starved for 16 h in the appropriate media
without FBS before treatment. Transfections were performed
with Lipofectamine 2000 (Life Technologies, Inc.) following the
manufacturer’s protocol. Unless otherwise indicated, insulin
(Sigma) treatments were for 30 min at 5 ug/ml. For treatment
with a small molecule inhibitor, the indicated concentrations
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were incubated with the cells for 15 min prior to addition of
insulin or for 30 min prior to harvesting if no insulin was added.

In Vitro A-Phosphatase Assay—For endogenous PREX2,
HEK293 cells were harvested in lysis buffer (20 mm HEPES, pH
7.4, 0.25% Nonidet P-40, 150 mm NaCl, 1 mMm EDTA, 1 mm
Naz;VO,, 1 mm NaF, 100 nM calyculin A, 1X eukaryotic prote-
ase inhibitor mixture (Sigma)). The lysates were vortexed, son-
icated, centrifuged at 4 °C for 30 min, and then combined with
5 ul of PREX2 antibody and 20 ul of protein A/G PLUS-agarose
beads (Santa Cruz Biotechnology), rotating at 4 °C for 4 h. The
beads were then washed five times in lysis buffer. For analysis of
exogenous PREX2, HEK293 cells expressing V5 PREX2 were
harvested in lysis buffer (25 mm Tris, pH 7.5, 0.2% Triton X-100,
200 mm KCl, 10% glycerol, 1 mm EDTA, 1 mm EGTA, 1 mm
Na,;VO,, 1 mm NaF, 100 nm calyculin A, 1X eukaryotic prote-
ase inhibitor mixture). The lysates were vortexed, sonicated,
centrifuged at 4 °C for 30 min, and then incubated with V5-aga-
rose beads (Sigma) for 4 h rotating at 4 °C. The beads were then
washed five times in lysis buffer. For both V5 PREX2 and
endogenous PREX2, the phosphatase reactions were set up in
100 pl using 1 ul of A-phosphatase from New England Biolabs
along with the supplied 10X A-phosphatase buffer and 10X
MnCl, diluted in water. The reactions were then incubated at
30 °C for 20 min and were terminated with 2X Laemmli sample
buffer (125 mm Tris, pH 6.8, 4% SDS, 20% glycerol, 10% 3-mer-
captoethanol, 0.05% bromphenol blue).

Mass Spectrometry—V5 PREX2 was expressed in HEK293
cells. The cells were starved and then treated with either 500 nm
GDC0941 (referred to as the unstimulated state), 5 ug/ml insu-
lin, or insulin and 100 nMm calyculin A (both of these conditions
are referred to as the stimulated state). The cells were lysed in
buffer containing 25 mm Tris, pH 7.5, 0.2% Triton X-100, 200
mMm KCl, 10% glycerol, 1 mm EDTA, 1 mm EGTA, 1 mMm
Naz;VO,, 1 mm NaF, 100 nm calyculin A, and 1X eukaryotic
protease inhibitor mixture. The lysate was vortexed, sonicated,
centrifuged at 4 °C for 30 min, and then pre-cleared with pro-
tein A/G PLUS-agarose beads and mouse IgG (Santa Cruz Bio-
technology). The beads were removed, and V5 PREX2 was iso-
lated on V5-agarose beads by incubating them with the lysate
for 4 h rotating at 4 °C. The beads were then washed five times
in lysis buffer and resuspended in 2X Laemmli sample buffer.
For each condition, two samples of ~3 ug of V5 PREX2 were
run by SDS-PAGE, and the bands were excised. The protein
bands were digested overnight with sequencing grade trypsin
or chymotrypsin (Promega). These digests were analyzed sep-
arately, and phosphopeptides were enriched using titanium
dioxide spin tips (Protean) followed by microcapillary liquid
chromatography/tandem mass spectrometry (LC-MS/MS).
Enriched peptides were introduced to the Orbitrap Elite mass
spectrometer (Thermo Fisher Scientific) in positive ion colli-
sion-induced dissociation mode using a data-dependent acqui-
sition with an EASY-NLC II nanoflow HPLC (Proxeon) (75 mm
inner diameter X 15 c¢cm, C18 column) at 300 nl/min. The
MS/MS spectra were searched against the reversed and concat-
enated SwissProt (Version 2012_3, Uniprot) protein database
and the Prex2V5His custom database using Mascot server 2.4,
and data were analyzed using Scaffold 4 software. Peptides were
reported with a false discovery rate threshold of 1%.
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Modeling of the PREX2 PH Domain—For modeling, the soft-
ware Modeler version 9v9 maintained by the Salilaboratory was
used (44). The template for the PH domain of PREX2 was the
crystal structure of the PH domain of CDC42 (Protein Data
Bank code 2DFK, chain A). To explore the variations in query-
template alignments, we used S4, a program that relies on infor-
mation on secondary structure elements of the template (45).
The alternative alignments generated by S4 were evaluated with
statistical potential-based pG score and structure verification
program Verify3D. The pG score is the posterior probability
that the model has a correct three-dimensional conformation,
given its normalized z-score (obtained using the program Prosa
II (46)) and length. Verify3D assesses the compatibility of the
segments of the sequence with their three-dimensional struc-
tures by plotting the average statistical preference scores in a
window of 21 residues (47). The best model among alternative
alignment had a pG score of 0.99. The minimum value of
Verify3D profile window plot was 0.06.

V5 PREX?2 Purification for the Rac-GEF Assay—V5 PREX2
was purified from HEK293 cells as described previously with
small modifications (20). In short, 15-cm plates were trans-
fected with V5 PREX2 and were harvested in 1.5 ml of lysis
buffer per plate (25 mm Tris, pH 7.4, 150 mm NaCl, 0.1% Triton
X-100,1 mMmEDTA, 1 mm NazVO,, 1 mm NaF, 100 nM calyculin
A, 1X eukaryotic protease inhibitor mixture). The cells were
vortexed, sonicated, and then centrifuged for 1 h at 40,000 X g.
The supernatant was incubated with V5-agarose (10 ul per
plate) for 16 h rotating at 4 °C. The beads were then washed on
a poly-prep column (Bio-Rad) four times with lysis buffer and
four times with buffer containing 1X PBS, pH 7.5, 10% glycerol,
1 mMm EGTA, and 1 mMm DTT. Then 1.5-bed volumes of elution
buffer (1X PBS, pH 7.5, 10% glycerol, 1 mm EGTA, 1 mm DTT,
and 500 ug/ml V5 peptide (Sigma)) was added to the beads, and
the column was incubated at 37 °C for 30 min. The column was
then put into a 50-ml conical tube and centrifuged at 200 X g.
This elution process was repeated a second time, and elutions
were combined. Glycerol was added to 50%; bovine serum albu-
min (BSA) was added to 2 mg/ml; and the protein was snap-
frozen and stored at —80 °C. Protein samples taken prior to the
addition of BSA were quantified by SDS-PAGE followed by
staining with Gel Code Blue (Thermo) in the presence of BSA
standards.

Expression and Purification of Recombinant G[3,His-y,—
Recombinant purified GBy dimers were produced as described
elsewhere (48). Essentially, fall armyworm ovary cells (Sf9, from
Gibco BRL, Eggenstein, Germany) were cultured in suspension
with TNM-FH medium (Sigma, Deisenhofen, Germany) sup-
plemented with 10% (v/v) fetal calf serum (Gibco), Lipid
Medium Supplement (1:100; Sigma), penicillin (100 units/ml),
and streptomycin (0.1 mg/ml). For protein expression, Sf9 cells
(1.5 X 10 cells/ml) were infected with viruses encoding Gf3,
and N-terminally hexahistidine-tagged Gvy,. After 60 h of infec-
tion, cells were collected by centrifugation at 1,000 X g for 5
min and washed twice with PBS. Recombinantly expressed iso-
prenylated G3,His-vy, complexes were isolated from the mem-
brane fraction of Sf9 cells as detailed earlier (49, 50). Purified
proteins were quantified by SDS-PAGE followed by Coomassie
Blue staining with BSA standards and stored at —80 °C.
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In Vitro Rac-GEF Assay—In vitro analysis of PIP;- and G-
stimulated V5 PREX2 GEF activity toward GDP-loaded GST
Racl was performed as described previously, except glutathi-
one-Sepharose beads (GE Healthcare) were used to isolate the
GST Racl after the incubation with V5 PREX2 (23, 51). The
purification of GST Racl proteins was performed as described
previously (14). After elution with glutathione, a 500-ul elution
was combined in a 10,000 MWCO Amicon filter with 15 ml of
buffer containing 40 mm HEPES, pH 7.5, 150 mm NaCl, 1 mm
EGTA,1 mMEDTA, and 1 mm DTT. The solution was concen-
trated to 1 ml, and this was repeated three more times. The
solution was removed from the filter; GDP was added to 1 mwm,
and the solution was rotated at 4 °C for 1 h. MgCl, was then
added to 15 mM to stop loading, and the solution was added to
210,000 MWCO Amicon filter with 15 ml of 40 mm HEPES, pH
7.5,150mM NaCl, 1 mm EGTA, 1 mm DTT, 5 mm MgCl,, and 10
uM GDP. The solution was concentrated to 1 ml, and this was
repeated three more times. The final protein was snap-frozen
and stored at —80 °C. For the in vitro GEF assay, PIP, dipalmi-
toyl C16 was purchased from Echelon Biosciences and was
incorporated into liposomes. GB,His-y, was purified from Sf9
insect cells. The final concentrations of GST Racl and V5
PREX2 in the reaction were 100 and 1 nwM, respectively. Purified
PREX2 and GST Racl were incubated in a final reaction volume
of 10 ul with PIP; or GBy, 5 um cold GTP%S, and 1 uCi of
[**S]GTPyS (PerkinElmer Life Sciences) for 10 min at 30 °C.
GST Racl was isolated on glutathione-Sepharose beads, and
the loading of [**S]GTP+yS by GST Racl was measured by scin-
tillation counting.

GST and PIP; Bead Pulldowns—For pulldowns of V5 PREX2,
HEK293 cells were transfected and then harvested in lysis
buffer (20 mm HEPES, pH 7.4, 0.25% Nonidet P-40, 150 mMm
NaCl, 1 mM EDTA, 1 mm NazVO,, 1 mm NaF, 100 nm calyculin
A, 1X eukaryotic protease inhibitor mixture). The lysate was
then vortexed, sonicated, and centrifuged at 4 °C for 30 min.
For pulldowns with GST-fused proteins, lysates were pre-
cleared with GST-loaded glutathione-Sepharose beads for 1 h
rotating at 4 °C. The supernatants were then incubated with 5
g of GST PTEN, GST PP1a, or GST Racl loaded onto gluta-
thione-Sepharose beads for 4 h rotating at 4 °C. Purification of
GST proteins was performed as described previously (14). For
PIP, pulldowns, 10 ul of PIP, bead slurry (Echelon) was incu-
bated with lysates for 4 h rotating at 4 °C. The beads were
washed five times in lysis buffer and resuspended in 50 ul of 2X
Laemmli sample buffer. For PIP; pulldowns of endogenous
PREX2, the same protocol was followed except that the lysates
from 15-cm plates of HEK293 cells were divided into two sam-
ples, one for the PIP; pulldown and another for the immuno-
precipitation of PREX2 with 5 ul of PREX2 antibody.

In Vitro GST PPla and PP2A Dephosphorylation Assay—
HEK293 cells were transfected with V5 PREX2, and cells were
lysed in buffer containing 20 mm HEPES, pH 7.4, 0.25% Nonidet
P-40, 150 mM NaCl, 1 mm EDTA, 1 mMm Naz;VO,, 1 mm NaF, 100
nM calyculin A, and 1X eukaryotic protease inhibitor mixture.
The lysate was then vortexed, sonicated, and centrifuged at 4 °C
for 30 min. The supernatant was then incubated with V5-aga-
rose beads for 4 h rotating at 4 °C. Next, the beads were washed
four times in lysis buffer and once with either PP1a reaction
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buffer (50 mm Tris, pH 7.5, 150 mMm NaCl, 0.1 mm EDTA, 1 mm
MnCl,, 5 mm DTT) for PPla assays or protein phosphatase
dilution buffer (catalog no. 20-169) from Millipore for PP2A
assays. For PP1a dephosphorylation assays, 99 ul of PP1a reac-
tion buffer was added to each tube of V5 PREX2 beads followed
by either 1 ul of GST elution buffer (25 mm Tris, pH 8.0, 100 mm
NaCl, 50 mM glutathione) for the mock treatment or 1 ul of
GST PPla (at a concentration of 1 ug/ul). For PP2A dephos-
phorylation assays, 45 ul of protein phosphatase dilution buffer
was added to the V5 PREX2 beads, and then either 5 ul of
protein phosphatase buffer or 0.5 units (5 wl) of purified PP2A
(Millipore, catalog no. 14-111) was added to each reaction. The
reactions were incubated for 60 min at 30 °C and stopped by
removing the supernatant and resuspending the beads in 2X
Laemmli sample buffer.

GBvy-PREX2 Co-immunoprecipitation—HEK293 cells were
transfected with V5 PREX2 alone or V5 PREX2 and FLAG/HA
Gy together. Cells co-expressing PREX2 and GBy were either
untreated or treated with 100 nm calyculin A for 30 min. Cells
were lysed in buffer containing 25 mm Tris, pH 7.5, 0.2% Triton
X-100, 200 mm KCl, 10% glycerol, 1 mm EDTA, 1 mm EGTA, 1
mM Na;VO,, 1 mMm NaF, 100 nm calyculin A, and 1X eukaryotic
protease inhibitor mixture. The lysates were rotated at 4 °C for
15 min, vortexed, and then spun down at 4 °C for 30 min. The
protein concentrations of the lysates were measured using the
Bio-Rad DC protein assay, and protein concentrations were
equalized for all samples. The samples were then pre-cleared
with protein A/G PLUS-agarose beads rotating at 4 °C for 1 h.
Finally, samples were incubated with 10 ul of M2-FLAG-aga-
rose affinity gel for 4 h rotating at 4 °C. The beads were then
washed five times in lysis buffer and were resuspended in 2X
Laemmli sample buffer.

Cell Fractionation—Either untransfected (for endogenous
PREX2 analysis) or V5 PREX2-transfected HEK293 cells were
harvested in lysis buffer without detergents (50 mm Tris, pH 7.4,
150 mMm NaCl, 1 mm EDTA, 1 mm Na,VO,, 1 mMm NaF, 100 nm
calyculin A, 1 X eukaryotic protease inhibitor mixture), and the
lysates were passed through a 25-gauge needle 10 times. The
nuclear fraction was removed by centrifuging the lysate at
720 X g for 5 min. The supernatant was centrifuged again at
17,000 X gfor 20 min, followed by another spin at 17,000 X gfor 10
min. The membrane fraction was separated by ultracentrifugation
at 100,000 X g for 60 min. The supernatant (cytosolic fraction) was
saved, and the pellet (membrane fraction) was resuspended in 400
ul of lysis buffer without detergents and re-centrifuged at
100,000 X g for 45 min. For V5 PREX2, the pellet was resuspended
in 100 ul of lysis buffer, including 1% Nonidet P-40 and 0.25%
sodium deoxycholate. For the endogenous fractionation, the
membrane pellet was resuspended in 400 ul of lysis buffer plus
detergents, and GST PTEN beads (5 ug of GST PTEN per sample)
were incubated with both the cytosolic and membrane fraction for
4 h rotating at 4 °C to concentrate the endogenous PREX2 to be
visualized by Western blot.

Purification of His,-PAK2—The His,-PAK2 plasmid was
transformed in to BL-21(DE3) pLysE chemically competent
cells (Invitrogen). Single colonies were picked and grown in a
small culture overnight, and this was used to inoculate a 500-ml
culture of LB broth until the A,,, was 0.3—0.5 when protein
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expression was induced by the addition of 0.1 mm isopropyl
B-D-1-thiogalactopyranoside (Sigma) for 4 h at 23 °C. The bac-
terial pellet was then resuspended in 10 ml of lysis buffer (50
mM Tris, pH 7.2, 400 mm NaCl, 1% Triton X-100, 1 mm EDTA).
The lysate was sonicated and then centrifuged for 1 h at
40,000 X g. The lysate was loaded onto a HisTrap column (GE
Healthcare) using an AKTA-FPLC (Running Buffer: 500 mm
NaCl, 25 mm Tris, pH 7.6, 20 mM imidazole), and the protein
was then eluted off the column with Elution Buffer containing
500 mMm NaCl, 25 mm Tris, pH 7.6, and 500 mMm imidazole. The
eluate was combined in a 30,000 MWCO Amicon filter with 15
ml of buffer containing 25 mm Tris, pH 7.5, 150 mMm NaCl, and
1 mMm DTT. The solution was concentrated to 500 ul, and this
was repeated three more times. 20% glycerol was added to the
final protein, which was then snap-frozen and stored at —80 °C.
Protein samples were quantified by SDS-PAGE followed by
staining with Gel Code Blue in the presence of BSA standards.

In Vitro PAK2 Kinase Assays—V5 PREX2- or V5 CRAF(306 —
648)-expressing HEK293 cells were starved and then treated
with 500 nm GDC0941 and 10 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 in 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, sonicated, and centrifuged
for 30 min at 4 °C. The lysates were combined and then incu-
bated with V5-agarose beads for 16 h rotating at 4 °C. The V5
PREX2 and V5 CRAF(306-648) beads were washed three
times in lysis buffer followed by three washes with 1X phospho
buffer containing 50 mm HEPES, pH 7.5, 25 mm NaCl, 1.25 mm
MgCl,, and 1.25 mm MnCl,. The beads were then divided
equally into the appropriate number of tubes and were used in
a 30-ul reaction consisting of the indicated amount of His,-
PAK2, 100 um cold ATP, and 10 uCi of [y-**P]ATP, all diluted
in 1X phospho buffer. The reactions were incubated at 30 °C
for 45 min. After the reactions, the beads were then washed two
times in kinase buffer and resuspended in 2X Laemmli sample
buffer. Incorporation of [y->*P]ATP was detected by gel elec-
trophoresis. For non-radioactive kinase assays, the same proto-
col was followed except [y->*P]ATP was not included in the
reaction, and the beads were not washed as 2X Laemmli sample
buffer was added directly to each 30-pul reaction.

Results

PREX2 Is Phosphorylated upon Insulin Stimulation by a
PI3K-dependent Mechanism—Given the role of PREX2 in insu-
lin signaling, we tested whether insulin treatment altered post-
translational modifications of PREX2. When V5 PREX2 was
expressed in HEK293 cells that were treated with insulin,
enrichment of a slower migrating species of PREX2 was
detected relative to starved cells after gel electrophoresis (Fig.
1A). Treatment of V5 PREX2 with A-phosphatase, a nonspecific
protein phosphatase, eliminated the insulin-induced upper
band, suggesting that this mobility shift was caused by phos-
phorylation. When endogenous PREX2 was immunoprecipi-
tated from HEK293 cells that had been treated with insulin, an
electrophoretic mobility shift was also observed that was sensi-
tive to A-phosphatase (Fig. 1B). It is important to note that the
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endogenous PREX2 is almost completely shifted upon insulin
treatment (which is not seen with V5 PREX2), suggesting that
under physiological conditions PREX2 is stoichiometrically
phosphorylated by a signal activated by insulin. Interestingly,
although IGF1 also caused phosphorylation of PREX2, treat-
ment with EGF did not (Fig. 1C). Although ERK signaling was
induced by EGF in these cells, AKT signaling was induced only
slightly, indicating that PI3K was probably not significantly
activated under these conditions. This suggested that PREX2
phosphorylation could be PI3K-dependent. Using pharmaco-
logical inhibitors, we found that inhibition of PI3K with the pan
class I PI3K inhibitor GDC0941 eliminated insulin-induced
phosphorylation of PREX2, whereas inhibitors of AKT, PDK1,
and mammalian target of rapamycin, three kinases activated by
PIP, downstream of insulin and PI3K, had no effect on PREX2
phosphorylation (Fig. 1D). Furthermore, in PTEN-null US7MG
glioblastoma cells, expression of two tumor hot spot mutants
that constitutively activate the catalytic PI3K subunit p110c,
E545K and H1047R, induced PREX2 phosphorylation (Fig. 1E).
These data show that PREX2 is phosphorylated after insulin
stimulation through a PI3K-dependent mechanism.

To identify PREX2 phosphorylation sites, we analyzed
immunoprecipitated V5 PREX2 from HEK293 cells by mass
spectrometry. This revealed a total of 19 serine and threonine
phosphorylation sites, 12 of which were only identified on
PREX2 after stimulation (cells treated with insulin alone or in
combination with calyculin A, a PP1 and PP2A phosphatase
inhibitor) (Fig. 1F). Using the Scansite tool under medium
stringency, none of our phosphorylated residues fit a consensus
motif of a kinase that is known to be activated by insulin and is
included in the Scansite database, including AKT, GSK3p,
PDKI1, and ERK (52). Ser-1107 was of particular interest
because it was phosphorylated in the stimulated condition, and
the homologous site on PREX1 has previously been identified
as a growth factor-dependent phosphorylation site. We devel-
oped an antibody to Ser-1107 and confirmed that the antibody
could not recognize PREX2 when Ser-1107 was mutated to ala-
nine, suggesting that the antibody is specific for the phosphor-
ylated form of PREX2 at Ser-1107 (Fig. 1G). Importantly, phos-
phorylation of Ser-1107 on V5 PREX2 was increased after
insulin treatment and was ablated following inhibition of PI3K
(Fig. 1H). It is also important to note that although Ser-1107
was significantly enriched in the upper band of PREX2 com-
pared with the total protein, the lower band was also phosphor-
ylated to a small degree. If Ser-1107 were the sole site respon-
sible for the shift, then only the upper band should be
recognized by the phospho-specific antibody. This suggests
that other insulin-dependent phosphorylation sites exist, and
given that our mass spectrometry experiments revealed numer-
ous phosphorylated residues in the stimulated condition in
addition to Ser-1107, it is possible that some of these other
residues could be involved. To verify that endogenous PREX2 is
also phosphorylated at Ser-1107 and to examine the phosphor-
ylation of PREX2 in another cell line, DBTRG glioblastoma
cells, which express high levels of endogenous PREX2 and are
PTEN null, were treated with insulin and GDC0941 (Fig. 1])
(20). A GST PTEN pulldown was performed to efficiently iso-
late endogenous PREX2, and phosphorylation at Ser-1107 was
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found to be increased after insulin treatment and was reduced
upon PI3Kinhibition. Taken together, we show that global phos-
phorylation of PREX2 and phosphorylation at Ser-1107 can be
increased by insulin and requires PI3K activation.

PREX2 Is Dephosphorylated by the Protein Phosphatases
PPla and PP2A—As described previously, mass spectrometry
revealed only serine and threonine phosphorylation sites on
PREX2, many of which were detected with a PP1 inhibitor. It
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FIGURE 2. PREX2 is dephosphorylated by PP1«a and PP2A. A, Western blot analysis of GST or GST PP1a pulldowns from HEK293 cells expressing either V5
PREX2 WT or 1085/87A. EV, empty vector. B, Western blot analysis of HEK293 cells expressing V5 PREX2 WT or 1085/87A with or without co-expression of V5
PP1a. Cells were starved and then treated with DMSO or 100 nm calyculin A, followed by treatment with insulin. G, ability of GST PP1« to dephosphorylate V5
PREX2 isolated from HEK293 cells was assessed and analyzed by Western blot. D, Western blot analysis of starved V5 PREX2 WT or 1085/87A-expressing HEK293
cells that were treated with the indicated concentrations of okadaic acid for 30 min. £, ability of purified PP2A to dephosphorylate V5 PREX2 isolated from
HEK293 cells was assessed and analyzed by Western blot. F, Western blot analysis of HEK293 cells expressing V5 PREX2 with or without co-expression of V5 PP1a
or HA PP2A (catalytic subunit). Cells were starved and then treated with insulin.

has also been reported that PPl binds a fragment of PREX2
that contains a consensus PP1a-binding site, and furthermore,
dephosphorylation of PREX1 by PP1« activates its GEF activity
(53,54). These data led us to test the hypothesis that PP1a could
dephosphorylate PREX2. First, we showed that PREX2 could
bind to GST PP1a, confirming the previous reports that these
two proteins interact (Fig. 24) (53, 54). Additionally, the
PREX2-PPla interaction was ablated by mutating two critical
residues within the PP1a consensus binding site, Val-1085 and
Phe-1087, to alanine. Treatment of W'T PREX2 with calyculin
A stimulated phosphorylation of PREX2 even in the absence of
insulin and resulted in a maximally phosphorylated form of
PREX2 (Fig. 2B). Conversely, overexpression of PPla elimi-
nated the insulin-induced phosphorylation of PREX2, includ-
ing phosphorylation at Ser-1107, suggesting that it is a PPla-
regulated site. Furthermore, the 1085/87A mutant was
insensitive to dephosphorylation by PPla. To test whether

PREX2 is a direct substrate of PP1«, we performed an in vitro
phosphatase assay and found that GST PP1« can dephosphor-
ylate PREX2 (Fig. 2C).

Because the 1085/1087A mutant does not bind PP1¢, it was
surprising that it was not always in the maximally shifted form
that is seen after calyculin A treatment (Fig. 2B). One reason for
this could be that PP2A, which is also inhibited by calyculin A,
is able to compensate for the absence of PP1a regulation by
dephosphorylating PREX2. To probe this, we used okadaic acid,
which inhibits both PP1a and PP2A but is much more potent
toward PP2A at low doses (55). When treated with okadaic acid,
phosphorylation of PREX2 was increased, suggesting PP2A
may have a role in PREX2 dephosphorylation (Fig. 2D). The
1085/1087A mutant was phosphorylated more than wild type
PREX2 at all doses, indicating that PP1a contributes to PREX2
dephosphorylation when PP2A is inhibited. We then per-
formed an in vitro PP2A phosphatase assay to show that PP2A

FIGURE 1. Insulin and PI3Kinduce phosphorylation of PREX2. A, Western blot analysis of V5 PREX2 that was isolated from starved or insulin-treated (5 uwg/ml
for 30 min) HEK293 cells and then treated with A-phosphatase. B, Western blot analysis of PREX2 that was immunoprecipitated from starved or insulin-treated
HEK293 cell lysates and then treated with A-phosphatase. C, Western blot analysis of V5 PREX2-expressing HEK293 cells, which were starved and treated with
insulin, 50 ng/ml IGF, or 50 ng/ml EGF for the indicated times. D, Western blot analysis of V5 PREX2-expressing HEK293 cells, which were starved and treated
with DMSO or 500 nm GDC0941 (PI3Ki), 500 nm MK2206 (AKTi), 5 um GSK2334470 (PDK1i), or 20 nm Rad001 (mTORCT1i) followed by treatment with insulin. E,
Western blot analysis of starved V5 PREX2-, p110a E545K-, or H1047R-expressing U87MG cells. EV, empty vector. F, mass spectrometry analysis was performed
on V5 PREX2 isolated from HEK293 cells that were unstimulated (starved and treated with 500 nm GDC0941) or stimulated (insulin alone or combined with 100
nm calyculin A). Residues in blue are those only identified in one of the stimulated conditions. G, Western blot analysis of HEK293 cells expressing either V5
PREX2WT or S1107A. H, Western blot analysis of V5 PREX2-expressing HEK293 cells that were starved and then treated with DMSO or 500 nm GDC0941 followed
by treatment with insulin. /, Western blot analysis using indicated anti-PREX2 antibodies of GST or GST PTEN pulldowns from DBTRG cells that were starved and
then treated with DMSO or 500 nm GDC0941 followed by insulin treatment. Antibodies used for Western analysis are indicated to the right of each panel.
Phospho-specific antibodies to AKT (Thr-308 and Ser-473), ERK1/2 (Thr-202/Tyr-204), S6 (Ser-235/Ser-236), and PREX2 (Ser-1107) were used to detect altera-
tions downstream of receptor tyrosine kinase ligands, small molecule inhibitors, and PI3K activation.
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dephosphorylates PREX2 (Fig. 2E). Finally, overexpression of
the PP2A catalytic subunit reduced phosphorylation of PREX2,
including at Ser-1107, although not nearly as efficiently as PP1c
(Fig. 2F). From these data it is clear that phosphatases are
important in regulating PREX2 phosphorylation, potentially
acting in opposition of a kinase downstream of insulin
stimulation.

Phosphorylation of PREX2 Downstream of Insulin Requires
Binding to PIP;—We next sought to understand how PREX2
phosphorylation was regulated after insulin stimulation to bet-
ter inform our search for a PREX2 kinase. Our data from Fig. 1
suggest that PREX2 is either phosphorylated by PI3K or by a
kinase downstream of PIP; generation. We found that expres-
sion of PTEN in U87MG cells eliminated PREX2 phosphoryla-
tion and that the lipid phosphatase activity of PTEN is required
as the lipid phosphatase dead G129E mutant had no effect (Fig.
3A). Because PTEN counteracts PI3K by reducing PIP, levels
rather than directly regulating PI3K, this result demonstrated
that PREX2 phosphorylation is dependent on a PIP;-regulated
kinase. To further support the hypothesis that PREX2 phos-
phorylation is PIP,-dependent, we sought to mutate PREX2 in
its PH domain to interfere with PIP; binding and then deter-
mine the effect on phosphorylation. Previous studies have iden-
tified a PIP; consensus binding sequence within the PH
domains, which consists of a lysine at the second to last position
in the PH domain B, strand and an arginine or lysine at the
second and fourth position from the beginning of the 3, strand
(56, 57). Although there is no known structure of PREX2, we
created a model of the PREX2 PH domain, and the potential
residues that compose the 3,3, loop were identified (Fig. 3, B
and C). The 3,8, loop of PREX2 from our model was aligned
with the 3,8, loop of two well known PIP;-binding proteins,
AKT1 and PDKI. Critical residues for binding of AKT1 and
PDK1 to PIP; have been identified, and these residues are high-
lighted in Fig. 3D (58, 59). According to our model, PREX2
contains the conserved lysine in the 3; strand (Lys-254) and has
an arginine at the third position of the B, strand (Arg-263), and
we hypothesized that these two residues could be critical for
PREX2 binding to PIP,. Mutation of either Lys-254 or Arg-263
to glutamate was sufficient to block the binding of PREX2 to
PIP, beads, and the R263E mutation blocked PIP,-mediated
stimulation of PREX2 GEF activity (Lys-254 was not tested)
(Fig. 3, D and E). Importantly, both of these mutations also
resulted in significantly reduced phosphorylation of PREX2
after insulin stimulation (Fig. 3F). These data confirm that
insulin-dependent phosphorylation of PREX2 requires PIP,
binding to the PH domain and that residues Lys-254 and Arg-
263 surrounding the 8,8, loop are necessary for this interac-
tion, and thus are critical for phosphorylation.

Expression of GBy Stimulates Phosphorylation of PREX2—
Given that PREX2 is activated by PIP, and requires PIP, for
phosphorylation, we hypothesized that phosphorylation of
PREX2 may be associated with activation of PREX2 GEF activ-
ity. Overexpression of the second messenger G 37, another acti-
vator of PREX2 GEF activity, induced the phosphorylation of
PREX2, further suggesting a link between PREX2 activation
andphosphorylation (Fig.4A4).Interestingly, G-y-induced phos-
phorylation of PREX2 was only mildly sensitive to PI3K inhibi-
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tion by GDC0941 at a concentration where insulin-induced
phosphorylation of PREX2 and AKT was completely elimi-
nated, suggesting that phosphorylation mediated by Gpy
occurs largely through a PI3K-independent mechanism (Fig.
4B). GBy activates PI3Ky and PI3Kf independently of insulin
receptor activation, and GDCO0941 has a relatively high IC,
toward PI3KYy, so we tested a more effective PI3Ky inhibitor,
BEZ235 (60). This drug had very little effect on GBy-induced
phosphorylation of PREX2, while reducing insulin-dependent
phosphorylation to baseline levels (Fig. 4C). The mild effect of
PI3K inhibitors on Gfy-induced phosphorylation of PREX2
could be a result of eliminating the basal PIP,-dependent phos-
phorylation that exists in starved cells or there could be some
cross-talk between GB7y and certain PI3K isoforms. Further-
more, as was the case with insulin-dependent phosphorylation,
PPla expression eliminated phosphorylation of PREX2 that
was stimulated by Gy (Fig. 4D). From these data, it is clear that
increasing levels of intracellular GBvy is another mechanism to
stimulate phosphorylation of PREX2.

Phosphorylation of PREX2 Blocks Binding to the Cellular
Membrane, PIP;, and GBy—To investigate the effect of phos-
phorylation on PREX2 function, we first analyzed the ability of
phosphorylated PREX2 to localize to the cellular membrane.
Racl, the target of PREX2 GEF activity, is at the membrane, and
furthermore, membrane-bound PREX1 has been shown to be
more active than cytosolic PREX1, suggesting that alterations
in membrane binding could have important functional impli-
cations for PREX2 (61). To probe this, V5 PREX2-expressing
cells were subjected to cellular fractionation. The cytoplasmic
fraction clearly showed that after insulin and G+ stimulation,
both the phosphorylated and dephosphorylated forms of
PREX2existed in the cell (Fig. 54). Importantly, only the dephos-
phorylated form of PREX2 was present in the membrane frac-
tion, suggesting that the phosphorylated form of PREX2 was
unable to bind to the membrane. The same localization pattern
was observed with endogenous PREX2 after pulling down
endogenous PREX2 from both the membrane and cytosolic
fractions with GST PTEN (Fig. 5B).

Both PIP; and Gy are membrane-associated, so we hypoth-
esized that phosphorylated PREX2 may have reduced affinity
for PIP, and Gpy, resulting in the localization patterns we
observed. When cells expressing V5 PREX2 were stimulated
with insulin or GBvy and a PIP; pulldown was performed, the
phosphorylated form of PREX?2, although present in the input
sample, was completely absent in the pulldown (Fig. 5C). The
effect of insulin stimulation on PIP; binding was even more
striking with endogenous PREX2, as insulin led to stoichiomet-
ric phosphorylation of PREX2, which then profoundly reduced
the ability of PREX2 to bind to PIP,, an effect that was reversed
with PI3K inhibition (Fig. 5D). Next, we tested whether phos-
phorylation of PREX2 affected its ability to bind to GB+y by
performing a co-immunoprecipitation of V5 PREX2 and
FLAG-Gpy. Although the effect was not quite as striking as
with PIP,;, an immunoprecipitation with a FLAG antibody
showed that the dephosphorylated and faster migrating species
of PREX2 preferentially bound to GSv (Fig. 5E). Furthermore,
calyculin A treatment reduced the overall binding of PREX2 to
Gpy. To determine whether phosphorylation prevented bind-
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FIGURE 3. Phosphorylation of PREX2 downstream of insulin requires PIP; binding. A, Western blot analysis of U87MG cells expressing V5 PREX2 and either
PTEN WT or the lipid phosphatase dead mutant PTEN G129E. EV, empty vector. B, ribbon diagram of the PREX2 PH domain model with the putative PIP; binding
region identified. C, predicted secondary structures of the PREX2 PH domain from model. D, top, Western blot analysis of PIP; pulldowns from HEK293 cells
expressing either V5 PREX2 WT, K254E, or R263E. Bottom, diagram showing the 3, 3, loop region of the PREX2 PH domain model aligned with the same region
on PDK1 and AKT1. E, V5 PREX2 WT or R263E was purified from HEK293 cell lysates, and the ability of increasing doses of PIP; to stimulate PREX2 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, and * represents p < 0.001 by t test. F, Western blot analysis of starved or insulin-treated HEK293 cells expressing V5 PREX2 WT, K254E, or R263E.

ing of PREX2 to all of its known interacting partners, we per- PREX2, Racl and PTEN did not discriminate between the
formed pulldowns with GST-tagged PTEN, PPla, and Racl. forms of PREX2 (Fig. 5F). The dephosphorylated form of
Although PIP; only bound the dephosphorylated form of PREX2 was somewhat enriched in the PPla pulldowns
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FIGURE 4. GBy stimulates phosphorylation of PREX2. A, Western blot analysis of starved HEK293 cells where V5 PREX2 was expressed with or without
FLAG/HA GpBy. B, Western blot analysis of HEK293 cells where V5 PREX2 was expressed with or without FLAG/HA Gfy. Cells were then starved and treated with
DMSO or 500 nm GDC0941 followed by treatment with insulin. C, Western blot analysis of HEK293 cells where V5 PREX2 was expressed with or without FLAG/HA
Gp. Cells were then starved and treated with DMSO or either 500 nm or 5 um BEZ235 followed by treatment with insulin. D, Western blot analysis of starved

HEK293 cells expressing V5 PREX2 with FLAG/HA GBy and V5 PP1a.

(although not as much as in the PIP; pulldowns), but this is
likely because PP1« is dephosphorylating PREX2. These find-
ings suggest that phosphorylation selectively blocks binding of
PREX2 to PIP; and Gpvy. Collectively, these data show that
phosphorylation of PREX2 functions to block binding to PIP,
and Gy, preventing PREX2 from being on the membrane
where it can stimulate Racl.

Phosphorylation Inhibits PIP;- and Gpvy-stimulated GEF
Activity of PREX2 as Part of Racl-dependent Negative
Feedback—Given that phosphorylation blocked PREX2 bind-
ing to PIP; and G, it was then critical to determine whether
phosphorylation prevented PIP,- and Gfy-dependent activa-
tion of GEF activity. V5 PREX2 was purified from HEK293 cells
after being treated with either GDC0941, insulin in combina-
tion with Gy co-expression, or calyculin A to achieve rela-
tively dephosphorylated, partially phosphorylated, and maxi-
mally phosphorylated states of PREX2, respectively. When
compared with dephosphorylated PREX2, partially phosphor-
ylated PREX2 showed decreased activation of GEF activity at
multiple PIP, concentrations, whereas activation of the maxi-
mally phosphorylated form of PREX2 was reduced even further
(Fig. 6A). In addition, GB7y-dependent stimulation of PREX2
GEF activity was similarly affected by phosphorylation across
many Gy concentrations (Fig. 6B). Furthermore, upon insulin
treatment of HEK293 cells, the phosphorylation of both endog-
enous PREX2 and transfected V5 PREX2 was low at early time
points (30 s to 2 min), and it continued to increase throughout
the 30-min time course (Fig. 6, C and D). This is in contrast to
phosphorylation of AKT, which was highly phosphorylated
within the first 30 s of insulin treatment. This delayed time
course of PREX2 phosphorylation, in combination with our
data showing that phosphorylation reduces GEF activity, sup-
ports a model where phosphorylation occurs after PREX2 acti-
vation by PIP, and G+ to attenuate its function and the Racl
signal.
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Based on this model, we predicted that higher Racl activity
within the cell would initiate this negative feedback and
increase phosphorylation of PREX2. Indeed, expression of Racl
in starved HEK293 cells induced phosphorylation of PREX2
even in the absence of insulin (Fig. 6E). In contrast, the domi-
nant negative T17N Racl mutant did not increase PREX2 phos-
phorylation in starved cells, and furthermore, the T17N mutant
blocked the insulin-stimulated phosphorylation, indicating
that Racl is downstream of PIP, generation. In addition, a GEF
dead PREX2 mutant (E30A/N212A) was not phosphorylated
following insulin treatment, confirming that PREX2 must be
active to initiate this pathway (Fig. 6F) (30). These results sug-
gest that the kinase or kinases that are phosphorylating PREX2
are downstream of Racl activation.

PAK Kinases Mediate the Phosphorylation of PREX2 Down-
stream of Rac1—The PAK family of kinases, consisting of group
IPAKs (PAK1-3) and group II PAKs (PAK4 —6), are important
mediators of signaling downstream of RHO family GTPases.
The regulation of group I PAKs is best understood, and their
kinase activity is activated upon binding to GTP-bound Racl,
making them candidate kinases for PREX2 (7). Furthermore,
PAK]1 kinase activity is activated downstream of insulin activa-
tion, a context where we see phosphorylation of PREX2 (62).
Inhibition of both groups of PAKs with the inhibitor
PF-3758309 blocked the insulin- and GBy-induced phosphor-
ylation of PREX2 (Fig. 7, A and B). Furthermore, overexpres-
sion of PAK1 stimulated phosphorylation of PREX2 in both the
starved and insulin-treated conditions (Fig. 7C). In addition,
the kinase dead and dominant negative PAK1 mutant (K299R)
completely eliminated any phosphorylation of PREX2 in either
the starved or insulin-treated contexts. As we saw in the case of
insulin and GBy-induced phosphorylation in Fig. 6, PAK1-in-
duced phosphorylation also affected PREX2 function (Fig. 7D).
PREX2 that was purified from cells co-expressing wild type
PAKI1 had lower GEF activity toward Racl over multiple PIP,
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FIGURE 5. Phosphorylation of PREX2 prevents binding to the membrane, PIP;, and GBvy. A, Western blot analysis of cytosolic and membrane
fractions from starved or insulin-treated HEK293 cells expressing V5 PREX2 with or without co-expression of FLAG/HA GBy. B, Western blot analysis of
GST PTEN pulldowns of endogenous PREX2 from cytosolic and membrane fractions of HEK293 cells. Cells were starved and then treated with insulin for
indicated times. C, Western blot analysis of PIP; pulldowns from starved or insulin-treated HEK293 cells expressing V5 PREX2 with or without FLAG/HA
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concentrations compared with PREX2 purified from cells co-
expressing dominant negative PAK1. Furthermore, the GEF
activity of PREX2 that was dephosphorylated by co-expression
of PAK1 K299R was not different from that of PREX2 that was
dephosphorylated by PI3K inhibition. These data show that
PAKSs are important regulators of PREX2 phosphorylation and
PREX2 GEF activity following insulin and Gy stimulation.
We then asked whether PREX2 was a direct substrate of PAK
by performing in vitro kinase assays. For these assays, we used
recombinant PAK2, which has previously been shown to be
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constitutively active when produced in bacteria (63). PREX2
was phosphorylated in a dose-dependent manner by PAK2 to a
similar degree as a fragment of CRAF, a known substrate of
PAKs (Fig. 7E) (64). Importantly, PAK2 phosphorylation
caused a complete mobility shift in PREX2, suggesting high
levels of phosphorylation and further implicating PAKs as the
primary PREX2 kinases. PAK2 also resulted in clear phosphor-
ylation at Ser-1107; however, an alanine mutation at Ser-1107
did not significantly reduce overall phosphorylation of PREX2
(Fig. 7, Fand G). This is further evidence that Ser-1107 is one of
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FIGURE 6. Phosphorylation reduces PREX2 GEF activity and is dependent on Rac1. A and B, V5 PREX2 was expressed in HEK293 cells with or without
co-expression of FLAG/HA GBy and then was purified after being treated with either 500 nm GDC0941, insulin (with co-expression of FLAG/HA GB), or 100 nm
calyculin A. The ability of increasing doses of PIP; in A or GBy in B to stimulate PREX2 GEF activity toward GST Rac1 was assessed in an in vitro GEF assay. Data
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0.005 for GDC0941 versus calyculin A by t test. C, Western blot analysis of endogenous PREX2 that was immunoprecipitated (/P) from HEK293 cells that were
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expressing V5 PREX2 with or without MYC Rac1 WT or the dominant negative mutant T17N. F, Western blot analysis of starved or insulin-treated HEK293 cells
expressing V5 PREX2 WT or the GEF dead E30A/N212A mutant.

multiple residues on PREX2 that is regulated by PAKs down-
stream of PIP; and GBY. It is important to note that the PREX2
was purified from mammalian cells for these in vitro kinase
assays, and we cannot completely discount the possibility that

reduce Racl activity downstream of PIP; or GBy activation of
PREX2.

Discussion

other kinases co-precipitating with PREX2 are activated by
PAK. However, it is clear from these data that a signal activated
by PAKs is sufficient for full phosphorylation of PREX2, provid-
ing further evidence that PAKs initiate negative feedback to
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Racl is a critical mediator of insulin signaling that is activated
after insulin binding through a PIP,-dependent mechanism
(16). A current model of Racl regulation involves GTP loading
and activation by GEFs, such as PREX2, followed by GAP- or
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GDI-mediated inactivation. However, Racl inactivation after
insulin stimulation is not well understood, and our study pro-
vides further understanding of this process by showing that
Racl inactivation occurs via feedback initiated by its own effec-
tors. We have identified a signaling pathway downstream of
insulin receptor activation of PREX2 where the Racl-regulated
PAKSs phosphorylate PREX2 to reduce PREX2 GEF activity. We
also found that activation of PREX2 with GByinitiates the same
pathway. Altogether, we propose a model in which PREX2 is
dephosphorylated in an unstimulated cell, and then upon stim-
ulation with insulin or a GPCR agonist, PIP; or Gy levels
increase, and dephosphorylated PREX2 is primed to bind these
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molecules on the membrane where it then activates Racl (Fig.
8). Higher levels of GTP-bound Racl lead to activation of PAKs,
which phosphorylate PREX2 to release it from the membrane,
decreasing the Racl signal. Importantly, we found in multiple cell
lines that most of the endogenous PREX2 in the cell is phosphor-
ylated downstream of insulin, demonstrating that this is a major
mechanism of regulation for PREX2 GEF activity. Additionally,
phosphatase activity by either PP1a or PP2A can complete the
circuit by dephosphorylating PREX?2, priming it for future activa-
tion by PIP, or GB. Altogether, this model allows for tight regu-
lation of the length and amplitude of Rac1 activation, resulting in a
transient Racl signal following ligand binding.
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FIGURE 8. Model for PAK-mediated regulation of PREX2 GEF activity and
localization. Upon receptor stimulation, PIP; and GBy recruit PREX2 to the
cellmembrane and activate PREX2 GEF activity, which promotes GTP loading
on Rac1. Rac1-GTP then activates PAKs to propagate the Rac1 signal. PAKs
also phosphorylate PREX2, reducing the ability of PREX2 to bind to PIP;, GBYy,
and the membrane, resulting in a decrease in PREX2 GEF activity toward Rac1.
PREX2 can then be dephosphorylated by phosphatases such as PP1a and
PP2A to complete the circuit and prime PREX2 for future activation by PIP; or
GPy.Inthis model, chronic stimulation of PIP; or GB+y could lead to ineffective
signaling of PREX2 to Rac1.

We also identified an insulin-, GBvy-, and PAK-dependent
phosphorylation site at Ser-1107. Given that phosphorylation
of PREX2 reduces binding to PIP; and Gy, both of which
appear to interact with PREX2 through the PH domain, it is
interesting that phosphorylation of the IP4P domain could
affect binding to these second messengers. One possible expla-
nation is that phosphorylation events in the IP4P domain affect
intramolecular interactions within PREX2, altering the accessi-
bility of the PH domain to reduce PIP, and Gy binding. Our
data also show that Ser-1107 is not the only site that is phos-
phorylated by PAK, so it is possible that phosphorylation events
in other domains of PREX2 are cooperating with Ser-1107 phos-
phorylation to affect intramolecular interactions. Further phos-
phorylation events may even occur within the PH domain
where they can sterically block PIP; and GBvy binding. Our
mass spectrometry data revealed a total of 12 phosphorylation
events that were specific to the stimulated condition, and it is
possible that in addition to Ser-1107 some of these residues are
also PAK-dependent sites. Interestingly, phosphorylation has
previously been shown to affect intramolecular interactions of
the PREX2 homolog, PREX1. PKA phosphorylation reduces
PREX1 binding to Gy and also reduces GBy-induced PREX1
GEF activity by disrupting an intramolecular interaction
between the IP4P domain and a region comprising the second
DEP and first PDZ domains (37).

Given the role of PAKs in propagating Racl-dependent pro-
cesses, such as lamellipodia formation and glucose uptake, it is
unexpected for PAKs to mediate negative feedback to turn off
Racl activity (65). However, there is precedent for this in lower
eukaryotes. In the yeast Saccharomyces cerevisiae, the Pak fam-
ily member Cla4 phosphorylates Cdc24, a GEF for the Cdc42
GTPase, and phosphorylation reduces GEF activity in vitro and
reduces levels of Cdc42 at the front of a cell during polarization
(66 —68). Furthermore, in the fungus Ustilago maydis, where
Cdc24 is also a Racl GEF, Cla4 phosphorylates Cdc24, causing
its degradation and a reduction in Racl activation (69). Here,
we show that this type of PAK-mediated negative regulation of
GEFs occurs in higher eukaryotes as well.
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This type of regulation, where a pathway evolves a mecha-
nism to turn a signal off after it has been activated, has been
reported in many contexts within mammalian cells, including
the insulin-signaling pathway. For example, mTORC1, an
important effector of insulin signaling, also initiates negative
feedback to reduce activation of the pathway. Insulin activation
of mTORCI1 leads to the stimulation of various downstream
kinases to regulate protein synthesis. However, mMTORCI acti-
vation also results in serine phosphorylation of insulin receptor
substrate (IRS) proteins, reducing their stability and decreasing
the insulin signal. IRS protein levels can then be restored upon
pathway inactivation (70-73). Importantly, mTORC1-depen-
dent regulation of IRS stability appears to be a critical consid-
eration for therapeutics given that inhibition of mTORCI leads
to increased AKT phosphorylation in cancer cell lines and
human patients, which may partially explain the modest effects
of these inhibitors in cancer patients (74).

The role of mMTORCI in insulin signaling is very similar to the
model we propose for PAKs, where PAK can both propagate
the insulin-dependent Racl signal and negatively regulate it
through PREX2. Furthermore, similar to mTORCI1-dependent
negative feedback, PAK phosphorylation of PREX2 could have
important therapeutic implications. PAK inhibitors are cur-
rently being evaluated as cancer therapeutics, and if PAK neg-
ative regulation of PREX2 is playing a significant role in insulin
signaling, or more generally in Racl activation, then it may be
important to consider in the context of certain cancers (75). For
example, a tumor with PREX2 overexpression may not respond
well to PAK inhibitors, which could increase PREX2 GEF activ-
ity toward Racl. Furthermore, given the role of PREX2 in can-
cer, it will be important to study PAK-mediated inactivation of
PREX2 not only in the context of resistance to therapeutics but
in tumorigenesis. Many PREX2 mutations have been identified
in different types of cancer, and it is possible that some of these
could disrupt the PAK-dependent negative feedback and acti-
vate Racl signaling.

PREX2 has previously been identified as an important medi-
ator of insulin signaling, and our data showing that PREX2
function is tightly regulated by insulin-induced phosphoryla-
tion further supports this idea (14). Future experiments should
focus on the effect of this feedback circuit on both PREX2- and
Racl-dependent physiological outputs downstream of insulin
receptor activation, including glucose metabolism. It will also
be of interest to study this signaling pathway in the context of
insulin-related disease, such as diabetes. PREX2 protein expres-
sion appears to be lower in adipose tissue of insulin-resistant
human patients, suggesting that reducing PREX2 activity to
prevent glucose uptake is a possible mechanism for insulin resis-
tance (14). In addition, the importance of Racl in insulin resis-
tance is highlighted by the fact that Racl activity can be
decreased in muscle tissue of insulin-resistant mice and
humans (76, 77). Our data present the possibility that a reduc-
tion in PREX2 GEF activity and Racl activation could also be
achieved through PAK-mediated phosphorylation and that
phosphorylation of PREX2 could be altered in diabetes and
could potentially be a cause of insulin resistance. Interestingly,
the activation of feedback mechanisms in insulin resistance has
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been identified previously, including mTORCI-dependent
ribosomal S6 kinase phosphorylation of IRS1 (78, 79).

Our findings for PREX2 could also have important implica-
tions for PREX1. Interestingly, the residue on PREX1 (Ser-
1169) that is homologous to Ser-1107 on PREX2 is phosphory-
lated following treatment with neuregulin and IGF (26, 35).
PREX1 is also dephosphorylated by PP1a, and PP1a dephos-
phorylation activates PREX1 GEF activity, which is consistent
with our model for PREX2 (53). In addition, fractionation
experiments in Sf9 insect cells show that PI3K and Gy co-ex-
pression leads to an electrophoretic mobility shift of PREX1,
and the slower migrating species, presumably a phosphorylated
form, is mostly excluded from the membrane fraction (61). The
similarities between phosphorylation events on PREX1 and
PREX2 suggest that it is certainly possible that PREX1 is also
regulated by PAK phosphorylation.

Collectively, our data represent a novel paradigm for main-
taining a tightly regulated Racl signal by blocking the stimula-
tion of the specific GEF that was activated, in this case PREX2.
This type of regulation adds a layer of complexity to the current
model where Racl is activated by GEFs and inactivated by
GAPs and GDIs. If PAKs regulate other GEFs the same way,
then this signaling pathway could have implications in many
aspects of cellular physiology.
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