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metabolism

stoichiometry phosphorylation has been reported at Ser-370, -380.
and -385 in vivo (10, 11). Furthermore, incorporation of 32P into
PTEN during orthophosphate labeling in vivo is substantially reduced when the cluster of Ser-380, Thr-382, and Thr-383 are mutated to alanines. Phosphorylation at this cluster of three residues
has been implicated in the regulation of PTEN stability and phosphatase activity (12). C-terminal tail phosphorylation is also required for the formation of an intramolecular interaction that
occurs between the tail and the catalytic region of PTEN, which
inhibits PTEN membrane recruitment and PIP3 access (13). In
addition, the C terminus of PTEN contains a postsynaptic density95/Discs large/zona occludens-1 (PDZ)-binding domain (PDZ-BD),
providing a binding site for several PDZ-domain–containing proteins (14).
P-REX2A and P-REX2B were identified by two different
groups through database searches for proteins homologous to PREX1 (15, 16). P-REX2A is a guanine nucleotide exchange factor
(GEF) for the small GTPase RAC and responds to both PIP3 and
the beta-gamma subunits of G proteins (15). The structural
domains of P-REX2A include the catalytic DHPH (Diffuse B-cell
lymphoma homology and pleckstrin homology) domain tandem, two DEP (Disheveled, EGL-10, and pleckstrin homology)
domains, two PDZ domains, and a C-terminal inositol polyphosphate-4 phosphatase (IP4P) domain. P-REX2B, a splice
variant of P-REX2, lacks the C-terminal phosphatase domain.
Significance

| diabetes

Proper insulin signaling is necessary for regulating glucose
metabolism and is often deregulated in cancer. Insulin activation of the phosphoinositide-3 kinase (PI3K) pathway is negatively regulated by the tumor suppressor phosphatase and
tensin homolog deleted on chromosome 10 (PTEN). We previously described a novel inhibitor of PTEN activity, phosphatidylinositol 3,4,5-trisphosphate-dependent Rac exchanger 2 (PREX2). Here, we show that P-REX2 inhibition of PTEN occurs
through the pleckstrin homology (PH) domain and requires
PTEN C-terminal tail phosphorylation. Furthermore, loss of
Prex2 results in reduced insulin signaling and increased Pten
activity, and mice lacking P-rex2 display impaired glucose uptake and insulin resistance. This reveals a crucial role for the PH
domain of P-REX2 in the regulation of glucose metabolism
through the inhibition of PTEN.

P

hosphatases are essential for the regulation of many signal
transduction pathways, and altered phosphatase activity disrupts various cellular processes. Phosphatases are divided into two
families, the serine (Ser)/threonine (Thr) phosphatases and the tyrosine (Tyr) phosphatases, which include the subfamily of dualspecificity phosphatases (1). Serine/threonine phosphatases are
predominantly regulated by the formation of inhibitor complexes
(2). Direct phosphorylation of both phosphatases and their inhibitors has also been implicated in serine/threonine phosphatase
regulation (2). Protein tyrosine phosphatases (PTPs) are mainly regulated by reversible oxidation of the catalytic pocket (3). However,
phosphorylation has also been implicated in their regulation (4).
The dual-specificity phosphatase and tensin homolog deleted
from chromosome 10 (PTEN) was discovered through the mapping of homozygous deletions in cancer (5, 6). PTEN has the
conserved PTP catalytic motif within its phosphatase domain (PD)
and a C2 domain, both of which are required to dephosphorylate
its primary substrate, phosphatidylinositol 3,4,5-trisphosphate
(PIP3). This generates phosphatidylinositol 4,5-bisphosphate.
thereby inhibiting PIP3-mediated recruitment and activation
of the serine/threonine kinase AKT (7–9). Beyond these domains, the C-terminal tail of PTEN is phosphorylated at Ser366, Ser-370, Ser-380, Thr-382, Thr-383, and Ser-385. High
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Insulin activation of phosphoinositide 3-kinase (PI3K) signaling regulates glucose homeostasis through the production of phosphatidylinositol 3,4,5-trisphosphate (PIP3). The dual-specificity phosphatase
and tensin homolog deleted on chromosome 10 (PTEN) blocks PI3K
signaling by dephosphorylating PIP3, and is inhibited through its
interaction with phosphatidylinositol 3,4,5-trisphosphate-dependent Rac exchanger 2 (P-REX2). The mechanism of inhibition and
its physiological significance are not known. Here, we report that
P-REX2 interacts with PTEN via two interfaces. The pleckstrin homology (PH) domain of P-REX2 inhibits PTEN by interacting with the
catalytic region of PTEN, and the inositol polyphosphate 4-phosphatase domain of P-REX2 provides high-affinity binding to the postsynaptic density-95/Discs large/zona occludens-1-binding domain of
PTEN. P-REX2 inhibition of PTEN requires C-terminal phosphorylation of PTEN to release the P-REX2 PH domain from its neighboring
diffuse B-cell lymphoma homology domain. Consistent with its function as a PTEN inhibitor, deletion of Prex2 in fibroblasts and mice
results in increased Pten activity and decreased insulin signaling in
liver and adipose tissue. Prex2 deletion also leads to reduced glucose uptake and insulin resistance. In human adipose tissue, P-REX2
protein expression is decreased and PTEN activity is increased in
insulin-resistant human subjects. Taken together, these results indicate a functional role for P-REX2 PH-domain–mediated inhibition
of PTEN in regulating insulin sensitivity and glucose homeostasis and suggest that loss of P-REX2 expression may cause insulin resistance.

P-REX2 plays an important role in endothelial cell RAC1
activation and migration, as well as Purkinje cell dendrite
morphology in the cerebellum (17, 18). Recently, we reported
that P-REX2 interacts with PTEN to inhibit its phosphatase
activity in a noncompetitive manner, thereby activating the phosphoinositide-3 kinase (PI3K) signaling pathway in cells (19). Here,
we examine the mechanism by which P-REX2 inhibits PTEN and
uncover that the PH domain of P-REX2 is responsible for inhibiting PTEN phosphatase activity. PH-domain–mediated inhibition
is highly regulated by both the DH domain of P-REX2 and PTEN
C-terminal tail phosphorylation. Furthermore, P-REX2 inhibition
of PTEN plays a physiological role in the regulation of insulinstimulated PI3K signaling and glucose metabolism.
Results
P-REX2 Inhibition of PTEN Is Regulated by Phosphorylation of the
C-Terminal Tail of PTEN. Due to the presence of critical phos-
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phorylation sites located on the C-terminal tail of PTEN, we
were interested in determining if phosphorylation affects P-REX2
binding. To this end, we transfected a FLAG-tagged PTEN mutant
containing unphosphorylatable alanine substitutions at the phosphorylated cluster containing amino acids Ser-380, Thr-382, and
Thr-383 (FLAG-PTEN-3A) or wild-type FLAG-PTEN into
HEK293 cells with control vector or P-REX2-V5. The FLAGPTEN/P-REX2-V5 complex was immunoprecipitated with
anti-FLAG antibody. P-REX2 bound equally well to PTEN
and PTEN-3A (Fig. 1A), suggesting that tail phosphorylation
at these sites does not affect the physical interaction between
P-REX2 and PTEN. To investigate whether phosphorylation
of the tail regulates P-REX2-mediated PTEN inhibition, we
transfected FLAG-PTEN or FLAG-PTEN-3A with or without
P-REX2 into U87 cells, a PTEN-deficient glioblastoma cell
line, and immunoprecipitated protein complexes with anti-PTEN
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Fig. 1. P-REX2 inhibition of PTEN is regulated by PTEN tail phosphorylation.
(A) HEK293 cell lysates coexpressing P-REX2 along with empty vector, FLAGPTEN, or FLAG-PTEN-3A were incubated with FLAG-M2 antibody conjugated
to agarose beads. Immunoprecipitated protein complexes were analyzed by
immunoblotting. (B) U87 cell lysates coexpressing FLAG-PTEN or FLAG-PTEN3A with empty vector or P-REX2-V5 were incubated with a rabbit monoclonal PTEN antibody conjugated to agarose beads. Phosphatase assays were
performed on immunoprecipitated protein complexes by incubating protein-bound beads with 20 μM soluble di-C8-D-myo-PIP3 at 37 °C for 30 min.
Levels of free phosphate (PO4) released are shown. ±SD, n = 3. Representative levels of immunoprecipitated PTEN are shown. (C) In vitro phosphatase assays were performed in triplicate by incubating equimolar amounts of
purified GST-PTEN WT or GST-PTEN-3E and purified P-REX2-V5 in the presence of PIP3 at 37 °C for 30 min. Levels of free phosphate are shown from
a representative experiment repeated three times. ±SD, **P < 0.01.
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antibody. PTEN phosphatase assays were performed by incubating immunoprecipitated PTEN with 20 μM di-C8-D-myo-PIP3
with a reaction endpoint of 30 min, and we observed that PREX2 inhibited PTEN phosphatase activity by 53%, but did
not inhibit PTEN-3A (Fig. 1B). Similar levels of PTEN inhibition were also observed after incubation with PIP3 for 15
min (Fig. S1A). C-terminal phosphorylated PTEN and total
PTEN were present at equal levels in all samples, implying that
P-REX2 expression does not interfere with PTEN C-terminal tail
phosphorylation or immunoprecipitation (Fig. 1B).
To verify that PTEN tail phosphorylation is required for PREX2 inhibition, we performed phosphatase assays on purified
bacterially produced, and therefore unphosphorylated, recombinant
GST-PTEN and a partial phosphorylation mimicking mutant containing glutamic acid substitutions at amino acids Ser-380, Thr-382,
and Thr-383 (GST-PTEN-3E) in the presence of P-REX2. In accordance with our previous results, P-REX2-V5 inhibited GSTPTEN-3E phosphatase activity by 46%, but did not inhibit GSTPTEN at a reaction endpoint of 30 min (Fig. 1C). GST-PTEN-3E
was also sensitive to inhibition by P-REX2 after 15 min and 5 min of
incubation with PIP3 (Fig. S1A). Adding decreasing molar amounts
of P-REX2 to the reaction resulted in stoichiometric inhibition of
PTEN without altering PTEN solubility (Fig. S1 B and C). Pulldown experiments using lysates from HEK293 cells overexpressing
P-REX2 showed that P-REX2 bound with high stoichiometry to
both GST-PTEN and GST-PTEN-3E (Fig. S1D). Therefore, although P-REX2 interacts with high stoichiometry to both phosphorylated and unphosphoryated PTEN, it can recognize the
phosphorylation status of PTEN and inhibit only when the Cterminal tail of PTEN is phosphorylated.
To examine if P-REX2 affects PTEN activity by altering its
C-terminal tail phosphorylation, we overexpressed PTEN alone
or in combination with P-REX2 in U87 cells. Membrane and
cytosolic fractions were isolated from starved and insulin stimulated cells, and PTEN C-terminal phosphorylation was analyzed
by Western blot. P-REX2 expression did not appear to increase
the phosphorylation of Ser-380 and Thr-382 and Thr-383 in either the membrane or cytosolic fraction (Fig. S1E).
P-REX2 Binds to Multiple Sites on PTEN. Because the PTEN tail

regulates P-REX2 inhibition of PTEN as well as P-REX2 binding (19), we sought to understand the P-REX2-PTEN tail interaction in more detail. We transfected HEK293 cells with PREX2 along with a series of N-terminal FLAG-tagged PTEN
constructs containing stepwise deletions in the tail of PTEN,
including a two-amino-acid deletion of the PDZ-BD, in HEK293
cells (Fig S2A). Coimmunoprecipitation experiments revealed
that a two-amino-acid deletion at the C terminus of the PDZ-BD
[FLAG-PTEN(1–401)] led to a major reduction of P-REX2
binding (Fig. S3A). P-REX2, however, still bound to FLAGPDC2, a mutant containing the phosphatase domain and C2
domain (amino acids 1–352, Fig S3B), validating that P-REX2
binds to the phosphatase-C2 region of PTEN. Overall, these
results demonstrate that P-REX2 binds to the PDZ-BD and also
interacts with a region of PTEN located outside of the PTEN tail.
The Inositol Polyphosphate 4-Phosphatase Domain of P-REX2 Docks to
the PDZ-BD of PTEN. To determine how P-REX2 interacts with the

PDZ-BD, we performed pull-down experiments with GSTTAIL, which only contains the C-terminal tail region (amino
acids 353–403), or GST-PDC2 (Fig S2 A and B). We found that
P-REX2ΔDHPH, a mutant lacking the DHPH domain, had
strong affinity for the PTEN tail but not the phosphatase or C2
domains (Fig. S3C). To confirm this interaction, P-REX2ΔDHPH
was expressed in HEK293 cells with FLAG-tagged C2TAIL or
C2TAIL402STOP and complexes were immunoprecipitated with
anti-FLAG antibody. P-REX2ΔDHPH bound to C2TAIL, and
this interaction was dependent on the PDZ-BD of PTEN
(Fig. S3D).
To further map this interaction, we performed immunoprecipitation experiments using the P-REX2 C-terminal IP4P
or the DEP-PDZ domain tandem (DEPPDZ) with C2TAIL or
Hodakoski et al.
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The PH Domain of P-REX2 Interacts with the Phosphatase and C2
Domains of PTEN. Prior work showed that the GST-PTEN could

bind to in vitro translated DHPH (19). To further investigate this,
we performed pull-down experiments using GST-PTEN deletion
mutants. DHPH-V5 expressed in HEK293 cells bound to GSTPTEN and GST-PDC2, but not to GST-TAIL (Fig. 2A), demonstrating that it binds in a different manner from the IP4P domain. Further analysis revealed that in vitro translated DHPH and
PH domains bound to GST-PDC2 and GST-C2 (C2 domain),
whereas the DH domain did not bind to any region of PTEN (Fig.
2B). These results suggest that the PH domain alone is necessary
for P-REX2 binding to the phosphatase and C2 domains of
PTEN. We confirmed this interaction by coimmunoprecipitation
of PH-V5 or DHPH-V5 with FLAG-PDC2 expressed in cells (Fig.
S4 A and B). To analyze PH domain binding in more detail, we
performed pull-down assays with GST-PD and GST-C2. The
DHPH and PH domains bound strongly to both GST-PD and
GST-C2 (Fig. 2C). Therefore, the PH domain interfaces with both
the phosphatase and C2 domains, which together make up the
minimal catalytic region of PTEN.
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We validated this result by showing that P-REX2ΔIP4P, a PREX2 mutant lacking the inositol phosphatase domain, coimmunoprecipitated equally with C2TAIL and C2TAIL402STOP
(Fig. S3F). Furthermore, binding of P-REX2ΔIP4P to PTEN
was reduced compared with full-length P-REX2, likely due to
the lack of a PDZ-BD interaction.
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The PH Domain of P-REX2 Constitutively Inhibits PTEN Phosphatase
Activity in the Absence of the DH Domain. Because the PH domain

The PH Domain of P-REX2 Inhibits PTEN Activity in Cells. To de-

termine if PH domain inhibition of PTEN could be measured
from cell extracts, we performed phosphatase assays on immunoprecipitated PTEN-V5 expressed in HEK293 cells with PH-V5
or P-REX2ΔDHPH-V5. We used a shared V5 tag to immunoprecipitate protein complexes due to the weak interaction between
PTEN and the PH domain. The PH domain successfully inhibited
eukaryotic PTEN activity by 63%, whereas P-REX2ΔDHPH led
to a 40% increase in PTEN activity (Fig. 3A and Fig. S4C). These
results demonstrate that the PH domain can inhibit PTEN produced from mammalian cells, and P-REX2ΔDHPH may act as
a dominant negative mutant by blocking the formation of the wildtype inhibitory complex.
Previous work has shown that the DHPH domain could activate PI3K signaling in cells via PTEN (19). Therefore, we next
examined the ability of the PH domain to rescue PI3K signaling
ablated by PTEN expression. Expression of PTEN in U87 cells
resulted in decreased phosphorylation of AKT at Thr-308, and
expression of either the DHPH or PH domain with PTEN rescued
AKT phosphorylation (Fig. S4D). Furthermore, coexpression of PREX2ΔDHPH with PTEN did rescue phosphorylated AKT levels,
but rather resulted in a greater decrease in AKT phosphorylation
compared with PTEN alone (Fig. S4E). Next, we determined
Hodakoski et al.

Fig. 2. P-REX2 PH domain interacts with and inhibits the catalytic domain of
PTEN. (A) HEK293 cell lysates coexpressing DHPH-V5 were incubated with
recombinant GST-PTEN, GST-PDC2, GST-TAIL, or GST control Sepharose beads.
Pulled-down protein complexes were analyzed by immunoblotting. (B and C)
PH-V5, DH-V5, or DHPH-V5 were in vitro translated and 10 μL of protein lysate
was incubated with GST control, GST-PTEN, GST-PDC2, GST-PD, or GST-C2
Sepharose beads. Pulled-down protein complexes were analyzed by immunoblotting. (D and E) In vitro phosphatase assays were performed in triplicate
by incubating equimolar amounts of GST-PTEN WT or GST-PTEN mutants with
purified V5-tagged P-REX2 domains as indicated in the presence of PIP3. Levels
of free phosphate are shown from representative experiments repeated at
least twice. ±SD, **P < 0.05 and *P < 0.01. (F ) Model of PTEN inhibition by
P-REX2. The DH domain of P-REX2 restricts PH domain inhibition of PTEN
phosphatase activity when the C-terminal tail of PTEN is unphosphorylated.
However, phosphorylation of the tail is “read” by the DH domain, switching
the ionic interaction to the phospho-tail and unleashing the PH domain
inhibitory region (stars) of P-REX2 through interaction with the phosphatase
and C2 domains of PTEN on its nonlipid-binding surface.

if inhibition of PTEN activity was specific to the PH domain of
P-REX2. Phosphatase assays performed on PTEN-V5 coimmunoprecipitated with P-REX2-PH-V5 or P-REX1-PH-V5, the
closest homolog to P-REX2, revealed that the PH domain of PREX2 inhibited PTEN phosphatase activity, but the PH domain
of P-REX1 did not (Fig. 3B and Fig. S5A). Furthermore, P-REX1
did not coimmunoprecipitate with PTEN when coexpressed in
HEK293 cells (Fig. S5B).
Insulin- and IGF1-Stimulated PI3K Signaling Is Decreased in Prex2−/−
Mouse Embryonic Fibroblasts. We have shown that inhibition of

PTEN activity by both purified P-REX2 and P-REX2 overexpressed in cells is complex and tightly regulated. However, the
physiological significance of P-REX2–mediated PTEN inhibition
remains to be determined. To examine this, we generated Prex2
knockout mice using the ES cell clone AH0440 purchased from
the Sanger Institute Gene Trap Resource. This clone contains
a gene trap cassette consisting of a splice acceptor site, a βgalactosidase/neomycin phosphotransferase II fusion ending with
PNAS | January 7, 2014 | vol. 111 | no. 1 | 157
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binds to the phosphatase and C2 domains of PTEN, we asked
whether it could inhibit PTEN without C-terminal tail regulation.
We performed phosphatase assays with recombinant GST-PTEN
protein and purified V5-tagged P-REX2 domains and found that
PH-V5 inhibited GST-PTEN phosphatase activity by 51%,
whereas the DH domain and surprisingly, the DHPH domain did
not (Fig. 2D). This indicates that the PH domain can inhibit PTEN
regardless of its phosphorylation state. We suspected that phosphorylation of the PTEN tail may be regulating DHPH-domain–
mediated PTEN inhibition, and therefore performed phosphatase
assays using the GST-PTEN-3E mutant. DHPH-V5 and PH-V5
were capable of inhibiting GST-PTEN-3E by 27% and 61%, respectively (Fig. 2E). Our results suggest that the DH domain of PREX2 blocks PH domain inhibition of PTEN, and also “reads”
PTEN tail phosphorylation, which unleashes the PH domain and
allows for PTEN inhibition (Fig. 2F).
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To determine the effect of Prex2 loss on signaling and Pten
activity, we first generated Prex2+/+ and Prex2−/− mouse embryonic
fibroblasts (MEFs). We confirmed that P-rex2 was expressed in
Prex2+/+ cells (Fig. S7A) and found that growth of Prex2−/− MEFs
was not impaired under normal growth conditions (Fig. S7B). To
examine the effect of Prex2 loss on growth-factor–stimulated
PI3K signaling, we assessed levels of phosphorylated Akt after stimulation with 10 μg/mL insulin, 20 ng/mL insulin-like
growth factor 1 (IGF1), 20 ng/mL platelet-derived growth factor
(PDGF), or 20 ng/mL epidermal growth factor (EGF) at various
time points (Fig. 4A and Fig. S7C). In response to insulin, the
level and duration of Akt phosphorylation at Thr-308 and Ser473 was reduced in Prex2−/− MEFs (Fig. 4A). Phosphorylation of
downstream Akt targets including forkhead box protein O1 and
3 (Foxo1/3) and glycogen synthase kinase 3β (Gsk3β) were also
decreased. No decrease in insulin receptor β (IRβ) activation was
observed in Prex2−/− MEFs, suggesting that PI3K signaling is
being affected downstream of insulin receptor activation (Fig. 4A).
Levels of C-terminally phosphorylated Pten and total Pten levels
were not significantly altered in Prex2−/− MEFs (Fig. 4A). Prex2
loss also resulted in reduced IGF1-stimulated phosphorylation of
Akt, Foxo1/3a and Gsk3β, but had no effect on PI3K signaling
stimulated by EGF or PDGF (Fig. S7C). To further understand
this growth factor specificity, we examined the affinity of P-REX2
for activated membrane receptors. Transfected P-REX2-V5 was
immunoprecipitated from HEK293 cells stimulated with insulin or
EGF. We found that P-REX2 interacted with phosphorylated IR
after insulin stimulation, but showed no affinity for phosphorylated EGFR following EGF stimulation (Fig. S7D), suggesting
that P-REX2 can associate with activated insulin receptor at the
membrane following stimulation.
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Fig. 3. The PH domain of P-REX2, but not P-REX1, inhibits PTEN produced in
mammalian cells. (A) Lysates from HEK293 cells coexpressing PTEN-V5 with
empty vector, PH-V5, or P-REX2ΔDHPH-V5 were incubated with V5-agarose
beads. Phosphatase assays were then performed on the immunoprecipitated
protein. Levels of free phosphate are shown. ±SD, n = 3, **P < 0.01. (B)
Lysates from HEK293 cells expressing PTEN-V5 with empty vector, P-REX2PH-V5, or P-REX1-PH-V5 were incubated with V5-agarose beads, and phosphatase assays were performed on immunoprecipitated proteins. Levels of
free phosphate released are shown. ±SD, n = 3, **P < 0.01.
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Pten Regulation by Insulin Stimulation Is Dependent on P-rex2. To
determine if reduced insulin signaling in the absence of P-rex2
is a result of increased Pten activity, we performed phosphatase assays on Pten immunoprecipitated from Prex2+/+ or
Prex2−/− MEFs. Pten activity was equal between genotypes
when cells were starved. However, following insulin stimulation, Pten activity in Prex2+/+ MEFs was reduced by 45.3%,
but remained elevated in Prex2−/− MEFs (Fig. 4B). In concordance
with this, we observed an endogenous interaction between P-rex2
and Pten in immortalized Prex2+/+ fibroblasts that appears to increase slightly upon insulin stimulation (Fig. S7E).
Prex2 Deletion Results in Decreased Insulin-Stimulated PI3K Signaling
and Increased Pten Activity in Vivo. To determine if P-rex2 regulates

insulin signaling in vivo, we measured signaling outputs in mouse
adipose and liver tissue, which are highly responsive to insulin. We
stimulated mice with insulin by i.p. injection and collected tissue
samples postinjection. Whereas no differences in IRβ activation
were observed, Prex2−/− adipose tissue had decreased Akt phosphorylation at Thr-308, as well as decreased phosphorylation of
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a stop codon, and a polyadenylation sequence. This cassette was
inserted between exons 4 and 5 of Prex2, which encodes the DH
domain of P-rex2 (Fig. S6 A and B). The insertion of this reporter gene also results in a deletion of exons 5 and 6, as shown
by PCR of genomic DNA from ES cells (Fig. S6C). The mutant
allele was transmitted through the germ line, and heterozygous
mutant mice were intercrossed to generate Prex2−/− mice, which
were then backcrossed with C57BL/6 mice for eight generations.
PCR genotyping is shown (Fig. S6A). We confirmed loss of Prex2 protein in various tissue samples by Western blot analysis
(Fig. S6D). Two different isoforms of P-rex2 are expressed in
different tissue types: P-rex2A that runs at 180 kDa, and
a shorter isoform that runs at 120 kDa that we will call P-rex2C
(Fig. S6D), as predicted by GenBank entry AK138884. This
isoform, which is missing most of the IP4P domain, is not the
previously described P-rex2B isoform (16), as it does not contain
the epitope within the IP4P domain recognized by our antibody.
The brain and liver express both P-rex2A and P-rex2C, whereas
the lung expresses only P-rex2A, and adipose tissue only
expresses P-rex2C. P-rex2 is not detectable in skeletal muscle
when using our antibody (Fig. S6D). Alternative splicing may
result in a transcript spliced directly from exon 4 to exon 7,
bypassing the gene-trap vector. However, the absence of a protein band at the predicted size of 170 kDa suggests that this is
likely not occurring (Fig. S6D). Furthermore, due to the loss of
exons 5 and 6, which encode a portion of the DH domain, this
deleted protein would be expected to be nonfunctional. Prex2−/−
mice were fertile and appeared healthy.

Pten

Ins: - + - +

Fig. 4. Prex2 loss affects PI3K signaling and Pten
activity in fibroblasts. (A) Prex2+/+ and Prex2−/−
MEFs were starved for 3 h and then stimulated with
insulin (Ins, 10 μg/mL). Lysates were collected at the
indicated time points, and levels of phosphorylated
Akt and downstream targets were analyzed by
Western blot. (B) Lysates from starved or insulinstimulated Prex2+/+ and Prex2−/− MEFs were incubated with PTEN antibody conjugated to agarose
beads overnight. Phosphatase assays were performed on immunoprecipitated protein complexes. Levels of free phosphate released are
shown. ±SD, n = 3, *P < 0.05, **P < 0.01. Representative Pten immunoprecipitations are shown.
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Fig. 5. Prex2 loss affects PI3K signaling and Pten activity in vivo. (A) Prex2+/+
and Prex2−/− mice were fasted for 16 h and injected intraperitoneally with
insulin (Ins) (0.75 mU/g) for 2 min. Levels of phosphorylated Akt, Foxo1/3,
Gsk3-β, and IR in collected adipose tissue lysates were analyzed by Western
blot. (B) Prex2+/+ and Prex2−/− mice were fasted for 16 h and injected intraperitoneally with insulin (0.75 mU/g) for 15 min. Levels of phosphorylated
Akt, Foxo1/3, Gsk3-β, and IRβ in collected liver tissue lysates were analyzed by
Western blot. (C) PI3K activity for phosphatidylinositol phosphate substrates
was determined for Prex2+/+ and Prex2−/− liver samples during starvation
and stimulation with insulin (10 mU/g) for 8 min. Lysates were incubated
with anti–phospho-Tyr antibody. A representative autoradiograph is shown,
and PI3K activity from two independent experiments are quantified and
presented as arbitrary units (a.u. in this figure). (D) Prex2+/+ and Prex2−/−
mice were fasted overnight and then injected with insulin (10 mU/g) for 8
min. Lysates from three starved and three stimulated liver samples per genotype were incubated with PTEN antibody conjugated to agarose beads
overnight, and phosphatase assays were performed in triplicate on immunoprecipitated protein complexes. Levels of free phosphate released are
shown. ±SEM, **P < 0.01. (E) Liver samples collected for the above phosphatase assays were used to compare PIP3 levels from insulin-stimulated
mice. Lipids were measured using mass spectrometry and PIP3 values are
presented as a ratio of PIP3/PIP2 to account for cell number variability. ±SD,
(Prex2+/+, n = 4; Prex2−/−, n = 3), *P < 0.05.
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liver had 37.4% less PIP3 compared with Prex2+/+ liver when
normalized to PIP2 (Fig. 5E), supporting our finding that Pten in
the liver is less active in the presence of P-rex2.
Deletion of Prex2 Leads to Decreased Glucose Uptake and Insulin
Resistance in Vivo. Insulin signaling tightly regulates glucose ho-

meostasis; therefore, we examined whether Prex2−/− mice were
defective for glucose uptake by performing glucose challenge
tests. Six-week-old Prex2+/+ and Prex2−/− fasted male mice were
injected intraperitoneally with a bolus of dextrose, and blood
glucose levels were recorded over time and normalized to
baseline levels. Whereas there was no difference in baseline
glucose, Prex2−/− mice exhibited 22% higher peak in blood glucose levels compared with Prex2+/+ mice 15 min after injection
(Fig. 6A). Blood glucose levels of Prex2−/− mice remained elevated throughout the time course, as quantified by area under
the curve (P = 0.002, Fig. 6A). Insulin tolerance tests were also
performed by injecting 8-wk-old male mice intraperitoneally with
insulin and measuring blood glucose levels over time. Blood
glucose levels were similar at early time points; however, 120 min
postinjection Prex2+/+ blood glucose levels were 29.6% below
baseline, whereas blood glucose levels in Prex2−/− mice were
8.4% above baseline (Fig. 6B). These data suggest that reduced
insulin signaling in the absence of Prex2 leads to glucose intolerance and decreased insulin response.
Having shown that P-rex2 has a role in regulating insulin signaling
in mice, we next wanted to examine if P-REX2 protein expression
was altered in insulin-resistant human subjects. We obtained adipose tissue from human subjects with clinically determined insulin
sensitivities (Table S1) and prepared protein lysates. Western blot
analysis showed expression of both the 180-kDa P-REX2A
and the 120-kDa P-REX2C isoforms, which is predicted to
exist by UniProt Knowledge Base entry B4DFX0_HUMAN.
P-REX2A and P-REX2C protein levels in adipose tissue
appeared lower in insulin-resistant subjects compared to insulin-sensitive subjects, with P-REX2A expression being significantly decreased (P = 0.019, Fig. 6C). Furthermore, the
activity of PTEN immunoprecipitated from adipose tissue was
40% higher in insulin-resistant subjects compared with insulin-sensitive subjects (Fig. S8 D and E). This provides evidence of P-REX2–regulated insulin signaling not only in mice,
but also in humans.
Discussion
Here we present a unique mechanism of GEF-mediated phosphatase inhibition. In summary, P-REX2 docks to the PDZ-BD
of PTEN through its C-terminal domain, reads the phosphorylation state of the PTEN tail via the DH domain, and inhibits
PTEN activity by unleashing the PH domain (Fig. 2F). We hypothesize that negatively charged residues on the DH domain
interact with positive charges on the PH domain, blocking the
phosphatase-inhibitory region of the PH domain (Fig. 2F, stars)
from inhibiting PTEN. However, phosphorylation of the Cterminal tail of PTEN creates a cluster of negative charges that
could compete with the DH domain for binding to positive
charges on the PH domain, unleashing the PH domain for
allosteric inhibition of PTEN catalysis. Interestingly, the formation of intramolecular interactions between the DH and PH
domains of other GEFs, including Vav1 and Sos1, has been
previously implicated in the regulation of GEF activation of
GTPases (20). It is likely that there is a balance in PTEN
phosphorylation states, ranging from fully phosphorylated to
completely unphosphorylated. Whereas our results are contingent on some measure of tail phosphorylation, it is possible
that fully phosphorylated PTEN may be inactive and not regulated in the same fashion. Docking of the IP4P domain of PREX2 to the PDZ-BD of PTEN likely ensures that the PH
domain is positioned in close proximity to PTEN to inhibit
phosphatase activity. However, this interaction does not appear to
be required for PTEN inhibition, as P-REX2C, which is missing
the IP4P domain, is able to regulate PTEN activity and insulin
signaling in fat.
PNAS | January 7, 2014 | vol. 111 | no. 1 | 159
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downstream Akt targets including phosphorylated Foxo1/3a and
phosphorylated Gsk3β compared with Prex2+/+ tissue following 2
min of insulin stimulation (Fig. 5A). Prex2 loss in liver tissue also
resulted in reduced Akt and Gsk3β phosphorylation after 15 min
(Fig. 5B) and 2 min (Fig. S8A) of insulin stimulation, whereas levels
of activated IRβ were comparable. Levels of total Pten in both liver
and adipose tissue were not affected by P-rex2 loss; however there
appeared to be an induction of Pten C-terminal tail phosphorylation
in Prex2−/− adipose tissue following insulin stimulation (Fig. 5 A and
B). To determine if P-rex2 deletion alters PI3K activity downstream
of insulin receptor activation, we performed PI3K assays on immunoprecipitated PI3K from starved and stimulated liver samples using anti–phospho-Tyr antibody. PI3K activity was equivalent in
Prex2+/+ and Prex2−/− liver samples (Fig. 5C), suggesting that
P-rex2 regulation of insulin signaling occurs downstream of PI3K.
To determine if P-rex2 can regulate Pten activity in vivo, we
measured the phosphatase activity of Pten immunoprecipitated
from Prex2+/+ and Prex2−/− liver lysates. Pten activity from Prex2−/−
livers was 52% and 38% higher than Prex2+/+ livers during fasted
and stimulated conditions, respectively (Fig. 5D and Fig. S8B). In
addition, an endogenous interaction between Pten and P-rex2 was
observed in Prex2+/+ liver lysates (Fig. S8C). We also quantified
PIP3 levels from insulin-stimulated liver lysates using high performance liquid chromatography–mass spectrometry. Prex2−/−
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Fig. 6. P-rex2 regulates glucose uptake and insulin sensitivity in vivo. (A)
Glucose challenge tests (GCTs) were performed by measuring blood glucose
levels following i.p. glucose injection at 2 mg dextrose/g body weight at the
indicated time points (n = 6). (B) Insulin tolerance tests (ITTs) were performed
by measuring blood glucose levels following i.p. injection of insulin (0.75 mU/g)
at the indicated time points (Prex2+/+, n = 4; Prex2−/−, n = 5). For both GCT and
ITT tests, blood glucose levels are shown normalized to baseline. ±SEM, **P <
0.01. (C) Lysates from human adipose tissue samples were prepared and levels
of P-REX2 and PTEN were analyzed by Western blot.

The above mechanism of PTEN regulation is provocative
because it reveals a unique function for a PH domain. The PH
domain is highly represented in the human genome, displays
a diverse range of amino acid sequences, and is found in proteins
of various functions (21). Therefore, phosphatase inhibition by
a PH domain may be broadly relevant to signaling pathway
regulation. On the other hand, the sequence specificity of the PREX2 PH domain may be uniquely adapted to inhibition of
PTEN. Our results show that the PH domain of P-REX1, a close
homolog of P-REX2 known to bind PIP3, does not inhibit PTEN
phosphatase activity, suggesting that a specific PH domain may
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only be able to regulate the activity of a specific phosphatase, similar
to GEF regulation of GTPases. Although P-REX1 did not inhibit
PTEN, we cannot eliminate the possibility that there are other PH
domains that share the ability to inhibit PTEN. In addition, other
PH domains could regulate different phosphatases, tightly controlling various signaling pathways and cellular processes.
Type II noninsulin-dependent diabetes mellitus is a common
metabolic disease caused by the inability of liver, muscle, and fat
to respond to normal levels of insulin as well as the lack of insulin production by pancreatic β cells to compensate for this
insulin resistance (22). Previous studies have shown that PTEN is
a critical regulator of insulin signaling, as loss of PTEN in tissues
such as liver, fat, and muscle results in increased insulin sensitivity and glucose metabolism and protection from diabetes (23–
25). It was therefore not surprising that P-REX2 PH domain
inhibition of PTEN is important for the regulation of insulin
signaling and the maintenance of glucose homeostasis in vivo. In
addition to inhibiting PTEN activity, it is possible that P-REX2
activation of Rac1 may also regulate insulin signaling through
several mechanisms including direct activation of p110β (26).
Interestingly, decreased P-REX2 protein expression found in
adipose tissue from human subjects suggests that deregulated PREX2 expression could cause insulin resistance in people. Restoration of P-REX2 levels or inhibition of PTEN may prove to
be successful therapies for cases of insulin resistance and type II
diabetes that show evidence of reduced P-REX2 expression and
elevated PTEN phosphatase activity.
Materials and Methods
Mice deleted for Prex2 were generated using the embryonic stem cell line
AH0440 purchased from the Wellcome Trust Sanger Institute. This line was
created by high throughput gene trapping, resulting in the insertion of
a reporter gene containing a β-galactosidase and neomycin phosphotransferase II fusion between exons 4 and 5 of Prex2. The location of the reporter
gene was confirmed by RT-PCR. More detailed methods on immunoblotting,
coimmunoprecipitation, protein purification, phosphatase assays, and in vivo
metabolic studies can be found in SI Materials and Methods.
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