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Abstract
Phosphatidylcholine transfer protein (PC-TP) is a phospholipid-binding protein that is enriched in
liver and that interacts with thioesterase superfamily member 2 (THEM2). Mice lacking either
protein exhibit improved hepatic glucose homeostasis and are resistant to diet-induced diabetes.
Insulin receptor substrate 2 (IRS2) and mammalian target of rapamycin complex 1 (mTORC1) are
key effectors of insulin signaling, which is attenuated in diabetes. We found that PC-TP inhibited
IRS2, as evidenced by insulin-independent IRS2 activation following knockdown, genetic
ablation, or chemical inhibition of PC-TP. In addition, IRS2 was activated after knockdown of
THEM2, providing support for a role for the interaction of PC-TP with THEM2 in suppressing
insulin signaling. Additionally, we showed that PC-TP bound to tuberous sclerosis complex 2
(TSC2) and stabilized the components of the TSC1-TSC2 complex, which functions to inhibit
mTORC1. Preventing phosphatidylcholine from binding to PC-TP disrupted interactions of PC-TP
with THEM2 and TSC2, and disruption of the PC-TP–THEM2 complex was associated with
increased activation of both IRS2 and mTORC1. In livers of mice with genetic ablation of PC-TP
or that had been treated with a PC-TP inhibitor, steady-state amounts of IRS2 were increased,
whereas those of TSC2 were decreased. These findings reveal a phospholipid-dependent
mechanism that suppresses insulin signaling downstream of its receptor.
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Introduction
Phosphatidylcholine transfer protein (PC-TP; also known as StARD2) is a liver-enriched
cytosolic lipid binding protein that belongs to the steroidogenic acute regulatory transfer-
related (START) domain superfamily. PC-TP was initially characterized as a protein that
catalyzes the intermembrane exchange of phosphatidylcholines in vitro (1). Its highly
selective lipid binding pocket accommodates a single phosphatidylcholine molecule and
preferentially binds phosphatidylcholines with more unsaturated sn-2 fatty acyl chains (1–3),
which may in turn influence the conformation of PC-TP (4). By mechanisms that appear to
be distinct from lipid transfer activity, PC-TP reduces hepatic insulin sensitivity. In chow
fed Pctp−/−mice, decreased fasting plasma glucose concentrations are accompanied by
reduced hepatic glucose production in hyperinsulinemic-euglycemic clamp studies (6).
Pctp−/−mice are also resistant to diet-induced diabetes, and treatment with a small molecule
inhibitor of PC-TP improves glucose tolerance and reduces hepatic glucose production in
wild-type mice (7). Coding region polymorphisms have also been reported in both mice (8)
and humans (9), which appear to confer protection against insulin resistance (4).
Improvements in glucose homeostasis are associated with enhanced hepatic insulin signaling
through an unknown mechanism. In the absence of PC-TP or in response to its chemical
inhibition, livers and primary hepatocytes exhibit increased phosphorylation of Akt and its
downstream targets (6, 7).

PC-TP interacts with thioesterase superfamily member 2 (THEM2) (10), a soluble
homotetrameric fatty acyl-CoA thioesterase (also known as ACOT13) (11). Like PC-TP,
THEM2 is enriched in liver, is a transcriptional target of peroxisome proliferation-activated
receptor α (PPARα) and reversibly associates with mitochondria (2, 5, 11). As observed for
PC-TP-deficient mice, Them2−/−mice exhibit phenotypes that include reduced hepatic
glucose production and resistance to diet-induced diabetes (12). The enzymatic activities of
both purified recombinant THEM2 and PC-TP are increased by their interaction (10, 11),
but the biological relevance of this effect is unknown.

To elucidate molecular mechanisms that may underlie improved glucose homeostasis in
Pctp−/−mice, we examined the regulation of insulin signaling by PC-TP in cell culture
systems and in vivo. Insulin binding to its receptor activates insulin receptor substrate (IRS)
proteins, which promote phosphoinositide 3-kinase (PI3K)- and 3-phosphoinositide-
dependent kinase (PDK1)-mediated phosphorylation of Akt at Thr308 (13, 14). Full
activation of Akt requires additional phosphorylation at Ser473, which is mediated by
mammalian target of rapamycin (mTOR) complex 2 (mTORC2) (15). Among the
downstream targets of phosphorylated Akt are AMPK (16), GSK-3β (17) and tuberous
sclerosis complex 2 (TSC2) (18). The TSC1-TSC2 complex inhibits mTORC1 and its
targets, including S6K1 (19).

siRNA-mediated knockdown, genetic ablation or chemical inhibition of PC-TP increased
insulin signaling by enhancing insulin-independent activation of IRS2, with knockdown of
THEM2 yielding similar effects. PC-TP and THEM2 also suppressed mTORC1 signaling
upon binding TSC2. Chemical inhibition of PC-TP to prevent phosphatidylcholine binding
(7) disrupted the interactions of PC-TP with THEM2 and TSC2. Our findings reveal a
phospholipid-dependent mechanism for suppressing insulin signaling: a PC-TP-THEM2
complex reduces phosphorylation and stability of IRS2 and increases stability of the TSC1-
TSC2 complex.
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Results
Inhibition of the activity of Akt and its key targets by PC-TP and THEM2

In serum-starved HEK 293E cells, knockdown of THEM2 was associated with a 50%
reduction in PC-TP abundance, whereas knockdown of PC-TP tended to increase THEM2
abundance (Fig. 1, A and B). We next determined whether PC-TP and THEM2 influenced
the activity of Akt and its key targets. In the absence of insulin, siRNA-mediated
knockdown of either PC-TP or THEM2 resulted in 2- and 3-fold increases in the
phosphorylation of Akt at Ser473, a 30% decrease in the phosphorylation of AMPK for
either condition, and 3- and 6-fold increases in the phosphorylation of S6K1, respectively
(Fig. 1, A and C). Phosphorylation of GSK-3β was increased 2-fold after PC-TP or THEM2
knockdown, although these effects did not achieve statistical significance. In response to
insulin, the increased phosphorylation of Akt at both Ser473 and Thr308 was additive to the
increase in basal activation of Akt (Fig. 1D).

Because the 48 h time frame for PC-TP knockdown allowed for the possibility that effects
on Akt activation were secondary to adaptive transcriptional or metabolic effects, we used
compound A1, a small molecule inhibitor that rapidly inactivates PC-TP and increases the
phosphorylation of Akt, S6K1, and GSK-3β in primary human hepatocytes (7). Short-term
(30 min) treatment with compound A1 (Fig. 1E) increased the phosphorylation of Akt in
primary hepatocyte cultures from Pctp+/+ mice but not in those from Pctp−/−mice. Chemical
inhibition of PC-TP was associated with slight increases in the abundance of PC-TP (Fig.
1E). As observed for PC-TP knockdown in HEK 293E cells (Fig. 1D), the effect of chemical
inhibition of PC-TP on Akt was additive to insulin in Pctp+/+ hepatocytes (Fig. 1F).

Phosphatidylinositol-3 kinase (PI3K)-dependent suppression of Akt activity by PC-TP and
THEM2

We utilized chemical inhibitors to ascertain a role for PI3K in the regulation of Akt by PC-
TP and THEM2 (Fig. 2A and Fig. S1A). Wortmannin reduced phosphorylation of Akt by
84% in HEK 293E cells treated with scrambled siRNA, but only by 50% following
knockdown of PC-TP or THEM2 (Fig. 2A, inset bar graph). Because high concentrations of
wortmannin can inhibit phosphorylation of Akt by reducing the activity of mammalian
target of rapamycin complex (mTORC) 2 (15), we also measured IC50 values for
GDC-0941, which provided quantitative measures of responsiveness of Akt phosphorylation
to PI3K inhibition. Compared with scrambled siRNA, knockdown of PC-TP and THEM2
increased the IC50 values for GDC-0941-mediated inhibition of Akt phosphorylation by 3.2-
and 5.7-fold, respectively (Fig. S1A, inset plots). Knockdown of PC-TP or THEM2 also
decreased the extent to which Akt activity was suppressed by the highest dose of GDC-0941
(Fig. S1A, inset plots). However, we limited GDC-0941 concentrations to ≤ 100 nM because
higher concentrations can result in PI3K-independent inhibition of Akt (20). For higher
GDC-0941 concentrations, we measured cellular phosphatidylinositol 3,4,5-trisphosphate
(PIP3) concentrations as a marker of PI3K activity. PC-TP and THEM2 knockdown
increased PIP3 concentrations by 1.7- and 2.3-fold, respectively (Fig. 2B). Furthermore, the
IC50 values for GDC-0941-mediated reductions in PIP3 concentrations (Fig. 2C) were
increased 10-fold and 3-fold following siRNA-mediated knockdown of PC-TP and THEM2,
respectively (Fig. 2C, inset plot), providing further evidence of PI3K-dependent regulation.
Wortmannin treatment, which blocked Akt activation by PC-TP or THEM2 knockdown,
also abrogated the reduction in the phosphorylation of AMPK (Fig. 2A), thus showing that
reduced AMPK activation in response to knockdown of PC-TP or THEM2 (Fig. 1, A and C)
was secondary to the activation of Akt and not a distinct mechanism by which PC-TP
inhibits mTORC1 signaling.
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Unexpectedly, wortmannin did not reduce the phosphorylation of S6K1 (Fig. 2A). S6K1 is
phosphorylated by mTORC1 (21), and mTORC1 inhibition by rapamycin suppressed the
phosphorylation of S6K1 in HEK 293E cells after knockdown of PC-TP or THEM2, but did
not suppress the activation of Akt (Fig. 2D). We validated this effect in the setting of acute
PC-TP or mTORC1 inhibition (Fig. 2, E and F). In HEK 293E cells or primary hepatocytes
from Pctp+/+ mice, rapamycin treatment increased the basal phosphorylation of Akt;
however, compound A1 treatment did not result in further induction of Akt phosphorylation
(Fig. 2, E and F). At the highest dose of compound A1, phosphorylation of Akt at Thr308

was reduced in HEK 293E cells. This dose likely resulted in potent or sustained activation of
insulin signaling and PI3K, which would be expected to lead to S6K1-mediated negative
feedback and suppression of further stimulation of 3-phosphoinositide dependent protein
kinase-1 (PDK1) (22, 23), the kinase that targets Akt at Thr308 (24).

We also tested the effects of silencing PC-TP and THEM2 on other mechanisms for Akt
activation. mTORC2 activates Akt by phosphorylating it at Ser473 (15), and knockdown of
PC-TP or THEM2 diminished mTORC2 activity in an in vitro assay (15), as evidenced by
reduced phosphorylation of an exogenous inactive Akt substrate at Ser473 (Fig. S1B). This
occurred independently of the induction of the phosphorylation of Ser473 in cell lysates (Fig.
S1B). In addition, siRNA-mediated knockdown of phosphatase and tensin homolog (PTEN)
(25) increased Akt activity but did not eliminate the increased phosphorylation of Akt after
PC-TP or THEM2 knockdown (Fig. S1C). Similarly, the induction of oxidative stress by
hydrogen peroxide (H2O2) treatment (26) did not alter increased phosphorylation of Akt
after knockdown of PC-TP or THEM2 (Fig. S1D). Inhibition of protein kinase A (PKA) by
H89 resulted in increased basal phosphorylation of Akt and S6K1, but increases due to PC-
TP and THEM2 knockdown persisted (Fig. S1E). Inhibition of mitogen-activated protein
kinase (MAPK) by PD98059, phospholipase C (PLC) by U73122, or AMPK by the Ca2+/
calmodulin-dependent protein kinase kinase β (CaMKKβ) inhibitor STO-609 had no
appreciable effect on either basal phosphorylation of Akt and S6K1 or the activation of Akt
after PC-TP or THEM2 knockdown (Fig. S1, E and F). Taken together, these findings argue
against a role for mTORC2, PTEN, oxidative stress, PKA, MAPK, PLC, or AMPK in the
activation of Akt that occurs after knockdown of PC-TP or THEM2.

Key role for IRS2 in the inhibition of PI3K by PC-TP and THEM2
In our search for a potential mechanism for the PI3K-dependent inhibition of Akt by PC-TP
and THEM2, we were guided by our prior observation that IRS2 mRNA expression was
increased in livers of Pctp−/−mice (6). In HEK 293E cells, the protein abundance of IRS2
was increased after knockdown of either PC-TP or THEM2 (Fig. 3, A and B), whereas that
of IRS1 was unchanged (Fig. S2A). Steady state IRS2 mRNA abundance were increased
following PC-TP knockdown and tended to increase following THEM2 knockdown (Fig.
3B). IRS proteins are activated by phosphorylation at Tyr residues (27, 28). Because Tyr
phosphorylation of IRS2 was also increased after PC-TP and THEM2 knockdown (Fig. 3C),
the effects of PC-TP and THEM2 on IRS2 most likely reflected both transcriptional and
post-transcriptional regulation. Knockdown of IRS2 abrogated the induction of
phosphorylation of Akt at Thr308 and Ser473 caused by knockdown of PC-TP or THEM2
(Fig. 3, A and D). IRS2 stimulates Akt activity by increasing cellular PIP3 production (29),
and the increases in PIP3 accumulation after knockdown of PC-TP or THEM2 were
eliminated by concurrent knockdown of IRS2 (Fig. 3E).

To explore the relative contribution of post-transcriptional regulation to Akt activation, we
examined the effect of compound A1 on the abundance and activation of IRS2. Short-term
treatment with compound A1 led to increased IRS2 protein abundance in Pctp+/+ but not
Pctp−/−hepatocytes (Fig. 3F), which was most likely attributable to a post-transcriptional
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mechanism because IRS2 mRNA abundance was not affected (Fig. 3G). In contrast,
compound A1 increased the mRNA abundance for PC-TP, presumably because of a
transcriptional response to chemical inactivation (Fig. 3G). Knockdown of PC-TP increased
the half-life (t1/2) for IRS2 protein by 1.9-fold (Fig. S2, B and C). Prolonged exposure of
HEK 293E cells to compound A1 also reduced the electrophoretic mobility of IRS2,
presumably reflecting increased phosphorylation (Fig. S2, D and E), and decreased the
steady state abundance of IRS2 protein (Fig. S2F). Tyr phosphorylation, including at Tyr911,
was increased in Pctp+/+ hepatocytes by treatment with compound A1 (Fig. 3H and Fig. S2,
G and H). In addition, inhibition of IRS2 may have been reduced by compound A1, as
evidenced by a 68% decrease in phosphorylation of Ser924 (Fig. S2, G and H) using a site-
specific antibody (Fig. S3, A to C). Because Ser phosphorylation has been implicated in the
inhibition of IRS2 (27, 28), inhibition of Ser924 phosphorylation by compound A1 may have
contributed to the observed increase in the activities of IRS2 and Akt.

Stabilization of the TSC1-TSC2 protein complex by PC-TP and THEM2
We next explored the mechanism by which PC-TP and THEM2 induced the
phosphorylation of S6K1 independently of that of Akt (Fig. 2A). Because the TSC1-TSC2
complex inhibits mTORC1-mediated phosphorylation of S6K1 (30, 31), we revisited our
previous observation from a yeast-two hybrid screen (32), which suggested a direct
interaction between PC-TP and TSC2. We verified this interaction with both GST pulldown
and co-immunoprecipitation assays (Fig. 4). Endogenous TSC2 in lysates of HEK 293E
cells interacted with a GST-PC-TP fusion protein but not GST alone (Fig. 4A). Endogenous
TSC1 also co-precipitated with GST-PC-TP and TSC2 (Fig. 4A). To further validate the
identity of TSC2 in the pulldown assays, we utilized Tsc2−/−and Tsc2+/+ MEFs: Only
endogenous TSC2 from Tsc2+/+ MEF lysates yielded a band for TSC2 following GST-PC-
TP pulldown (Fig. 4B). In addition, both TSC1 and TSC2 co-immunoprecipitated with PC-
TP from HEK 293E cells expressing FLAG-tagged TSC1 and TSC2 along with Myc-tagged
PC-TP (Fig. 4C). Finally, endogenous TSC2 coimmunoprecipitated with PC-TP from liver
lysates from Pctp+/+ mice (Fig. 4D).

Next we utilized GST pulldown assays to examine whether compound A1 might disrupt the
interactions among PC-TP, THEM2 and TSC2. Compound A1 reduced PC-TP-THEM2
interactions, as reflected by decreased pulldown of endogenous THEM2 in HEK 293E cells
by GST-PC-TP (Fig. S4A). Compound A1 also disrupted the interaction between PC-TP
and TSC2 (Fig. S4B), providing further evidence that the PC-TP-THEM2 complex
stabilized the TSC1-TSC2 complex.

Knockdown of either PC-TP or THEM2 reduced the steady state abundance of TSC2 (Fig.
4E) but not TSC2 mRNA abundance (Fig 4F). This observation was supported by
measurements of protein turnover rates following knockdown of THEM2 (Fig. 4, G and H):
Half-life values were reduced 5.6-fold for TSC2 and 3.5-fold for TSC1. The t1/2 of PC-TP
was reduced by 2.9-fold following THEM2 knockdown, which presumably explains the
reduction in PC-TP abundance following THEM2 knockdown (Fig. 1B).

Because Akt phosphorylates TSC2 on Thr1462 (18), we also examined the effect of PC-TP
and THEM2 on the phosphorylation of TSC2. Knockdown of either PC-TP or THEM2
resulted in increased phosphorylation of TSC2 (Fig. S5A). However, it was uncertain
whether Akt was responsible for this phosphorylation because the PI3K inhibitor GDC-0941
reduced the phosphorylation of Akt but not that of TSC2 (Fig. S5A). Inhibition of PC-TP by
compound A1 also resulted in increased phosphorylation of TSC2 and S6K1 and increased
abundance of IRS2 (Fig. S5B), the latter of which was not further increased by rapamycin
treatment.
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Reduced PC-TP and THEM2 turnover but preserved IRS2 responsiveness in Tsc2−/−MEFs
We used Tsc2−/−and Tsc2+/+ MEFs to determine the role of TSC2 in the regulation of PC-
TP and THEM2 (Fig. 5). Although the abundance of THEM2 was similar in both types of
MEFs, PC-TP abundance was greater in Tsc2−/−MEFs than in Tsc2+/+ MEFs, which had
almost undetectable amounts of PC-TP (Fig. 5A), consistent with prior observations in a rat
fibroblast cell line (33). When TSC2 was reintroduced into Tsc2−/−MEFs by transient
transfection, the endogenous steady state protein abundance of PC-TP decreased markedly
(Fig. 5A), whereas steady state PC-TP mRNA abundance remained unchanged (Fig. 5B).
TSC2 transfection reduced the t1/2 of PC-TP by 2.0-fold (Fig. 5, C and D) and that of
THEM2 by 9.7-fold, but the stability of TSC1 was not altered appreciably (Fig. 5, C and D).

As observed in HEK 293E cells (Fig. 1), THEM2 knockdown in both Tsc2−/−and Tsc2+/+

MEFs increased the phosphorylation of Akt (Fig. 5E). In Tsc2+/+ MEFs, phosphorylation of
S6K1 was also increased upon THEM2 knockdown. Phosphorylation of S6K1 was robustly
increased in Tsc2−/−MEFs, an effect that was modestly reduced following THEM2
knockdown (Fig. 5E). In Tsc2−/−MEFs, knockdown of PC-TP or THEM2 increased both
IRS2 protein abundance and phosphorylation of Akt (Fig. 5F), suggesting that IRS2-
mediated Akt activation was independent of mTOR activity.

Increased IRS2 and reduced TSC2 abundance in livers of mice following genetic ablation
or chemical inhibition of PC-TP

To confirm that inhibition of insulin signaling by PC-TP occurred in vivo, we examined the
hepatic responses of Pctp−/−and Pctp+/+ mice to fasting or to treatment with compound A1.
In response to food withdrawal, chow fed Pctp−/−mice exhibited a 3.7-fold induction in
IRS2 abundance whereas that of IRS1 remained unchanged (Fig. 6, A and B).
Phosphorylation of Akt and S6K1 were increased 2.8- and 3.1-fold, respectively, in the
livers of Pctp−/−mice compared to Pctp+/+ mice (Fig. 6, A and C). Although these changes
did not achieve significance, PC-TP deficiency also reduced TSC2 abundance by 35% (Fig.
6, A and B) and increased TSC2 phosphorylation by 5.4-fold (Fig. 6, A and C).

We previously demonstrated that compound A1 treatment reduces hepatic glucose
production, while increasing phosphorylation of Akt and S6K1 in livers of Pctp+/+ but not
Pctp−/−mice on a high-fat diet (7). Further analysis of these mouse livers revealed that
compound A1 treatment of Pctp+/+ mice increased IRS2 abundance by 2.1-fold and reduced
steady state TSC2 abundance by 47% (Fig. 6, D and E). Similar to what was observed in
isolated hepatocytes (Fig. 3, F and G), compound A1 treatment also led to a 58% increase in
PC-TP abundance (Fig. 6, D and E), most likely as a compensatory response.
Phosphorylation of Akt and S6K1 was increased 6.6- and 3.2-fold, respectively (Fig. 6, D
and F), effects that were consistent with the in vitro effects of compound A1 (Fig. S5B).

Discussion
This study has revealed regulatory functions of PC-TP and THEM2 in the control of cellular
insulin signaling. Taken together, our observations support a model (Fig. 7) in which a
complex of PC-TP and THEM2 suppresses the activation of IRS2 and mTORC1 in response
to binding to membrane phosphatidylcholines. In support of a functional PC-TP-THEM2
complex, knockdown of either protein yielded similar effects on both IRS2 and mTORC1
activity. Reduced PC-TP protein abundance after knockdown of THEM2 also indicated that
PC-TP was more stable when complexed with THEM2.

PC-TP-dependent attenuation of Akt activity required IRS2. PC-TP inhibition increased the
activity of IRS2, as indicated by enhanced Tyr911 phosphorylation and reduced
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phosphorylation at Ser924. Because Tyr911 is the putative binding site on IRS2 for GRB2
(growth factor receptor-bound protein 2) (34) and Ser924 resides within an extracellular
signal-regulated kinase (ERK) phosphorylation motif (Ser/ThrPro) (35), these findings
suggest mechanisms by which PC-TP may inhibit IRS2. Whereas the absence of increased
IRS2 abundance in response to compound A1 following rapamycin treatment might have
implied a role for mTORC1, rapamycin-induced increases also occurred in IRS2 in the
absence of compound A1.

In the setting of PC-TP and THEM2 knockdown, the increased abundance of IRS2 mRNA
also suggested a distinct mTOR-independent transcriptional mechanism. A possible
explanation includes the transcription factor sterol regulatory element binding protein 1c
(SREBP-1c), which is activated by increased cellular nutrition and energy availability (36).
Inhibition of IRS2 transcription by SREBP-1c in response to excess energy (36) is a
plausible mechanism because livers of fasted Pctp−/−mice showed increased mRNA
abundance of IRS2 concurrent with reduced mRNA abundance of SREBP-1c (6).

Although transcriptional activation of IRS2 in response to PC-TP and THEM2 knockdown
did not directly depend upon mTOR activity, our findings nevertheless suggest that key
aspects of mTOR activity were controlled by interactions between these two proteins and
TSC2. The TSC1-TSC2 complex inhibits mTOR signaling (37, 38). Because TSC1
stabilizes TSC2, disruption of the TSC1-TSC2 complex leads to rapid degradation of TSC2
(39). Accordingly, THEM2 knockdown resulted in similar decreases in the t1/2 of TSC1 and
TSC2 and in the activation of mTORC1. Heterologous expression of TSC2 in Tsc2−/−MEFs
to reconstitute the TSC1-TSC2 complex increased the turnover rates of PC-TP and THEM2.
This suggests that PC-TP and THEM2, which stabilize the TSC1-TSC2 complex, were in
turn destabilized by the same protein complex, potentially in response to changes in
mTORC1 signaling. Alternatively plasmid-mediated expression of excess TSC2 in relation
to endogenous TSC1 could have resulted in rapid degradation of PC-TP, THEM2 and TSC2,
which is unstable when not bound by TSC1 (39). Additional studies will be required to
discern whether regulation of mTOR signaling by PC-TP and THEM2 is mechanistically
related to the transcriptional control of IRS2 or whether this results in other as yet
uncharacterized metabolic effects.

A key objective of this study was to gain insights into mechanisms of improved glucose
homeostasis exhibited by Pctp−/−and Them2−/−mice (6, 12) and following chemical
inhibition of PC-TP in wild-type mice on a high-fat diet (7). Although initially characterized
in vitro as a protein with lipid transfer activity (1), we have proposed that PC-TP may
instead function as a sensor of membrane phosphatidylcholines (4), such that changes in
membrane composition that accompany feeding or fasting are reflected in the molecular
species of phosphatidylcholines bound to PC-TP. These may in turn promote PC-TP
interactions with THEM2 and TSC2 through phosphatidylcholine-mediated conformational
changes. This possibility is supported by the mechanism of inhibition of PC-TP by
compound A1, which binds and displaces phosphatidylcholines from the lipid binding site
(7), thereby increasing the thermal stability of the protein (7) and disrupting its interaction
with THEM2 and TSC2. These findings suggest that phospholipid binding to PC-TP
suppresses insulin signaling by interactions with THEM2 and TSC2. In support of this
model and consistent with prior in vivo evidence for activation of insulin signaling following
genetic ablation or pharmacological inhibition of PC-TP in mice (6, 7), the current study
demonstrated increased hepatic IRS2 abundance and decreased TSC2 abundance in livers of
both Pctp−/−mice and mice treated with compound A1. When taken together, these findings
reveal a phospholipid-mediated mechanism that controls insulin signaling (Fig. 7).
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Experimental Procedures
Reagents

Cell culture media and supplies were purchased from Invitrogen (Carlsbad, CA).
Wortmannin, rapamycin, STO-609, H89 and PD98059 were from EMD Chemicals
(Gibbstown, NJ). U73122 was from Enzo Life Sciences (Plymouth Meeting, PA).
GDC-0941 was from Chemdea (Ridgewood, NJ). Insulin and cycloheximide were from
Sigma-Aldrich (St. Louis, MO). Protein A Dynabeads were from Invitrogen, and
glutathione-Sepharose 4B beads were from GE Healthcare (Piscataway, NJ). The PC-TP
inhibitor compound A1 (4-[3-(2,4-dichlorobenzoyl)ureido]-N-(4,6-dimethylpyrimidin-2-
yl)benzenesulfonamide) was synthesized as previously described (7). Polyclonal antibodies
to PC-TP and THEM2 were prepared as previously described (10). Antibodies to most total
and phosphorylated proteins were from Cell Signaling Technology (Danvers, MA). A total
GSK-3β antibody was from BD Transduction Laboratories (Woburn, MA). Antibodies to
TSC2 (tuberin C-20) and p-Tyr, as well as rabbit IgG were from Santa Cruz Biotechnology
(Santa Cruz, CA). A mouse monoclonal antibody to β-Actin was from Sigma-Aldrich. An
antibody to IRS1 (pre CT) was from Upstate (Lake Placid, NY).

Cell culture and transfection
Tsc2+/+ and Tsc2−/− (both p53−/−) mouse embryonic fibroblasts (MEFs) and human
embryonic kidney (HEK) 293E cells (40) were cultured in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% (v/v) fetal bovine serum (FBS) (Invitrogen). A
cDNA encoding human PC-TP was cloned into a pCMV-myc plasmid (Clontech, Mountain
View, CA) using EcoR1 and Xho1 (Invitrogen), which introduced a c-myc tag in frame at
the N-terminus of the protein. Wild-type human Tsc1 and Tsc2 cDNAs were cloned so that a
FLAG tag was fused to the N-termini as previously described (30). Transient transfection of
plasmids was performed using Effectene transfection reagent (Qiagen, Valencia, CA)
according to the manufacturer’s protocol. Cells at 50% confluence in DMEM-10% FBS
(220μl final volume/cm2 of culture vessel surface area) were transfected with plasmids (0.2
μg/ml) and experiments were conducted 48 h following transfection.

An siRNA targeting human PC-TP corresponded to nt 246–264 of the open reading frame:
5′-CCAGUAUGUUAAAGAACUCtt-3′ (ID 121081, Ambion, Austin, TX). An siRNA
targeting human THEM2 corresponded to nt 411–423 from the open reading frame plus 6
nucleotides of the 3′ UTR following the stop codon: 5′-
CCUGGGAAACUGAGAGAACtt-3′ (ID 119801, Ambion). An siRNA targeting human
IRS2 corresponded to nt 2750–2768 of the open reading frame: 5′-
GCGAGUACAUCAACAUCGAtt-3′ (ID s16488, Ambion). An siRNA targeting human
PTEN corresponded to nt 388–406 of the open reading frame: 5′-
CGAACUGGUGUAAUGAUAUtt-3′ (ID 114050, Ambion). A control scrambled siRNA
(AM4611) was also from Ambion. siRNAs were transfected using Lipofectamine 2000
reagent (Invitrogen) according to the manufacturer’s protocol. Preliminary experiments
established that optimal knockdown was achieved using 30 nM siRNA and 0.2%
Lipofectamine 2000. Transfection complexes were prepared in Opti-MEM Reduced Serum
Medium (Invitrogen) without serum. Cells at 50% confluence in DMEM-10% FBS (200 μl/
cm2 of culture vessel surface area) were transfected. The media was replaced with
DMEM-10% FBS 6 h following transfection and DMEM 40 h following transfection, and
experiments were conducted 48 h after transfection. All experiments were conducted
following 8 h serum-starvation. Cells were incubated with 0.01–10 μM compound A1 for 30
min unless otherwise specified. Cells were treated with 1–100 nM insulin, 1–100 nM
GDC-0941, 20 nM rapamycin, 100 μM H2O2, 10 μM H89, 50 μM PD98059, 10 μM
U73122 or 10 μM STO-609 for 30 min, whereas 100 nM wortmannin was added for 15 min.
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For all treatments, the control vehicle was DMSO, with the exception that PBS was the
vehicle for H2O2 delivery. EC50 and IC50 values for activation and inhibition of
phosphorylation of Akt, respectively, were calculated from densitometric analyses by non-
linear least square analysis using Prism 4 (GraphPad Software, La Jolla, CA).

Mouse studies
Male Pctp+/+ and Pctp−/−mice 7 generations backcrossed into FVB/NJ background (41)
were housed in a standard 12 h alternate light/dark cycle and fed a standard rodent diet 5001
(LabDiets, St. Louis, MO, USA) with free access to drinking water. Mouse primary
hepatocytes were isolated and cultured as previously described (6). Briefly, mice were
anesthetized with an i.p. injection of ketamine (200 mg/kg body weight; Webster Veterinary,
Sterling, MA) plus xylazine (15 mg/kg body weight; Webster Veterinary). The inferior vena
cava was exposed, cannulated, and perfused with 20 ml of liver perfusion media
(Invitrogen), followed by 30 ml of liver digestion media (Invitrogen), both kept at 37 °C.
The portal vein was severed in order to provide an exit route for the perfusate. The digested
liver was removed, minced with a surgical blade in 10 ml of ice cold hepatocyte wash media
(Invitrogen), passed through a 70 micron filter (BD Biosciences, San Jose, CA), pelleted by
gentle centrifugation (50 × g for 2 min) and washed 3 times with 50 ml ice-cold hepatocyte
wash media. Cells were then resuspended in cold (4 °C) Williams E medium (Invitrogen)
containing 10% FBS, 1 μM dexamethasone and 20 ng/ml EGF. Viability was estimated by
the trypan blue exclusion, and cells were plated on Primaria plates (BD Biosciences) at 80%
confluence. After 24 h, hepatocytes were washed with PBS, and the culture media was
replenished. Thirty six h following plating, the cells were washed with PBS and serum
starved in plain Williams E medium overnight. Experiments were performed 48 h after
plating.

For in vivo studies, chow fed 12 w old mice were restricted from access to food for 6 h (9:00
AM – 3:00 PM) but continued to have free access to drinking water prior to harvesting
livers. The treatment of mice with compound A1 was as previously described (7). Briefly,
mice were fed a high fat diet (60 % kcal; D12492; Research Diets, New Brunswick, NJ,
USA) starting at 5 weeks of age for 12 weeks. Administration of compound A1 or vehicle
was initiated concurrently with the high fat diet. Compound A1 was prepared to a final
concentration of 0.6 mg/ml in 4% DMSO and 96% of 6% hydroxypropyl-β-cyclodextrin
(Sigma Aldrich) solution in sterile water. Mice were injected i.p. 5 days per week with 3 mg/
kg compound A1 or the equivalent volume of vehicle (5 μl/g). Mice were fasted overnight
prior to harvesting livers. Protocols for animal use, treatment and euthanasia were approved
by the institutional animal care and use committee of the Harvard Medical School.

Immunoblot analysis and immunoprecipitation
Standard techniques were utilized in immunoblot analyses and immunoprecipitation assays.
Cells or liver samples were washed with PBS at 4 °C and then homogenized in ice-cold
RIPA buffer (50 mM Tris HCl, 150 mM NaCl, 2 mM EDTA, 0.35% NP-40, 0.5% sodium
deoxycholate) containing Complete Protease Inhibitor Cocktail and PhosSTOP Phosphatase
Inhibitor Cocktail Tablets (Roche, Indianapolis, IN). Cell lysates or liver homogenates were
gently agitated for 30 min at 4° C and debris was removed by centrifugation (12,000 × g for
20 min at 4°C). Proteins were denatured by heating 5 min at 96°C in Laemmli buffer,
separated by SDS-PAGE and transferred electrophoretically to PVDF membranes. Primary
antibodies were detected using goat anti-mouse (Sigma-Aldrich) or anti-rabbit horseradish
peroxidase-conjugated secondary antibodies (Bio-Rad, Hercules, CA) and visualized using
enhanced chemiluminescence (GE Healthcare). Images were captured with a Bio-rad
Chemidoc XRS+ equipped with a digital camera, and densitometry was performed using the
histogram analysis function of Adobe Photoshop (San Jose, CA). For IRS2, the rate constant
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(k) for decreases in electrophoretic mobility was calculated according to first-order kinetics
using Prism 4 from the time-dependent decay of retention factor (Rf) of the IRS2 protein
band in relation to a non-specific protein band (Rf = mobility of IRS2/mobility of non-
specific band) in response to 1 μM compound A1.

Immunoprecipitation assays using Protein A Dynabeads were performed according to the
manufacturer’s instructions (Invitrogen). Briefly, 25 μl of Dynabeads were washed once
with PBS and incubated (20 min at 20°C) with either rabbit IgG for pre-clearing (4 μg
antibody per run) or primary antibody for precipitation. This was followed by three washes
with PBS. Cell or tissue lysates containing 2 mg/ml total protein were pre-cleared for non-
specific binding by incubating (1 h at 4 °C) with rabbit IgG antibody-bound Dynabeads,
after which these beads were discarded and the supernatant was used to immunoprecipitate
the desired protein by incubation (2 h at 4 °C) with primary antibody-bound Dynabeads. Co-
immunoprecipitation of endogenous TSC2 and PC-TP was done by incubating pre-cleared
lysates with PC-TP antibody-bound Dynabeads overnight at 4 °C, followed by 2 h at room
temperature. IRS2 phosphorylation at residue Tyr911 was measured by immunoprecipitating
IRS2 overnight at 4 °C followed by immunoblotting with an anti p-IRS1(Y865) antibody
(Cell Signaling Technology) as described (34). Beads were then washed 5 times with RIPA
buffer. Immunoprecipitated proteins were eluted and denatured by heating 5 min at 96 °C in
Laemmli buffer and then subjected to immunoblot analysis.

Antibody characterization
A site-specific mouse antibody to phosphorylated IRS2 at Ser924 was prepared by injecting
mice with the p-Ser IRS2 peptide (sequence: CEAGTRLSPPAPPLLA) coupled to keyhole
limpet hemocyanin. The antibody was purified using protein G and characterized using a
phosphopeptide binding assay (Fig. S3, A to C). Briefly, IRS1 and IRS2 peptides containing
phosphorylated and non-phosphorylated Ser or Thr residues were purchased from Synpep
(Dublin, CA). The specific Ser or Thr residue was flanked by 5–8 amino acids on either
side. Wells of clear plastic 96-well plates were coated with peptides by overnight incubation
at 4° C. Peptides were then exposed to various dilutions of p-IRS2(Ser924) antibody for 1 h
at 20° C. Plates were then incubated with a goat anti-mouse alkaline phosphatase-conjugated
secondary antibody (Jackson Immunoresearch Laboratories, Inc., West Grove, PA) for 1 h at
20° C. Following the addition of a phosphatase substrate (Sigma-Aldrich), antibody binding
to peptides was determined according to increases in relative light units (RLU). The
antibody was further characterized by immunoblot analysis of primary hepatocytes cultured
from Irs1−/−/Irs2−/−double knock out mice (42). Following hepatocyte isolation, cells were
infected at 1–2 MOI using recombinant adenovirus for IRS2 (Ad-IRS2) for positive control
(42) or GFP (Ad-GFP) for negative control (42) for 24 h, serum starved for 16 h and insulin-
stimulated (10 nM for 30 min) prior to immunoblot analysis for p-IRS2(Ser924) and total
IRS2.

Glutathione S-transferase (GST) pulldown assay
Plasmids for the expression of recombinant GST and N-terminal tagged human GST-PC-TP
(43) were utilized for GST pulldown assays as previously described (10). Recombinant GST
and GST-PC-TP proteins were expressed in Eschericia coli BL21(DE3) by IPTG induction
in 100 ml LB cultures at room temperature. GST or GST-PC-TP proteins were harvested,
purified and bound to glutathione-Sepharose 4B beads (44). Beads were harvested by
centrifugation (200 × g for 1 min) and washed 5 × in 1 ml ice-cold PBS. Yield and purity of
proteins were assessed by Coomassie brilliant blue and Ponceau S staining. HEK 293E cells
were grown to 80% confluence in 10 cm culture dishes (BD Biosciences). After washing
with ice-cold PBS, cells were harvested in 2 ml RIPA buffer as described above. Lysates
(1.5 mg protein/ml) were incubated with equal volumes of beads bound with recombinant
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expressed GST or GST-PC-TP. In some experiments, lysates and beads bound with
recombinantly expressed GST or GST-PC-TP were separately pre-incubated with compound
A1 or vehicle in 0.05% DMSO for 20 m prior to mixing. After gentle mixing for 2 h at room
temperature, beads were harvested by centrifugation (200 × g for 1 min at 4 °C). Beads were
washed 7 × with ice-cold 1 ml RIPA buffer and then resuspended in 30 μl RIPA buffer.
Beads and proteins were denatured by heating (5 min at 96 °C) in Laemmli buffer and then
subjected to immunoblot analysis.

Protein stability assay
Cells were incubated in DMEM containing 100 μg/ml cycloheximide or vehicle (0.1% v/v
final concentration of DMSO) at 37 °C for up to 4 h. Proteins were then harvested in ice-
cold RIPA buffer and subjected to immunoblot analysis. Protein half-life (t1/2) was
calculated from the time-dependent decay of expression according to first-order kinetics
using Prism 4.

mTORC2 kinase assay
The in vitro kinase activity of endogenous mTORC2 was measured essentially as described
(15). Briefly, cells were first transfected with PC-TP, THEM2 or scrambled siRNAs and
grown to 80% confluence in 10 cm plates. After 48 h, cells were washed once with ice-cold
PBS and then lysed in 1 ml of lysis buffer containing 40 mM HEPES, 120 mM NaCl, 1 mM
EDTA, 0.3% CHAPS {3-[(3-chloramidopropyl)-dimethylammonio]-1-propanesulfonate},
10 mM sodium pyrophosphate tetrabasic, 10 mM β-glycerophosphate, 50 mM NaF, 0.5 mM
orthovanadate, pH 7.5 plus Roche Complete Protease Inhibitor Cocktail (15, 45). Lysates
were cleared of cellular debris by centrifugation (12,000 × g for 20 min at 4 °C). For
mTORC2 immunoprecipitation, 1 ml of cell lysate (1.5 mg protein) was incubated with 1.5
μg anti-RICTOR antibody for 1.5 h at 4 °C. Protein G Plus/Protein A agarose beads (10 μl),
prepared 1:1 (v/v) in 40 mM HEPES, 120 mM NaCl, pH 7.5 were added, and the complex
was incubated for an additional 1.5 h at 4 °C. Immunoprecipitation with rabbit IgG antibody
served as a control for Akt phosphorylation in the absence of mTORC2. Beads were then
pelleted and washed thrice for 5 min in lysis buffer followed by twice for 5 min in mTORC2
kinase reaction buffer (25 mM HEPES, 100 mM potassium acetate, 2 mM MgCl2, pH 7.5).
Beads were then resuspended in 15 μl mTORC2 kinase reaction buffer. ATP (500 μM final
concentration) and 500 ng of inactive Akt1 substrate (Upstate/Millipore) were added to the
resuspended beads, which were then incubated for 20 min at 32 °C. The reaction was
stopped by incubation at 4 °C. Samples were denatured by heating 5 min at 96 °C in
Leammli buffer and subjected to immunoblot analysis.

Quantitative PCR analysis of PC-TP expression
Total mRNA was extracted from cells using TRIzol (Invitrogen) according to the
manufacturer’s protocol. cDNA was synthesized using the SuperScript III First-Strand
Synthesis System for RT-PCR (Invitrogen). Gene expression was quantified using
LightCycler FastStart DNA Masterplus SYBR Green I (Roche Applied Sciences) in a
Lightcycler 480II (Roche Applied Sciences). Mouse L32 ribosome protein and human
GAPDH were used as invariant controls (6, 11). Nucleotide sequences of oligonucleotide
primers were: mouse PC-TP, forward 5′-CCAGAGTATCTCGGCACCTC-3′ / reverse 5′-
ACGCTTTCACCATGTCCTTC-3′; mouse IRS2, forward 5′-
GTAGTTCAGGTCGCCTCTGC-3′ / reverse 5′-CAGCTATTGGGACCACCAC-3′; human
IRS2, forward 5′-CCTGCCAACACCTACGCC-3′ / reverse 5′-
CTCTTTCACGATGGTGGCC-3′; human TSC2, forward 5′-
TGCTCATCAACAGGCATC-3′ / reverse 5′-GCCATCACCTTCTCGATGAT-3′; human
TSC1, forward 5′-GCTGCAGCATGACCGAGAG-3′ / reverse 5′-
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GTGACACACCTTGTTGTTGGC-3′; mouse RPL32, forward 5′-
CACCAGTCAGACCGATATGT-3′/ reverse 5′-TTCTCCGCACCCTGTTG-3′; human
GAPDH, forward 5′-CCTCCCGCTTCGCTCTCT-3′ / reverse 5′-
GGCGACGCAAAAGAAGATG-3′.

Quantification of phosphatidylinositol 3,4,5-trisphosphate (PIP3)
Cellular PIP3 concentrations were determined using a PI(3,4,5)P3 Mass ELISA kit (Product
No: K-2500s) from Echelon Biosciences (Salt Lake City, UT). HEK 293E cells were treated
with PC-TP, THEM2, IRS2 or scrambled siRNA as described above. After 48 h, PIP3 was
extracted and quantified by ELISA according to the manufacturer’s protocol using a
Spectramax M5 Microplate Reader (Molecular Devices, MDS, Sunnyvale, CA). PIP3
concentrations were determined from a standard curve using the nonlinear regression curve
fit function of Prism 4.0. Each PIP3 concentration within an experiment represents the mean
of three independent determinations. IC50 values for inhibition of PI3K activity were
calculated from decreases in PIP3 concentrations by non-linear least square analysis using
Prism 4 (GraphPad Software, La Jolla, CA).

Statistical analysis
Data are expressed as mean ± SEM of independent experiments. Means of experimental
groups were compared using a two-tailed Student’s t test or by one-way ANOVA.
Differences were considered statistically significant for P < 0.05. For experiments
comparing knockdown of PC-TP and THEM2 to the scrambled siRNA control, a Bonferroni
correction was applied so that differences were considered statistically significant for P <
0.025.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Inhibition of insulin signaling by PC-TP and THEM2
(A–C) Regulation of Akt and its targets by PC-TP and THEM2 in siRNA-transfected,
serum-starved HEK 293E cells. Barplots display densitometric quantification of (B) PC-TP
and THEM2 and (C) protein phosphorylation. Phosphorylated proteins were normalized to
total protein abundance. **P < 0.025 compared to scrambled siRNA. (D) Insulin-induced
activation of Akt after knockdown of PC-TP or THEM2 in serum-starved HEK 293E cells.
Inset graphs provide densitometric quantification of p-Akt(Ser473) and p-Akt(Thr308)
normalized to total Akt. (E) Influence of compound A1 treatment on Akt activation in
primary hepatocytes. (F) Influence of compound A1 on insulin-induced phosphorylation of
Akt in mouse primary hepatocytes. (E,F) Inset graphs display the densitometric
quantification of p-Akt(Ser473) normalized to total Akt. Immunoblots are representative of
(A) 5 and (D–F) 3 independent experiments.
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Fig. 2. Inhibition of Akt signaling by PC-TP and THEM2 depends on PI3K
(A) Influence of PC-TP and THEM2 knockdown on Akt activation in HEK 293E cells
treated with wortmannin or vehicle. Inset barplot shows densitometric quantification of Akt
phosphorylation normalized to total Akt. (B,C) Influence of gene knockdown on (B) cellular
PIP3 concentrations and (C) inhibition of PI3K in GDC-0941-treated cells. Inset barplot
displays the IC50 values from 3 independent experiments. (D) Role of S6K1 in the inhibition
of Akt by PC-TP and THEM2. HEK 293E cells were treated with the mTOR inhibitor
rapamycin or vehicle. (E,F) Dependence of Akt activation by compound A1 on mTOR in
(E) HEK 293E and (F) Pctp+/+ hepatocytes. Cells were pre-incubated with rapamycin or
vehicle before treatment with compound A1 in the presence of rapamycin or vehicle. Inset
graphs display densitometric quantification of Akt phosphorylation normalized to total Akt.
Immunoblots in each panel are representative of 3 independent experiments. **P < 0.025
compared to scrambled siRNA.
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Fig. 3. PC-TP and THEM2 inhibit Akt phosphorylation through IRS2
(A) Influence of IRS2 on inhibiting Akt phosphorylation by PC-TP and THEM2 in serum
starved HEK 293E cells. (B) IRS2 protein and mRNA abundance normalized to the
abundance of β-Actin and GAPDH, respectively. *P < 0.05 and **P < 0.025 compared to
scrambled siRNA. (C) IRS2 Tyr phosphorylation (p-Tyr) as determined by
immunoprecipitation. (D,E) Cells were treated as described in (A) to determine the role of
IRS2 in PC-TP- and THEM2-mediated changes in (D) Akt phosphorylation (normalized to
total Akt) and (E) cellular PIP3 concentrations. **P < 0.025 compared to scrambled siRNA.
(F) Primary hepatocytes were treated with compound A1 to determine the influence of
compound A1 on IRS2 and PC-TP protein abundance. (G) Hepatocytes were treated with
compound A1 or vehicle to determine the influence of compound A1 on IRS2 and PC-TP
mRNA abundance, which was normalized to RPL32. *P < 0.05 compared to vehicle. (H)
Influence of compound A1 treatment on Tyr phosphorylation of IRS2 in Pctp+/+

hepatocytes compared with treatment with vehicle or insulin. Immunoblots and data are
representative of (A–D) 4 and (E–F and H) 3 independent experiments.
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Fig. 4. PC-TP and THEM2 interact with and stabilize TSC2
Recombinant GST or GST-PC-TP fusion protein bound to glutathione-Sepharose 4B beads
were used to pulldown proteins from lysates of (A) HEK 293E cells and (B) MEFs. (C) Co-
immunoprecipitation of TSC1 and TSC2 by PC-TP from HEK 293E cells transfected with
the indicated expression vectors. (D) Co-immunoprecipitation of endogenous TSC2 and PC-
TP from Pctp+/+ liver lysates. Immunoprecipitates that utilized an antibody against rabbit
IgG and Pctp−/−liver lysates served as controls. (E,F) Dependence of steady state abundance
of TSC2 (E) protein and (F) mRNA upon PC-TP and THEM2 in serum starved HEK 293E
cells. Barplots provide (E) densitometric quantification of abundance of TSC2 protein
normalized to β-Actin and (F) abundance of TSC1 and TSC2 mRNA normalized to GAPDH.
**P < 0.025 compared to scrambled siRNA. (G) Influence of THEM2 abundance on the
stability of TSC2, TSC1 and PC-TP in HEK 293E cells treated with cycloheximide (Chx).
(H) Protein abundance in panel (G) normalized to β-Actin. Immunoblots and data are
representative of (A–D) 3, (E) 4 and (F–G) 3 independent experiments.
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Fig. 5. Reduced PC-TP and THEM2 turnover but preserved IRS2 responsiveness in
Tsc2−/−MEFs
(A) Influence of TSC2 on PC-TP abundance. MEFs transfected with a green fluorescent
protein (GFP) expression vector control or the vector containing TSC2 were serum starved
before immunoblot analyses. (B) Densitometric quantification of steady state abundance of
PC-TP protein and mRNA normalized to the abundance of β-Actin and RPL32, respectively.
(C) Tsc2−/−MEFs were serum starved and treated with cycloheximide (Chx). (D) Protein
abundance in panel (C) quantified by densitometry and normalized to β-Actin. (E) Influence
of THEM2 abundance on insulin signaling in siRNA-transfected MEFs that were serum
starved before immunoblot analyses. (F) Regulation of IRS2 abundance and Akt
phosphorylation by PC-TP and THEM2 in Tsc2−/−MEFs after serum starvation. Inset
barplots show densitometric quantification of Akt phosphorylation normalized to total Akt.
*P < 0.05 and **P < 0.025 compared to vehicle. Immunoblots are representative of 3
independent experiments.
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Fig. 6. Genetic ablation or pharmacological inhibition of PC-TP promotes insulin signaling in
vivo
(A) Liver homogenates from chow diet fed Pctp+/+ (n = 4) and Pctp−/−(n = 4) mice were
were subjected to immunoblot analyses, and bands were quantified by densitometry and
normalized to (B) β-Actin or (C) total protein. *P < 0.05 compared to Pctp+/+. (D) Effects
of compound A1 treatment on IRS2, TSC2, Akt and S6K1 in livers from Pctp+/+ mice on
high fat diets. Samples of livers from fasted mice fed a high fat diet while receiving
compound A1 (n = 7) or vehicle (n = 5) as described (7) were analyzed for IRS2, p-
Akt(Ser473), Akt, p-S6K1(Thr389), S6K1, p-TSC2(Thr1462) and TSC2. Homogenates were
subjected to immunoblot analyses, and bands were quantified by densitometry and
normalized to (E) β-Actin or (F) total protein. *P < 0.05 compared to vehicle.
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Fig. 7. Postulated mechanism by which PC-TP inhibits insulin signaling
PC-TP is proposed to serve as a sensor of changes in the molecular species of membrane
phosphatidylcholines. A PC-TP-THEM2 complex limits phosphorylation of Akt by
inhibiting IRS2 and that of S6K1 by stabilizing TSC1/TSC2. Dotted lines represent PC-TP
binding. Arrowheads and blunt ended lines represent activating and inhibitory actions,
respectively.
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