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Optogenetic activation reveals distinct roles of PIP3 and Akt in
adipocyte insulin action
Yingke Xu1,2,*, Di Nan1, Jiannan Fan1, Jonathan S. Bogan2,3 and Derek Toomre2,*

ABSTRACT
Glucose transporter 4 (GLUT4; also known as SLC2A4) resides on
intracellular vesicles in muscle and adipose cells, and translocates to
the plasma membrane in response to insulin. The phosphoinositide
3-kinase (PI3K)–Akt signaling pathway plays a major role in GLUT4
translocation; however, a challenge has been to unravel the
potentially distinct contributions of PI3K and Akt (of which there are
three isoforms, Akt1–Akt3) to overall insulin action. Here, we describe
new optogenetic tools based on CRY2 and the N-terminus of CIB1
(CIBN). We used these ‘Opto’ modules to activate PI3K and Akt
selectively in time and space in 3T3-L1 adipocytes. We validated
these tools using biochemical assays and performed live-cell kinetic
analyses of IRAP–pHluorin translocation (IRAP is also known as
LNPEP and acts as a surrogate marker for GLUT4 here). Strikingly,
Opto-PIP3 largelymimicked themaximal effects of insulin stimulation,
whereas Opto-Akt only partially triggered translocation. Conversely,
drug-mediated inhibition of Akt only partially dampened the
translocation response of Opto-PIP3. In spatial optogenetic studies,
focal targeting of Akt to a region of the cell marked the sites where
IRAP–pHluorin vesicles fused, supporting the idea that local Akt-
mediated signaling regulates exocytosis. Taken together, these
results indicate that PI3K and Akt play distinct roles, and that PI3K
stimulates Akt-independent pathways that are important for GLUT4
translocation.
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INTRODUCTION
Insulin is a potent anabolic hormone, which plays key roles in
energy metabolism, growth and cellular differentiation. A major
physiological action of insulin is to increase glucose uptake in
muscle and fat cells. Insulin stimulates glucose uptake by
mobilizing intracellular vesicles containing GLUT4 (also known
as SLC2A4) glucose transporters. These GLUT4 storage vesicles
(GSVs) fuse with the plasma membrane (Bogan, 2012; Leto and
Saltiel, 2012; Stockli et al., 2011). Insulin-regulated GLUT4
translocation is crucial for maintaining glucose homeostasis in
mammals, and impaired translocation results in insulin resistance

and contributes to type 2 diabetes in humans (Kahn and Flier,
2000; Stolar, 2002).

Insulin action is initiated through binding and activation of its
surface receptor. Diverse functions are then achieved by signal
propagation through a network of interconnecting proteins and
cascades (Saltiel and Pessin, 2002; Taniguchi et al., 2006). In the
canonical insulin-signaling pathway, activation of the insulin receptor
leads to the phosphorylation of insulin receptor substrates and
activation of phosphoinositide 3-kinase (PI3K). It is well established
that activation of PI3K is necessary for insulin-stimulated GLUT4
translocation, as several studies have shown that the inhibition of
PI3K activity blocks insulin-stimulated GLUT4 translocation,
whereas manipulations that increase phosphatidylinositol (3,4,5)-
trisphosphate (PIP3) levels in the absence of insulin induce GLUT4
translocation and glucose uptake (Martin et al., 1996; Sweeney et al.,
2004; Tanti et al., 1996). Activated PI3K increases the conversion of
phosphatidylinositol 4,5-bisphosphate [PIP2] to PIP3 at the plasma
membrane. In turn, this recruitsAkt (ofwhich there are three isoforms,
Akt1–Akt3) to phosphoinositide-dependent kinase-1 (PDK1) and the
mechanistic target of rapamycin complex-2 (mTORC2) so that Akt is
phosphorylated by these enzymes at residues Thr308 and Ser473,
respectively, and is thus activated. Knockdown and knockout studies
have shown that Akt, particularly the Akt2 isoform, is required for
insulin-stimulated GLUT4 translocation (Cho et al., 2001a,b; Jiang
et al., 2003; Katome et al., 2003;McCurdy and Cartee, 2005). Studies
in which constitutively active Akt2 has been overexpressed, or in
which chemical-genetic approaches have been used to activate Akt2
acutely, suggest that Akt2 alone is fully sufficient to stimulateGLUT4
translocation (Kohn et al., 1996; Ng et al., 2010b, 2008). However,
comparison of GLUT4 translocation after acute Akt2 activation has
been made only upon submaximal insulin stimulation, and it remains
unclear how the data fit with the less-well-studied non-PI3K and non-
Akt signals that are required for insulin-stimulated GLUT4
translocation (Bogan et al., 2012; Chang et al., 2007; Chiang et al.,
2001; Farese et al., 2007; Klip et al., 2014; Sajan et al., 2014b; Sylow
et al., 2014;Ueda et al., 2010; Cheney et al., 2011; Govers et al., 2004;
Martinez et al., 2010). In particular, although PI3K and Akt are two
major signaling nodes in insulin-regulated GLUT4 trafficking,
previous studies have not examined the individual contributions of
acute activation of each of these kinases separately and have not
compared the overall effect with that of maximal insulin stimulation.

The complexity of the insulin signaling network and interplay
between different signaling components make it challenging to
resolve the distinct roles of specific signaling molecules. Standard
manipulations (knockdown, overexpression and mutation) have
chronic effects and can cause secondary phenomena or cell
compensation. Pharmacological perturbations can rapidly turn on
or off the function of a target protein, but they provide no spatial
information and commonly cause off-target effects. Optogenetics
permits manipulation of intracellular signaling pathways using
light-mediated protein heterodimerization and homodimerizationReceived 24 May 2015; Accepted 31 March 2016
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(Gautier et al., 2014; Pathak et al., 2013). Optogenetic approaches
provide a potential solution to the problem of dissecting cellular
network function (Toettcher et al., 2011). To date, various
optogenetic modules have been introduced to manipulate
intracellular protein activities (Xu et al., 2011a). One is based on
a basic helix-loop-helix protein Arabidopsis CIB1 (also known as
BHLH63) and cryptochrome 2 (CRY2) (Kennedy et al., 2010).
Blue-light illumination induces the heterodimerization of CRY2
with the N-terminus of CIB1 (CIBN). This reaction is rapid, with
response times in the order of sub-seconds, and does not require
exogenous cofactors (Idevall-Hagren et al., 2012; Kennedy et al.,
2010).
In the present study, we applied two optogenetic tools based on

the CRY2–CIBN optogenetic system, which we name ‘Opto-PIP3’
and ‘Opto-Akt’, respectively. These optogenetic modules enable us
to ‘walk down’ the insulin-signaling cascade by selectively
activating PI3K and Akt activities with light. We can thus probe
the differential effects of insulin and of these molecules to stimulate
GLUT4 exocytosis in 3T3-L1 adipocytes. We found that except for
an initial delay, light-induced PIP3 mimicked the effect of insulin
and strongly stimulated the plasma membrane translocation of the
GSV cargo, IRAP (also known as LNPEP). In comparison,
optogenetically activated Akt2 only partially stimulated
translocation. Our study revealed that insulin signals act not only
globally but also locally because site-specific activation of Akt
precisely marked where the vesicles fuse. Finally, the tools we
developed will have broad application in other systems to analyze
the transmission properties of growth factors, PI3K and Akt, and to
elucidate their dynamics and distinct effects.

RESULTS
Optogenetic control of PIP3 production in 3T3-L1 adipocytes
The optogenetic system we used is based on Arabidopsis thaliana
cryptochrome 2 (CRY2) and the transcription factor CIBN; this
system requires no cofactors, works with standard wavelengths and
light-induced heterodimerization of the two proteins is relatively fast
(Kennedy et al., 2010). Our first target was PIP3, a crucial signaling
node in insulin signaling. Based on our previous work, we used
a CRY2–iSH2 fusion protein (Idevall-Hagren et al., 2012). This
protein binds to endogenous PI3K p110α catalytic subunits
constitutively. We predicted that, upon blue-light activation, CRY2–
iSH2 would be recruited to the plasma membrane of 3T3-L1
adipocytes expressing a CaaX-tagged CIBN binding partner. In turn,
this should allow the plasma-membrane-recruited PI3K to generate
PIP3 in an acute manner, which we monitored using a PIP3 reporter,
PH-Akt-mRFP (where ‘PH-Akt’ indicates the plextrin homology
domain of Akt Fig. 1A). We term this optogenetic system ‘Opto-
PIP3’. As anticipated, in 3T3-L1 adipocytes that had been co-
transfected with mCherry–CRY2–iSH2 and CIBN–pmGFP (CIBN
tagged with a CaaX motif and GFP), blue light triggered the rapid
recruitment of mCherry–CRY2–iSH2 from the cytosol to the plasma
membrane, with a response half time (t1/2) of 2.4±0.5 s (mean±s.e.m.;
Fig. 1B and C; Movie 1).
To monitor PIP3 generation at the plasma membrane, we used a

PH-Akt–mRFP reporter together with total internal reflection
fluorescence microscopy (TIRFM). We substituted unlabeled
CRY2–iSH2 for mCherry–CRY2–iSH2 so that we could visualize
plasma membrane recruitment of the fluorescent PIP3 sensor
(Tengholm and Meyer, 2002). As shown in Fig. 1D and E, upon
blue-light stimulation, the intensity of PH-Akt–mRFP near to the
cell surface rapidly increased ∼1.8 fold, and when the blue light
was turned off, the signal slowly dropped back to baseline

(t1/2off=345±15 s). To demonstrate the reversibility of the reaction,
three sequential light–dark cycles were performed, each of which
reversibly stimulated PIP3 generation (see Movie 2). The Opto-
PIP3-induced PIP3 production depended on PI3K enzymatic
activity because the addition of the established PI3K inhibitor
wortmannin caused PH-Akt–mRFP on the membrane to rapidly
diminish (Fig. 1E). The potency of Opto-PIP3 and insulin-induced
surface PIP3 production were quantitatively analyzed and, as shown
in Fig. 1F, the maximum recruitment of PH-Akt–mRFP to the
plasma membrane was nearly identical using Opto-PIP3 compared
to that upon treatment with 100 nM insulin. Strikingly, the kinetics
of PIP3 generation were different, and stimulation using 100 nM
insulin (t1/2=59±7 s) was faster than stimulation using Opto-PIP3

(t1/2=98±8 s).

Opto-PIP3 causes Akt phosphorylation in an insulin-
independent manner
We next sought to test whether Opto-PIP3 (Idevall-Hagren et al.,
2012) could specifically activate downstream Akt signaling and
bypass other insulin-dependent signaling pathways. 3T3-L1
adipocytes were transiently electroporated with CRY2–iSH2 and
CIBN–CaaX, and a light-emitting diode (LED) box was used to
trigger optogenetic heterodimerization. The status of signaling
activation was tested by western blotting. As shown in Fig. 2A,
Opto-PIP3 caused the phosphorylation of endogenous Akt (the
antibody used recognizes all Akt isoforms) on both residues Thr308
and Ser473 (Fig. 2A). The lower levels of phosphorylation in response
to Opto-PIP3, compared with those in response to insulin stimulation,
are likely to be because only∼20% of the adipocytes were transfected
in this experiment (see below). As an important control, ERK1/2 (also
known as MAPK3 and MAPK1), which is a downstream target of
activated insulin receptor (Taniguchi et al., 2006),was phosphorylated
only by insulin and not in response to blue LED light (Fig. 2A).

Next, we used immunofluorescence staining of phosphorylated
(phospho)-Akt to quantitatively analyze Akt phosphorylation in
individual cells. 3T3-L1 adipocytes were transiently electroporated
with CRY2–iSH2 and CIBN–pmGFP. The cells were kept in the
dark or optically triggered with an LED box to induce PI3K
activation. For comparison, control adipocytes were treated with
10 nM or 100 nM insulin. The transfected adipocytes were
identified by GFP signals under a spinning disk confocal
microscope (Fig. 2B; Fig. S1). Maximum z-projection images
were generated, and the phospho-Akt fluorescence signals were
quantified. As expected, insulin stimulated Akt phosphorylation at
both Thr308 and Ser473, and did so in a concentration-dependent
manner (Fig. S1A and B). The staining of phospho-Akt, both at
Thr308 and Ser473, was similar in cells that had been stimulated
using blue light (Fig. 2C; Fig. S1D). Because the electroporated
cells express variable amounts of the constructs, the transfected cells
displayed different levels of responsiveness to light (Fig. 2B).
Strikingly, in the highly responsive transfected cells (marked ‘H’ in
Fig. 2 and Fig. S1), Opto-PIP3 activation generated phospho-Akt
signals that were comparable to those stimulated by 100 nM insulin
(Fig. 2C; Fig. S1D). Importantly, both insulin- and light-induced
Akt phosphorylation were abolished in cells that had been pre-
treated with wortmannin or Akt inhibitor (Fig. 2B; Fig. S1E).

Opto-PIP3 promotes GLUT4 vesicle exocytosis in 3T3-L1
adipocytes
The above studies suggest that Opto-PIP3 not only recruits Akt but
also causes its phosphorylation at Thr308 and Ser473. Hence, we
tested whether Opto-PIP3 promotes GLUT4 exocytosis. 3T3-L1
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adipocytes were electroporated with the Opto-PIP3 optogenetic
module and with GLUT4–DsRed or IRAP–pHluorin. IRAP is a
protein that co-traffics with GLUT4, which is tagged here, as
previously described, with a pH-sensitive GFP (pHluorin) to
facilitate the detection of exocytic translocation to the plasma
membrane (Chen et al., 2012; Jiang et al., 2008; Stenkula et al.,
2010) (see Fig. 3A and B; Movie 3). Similar to previous studies
using insulin (Bai et al., 2007; Huang et al., 2007), Opto-PIP3

greatly increased both GLUT4 vesicle density and the footprint of
total fluorescence intensity near the cell surface, as visualized by
TIRFM imaging of GLUT4–DsRed (Fig. S2). Similarly, the
intensity of IRAP–pHluorin on the plasma membrane increased
during light activation (Fig. 3A), and a kymograph (Fig. 3B) of the
movie (Movie 3) showed a number of punctate bursts corresponding
to individual vesicle fusion events. We quantified the kinetic profile
of the plasma membrane signal from multiple cells that had been
stimulated with either light or insulin (n=5 cells per condition). The
magnitude of Opto-PIP3-induced IRAP translocation to the plasma
membrane was comparable to that stimulated by 100 nM insulin
(∼1.9 fold), and greater than that observed after stimulation with
10 nM insulin (Fig. 3C). Of note, the initial response of GLUT4

vesicle exocytosis upon Opto-PIP3 activation was delayed by about
∼2 min compared to the response to stimulation with 100 nM
insulin. This might, in part, reflect blunted PIP3 generation in Opto-
PIP3-stimulated cells (Fig. 1F). Insulin also acts through non-PI3K
signaling pathways to trigger the initial release of GSVs to the cell
surface (Belman et al., 2014; Bogan et al., 2012; Xu et al., 2011b).
In control experiments, no IRAP translocation was detected in cells
that had been treated with wortmannin or in those that expressed
only CRY2–iSH2 (Fig. 3C). Similarly, Opto-PIP3 did not induce
transferrin receptor (TfR)–pHluorin exocytosis, implying that this
signaling pathway selectively acts on GSVs and not on endosomes
(Fig. S2D).

Akt activation is insufficient to mimic the effect of maximal
insulin stimulation on GLUT4 vesicle exocytosis in 3T3-L1
adipocytes
To ‘walk down’ the insulin signaling pathway, we employed a similar
light-induced protein heterodimerization strategy to acutely control
the activity of Akt2, the key Akt isoform in GLUT4 trafficking, and
to test its function in 3T3-L1 adipocytes. We designed a novel
optogenetic probe, ‘Opto-Akt’, comprising a CIBN–CaaX ‘bait’

Fig. 1. Using light to control the PIP3 production in 3T3-L1 adipocytes. 3T3-L1 adipocytes were electroporated with CIBN–pmGFP and mCherry–CRY2–
iSH2, or with CIBN–CaaX, CRY2–iSH2 and PH-Akt–mRFP. (A) Schematic of PI3K recruitment to the plasma membrane (CIBN–pmGFP) using a fluorescent
CRY2 fusion protein (mCherry–CRY2–iSH2) that constitutively binds to the endogenous PI3K catalytic subunit (p110α). Recruited PI3K converts PIP2 to PIP3 on
the plasma membrane, which can be visualized by the PH-Akt–mRFP biosensor. (B,C) Light-triggered translocation of CRY2 fusion protein to the cell surface.
Fluorescent images of CRY2 fusion protein were imaged before light activation (dark), 10 s after a 500-ms pulse of blue light (488 nm) and 1 min after pulses of
blue light activation (recovery) using spinning disk confocal microscopy (B). Enlarged ROIs (yellow box in B) show the time course of CRY2 fusion protein
recruitment to the plasmamembrane, and the graph underneath shows quantification of mCherry–CRY2–iSH2 in the cytoplasm and at the cell surface, using the
regions shown by the dotted and solid lines, respectively (C). (D–F) Light-induced production of PIP3, its reversibility and sensitivity to PI3K inhibitor wortmannin
(wort.). 3T3-L1 adipocytes were activated with 500-ms pulses of blue light (488 nm, 10 mW) at 5-s intervals under TIRFM illumination, and PIP3 production
near the cell surface was detected using 561-nm TIRFM laser beam. Selective frames of PH-Akt–mRFP images are shown in D, and corresponding time points
(Da–De) are marked in real time fluorescence traces in E. The kinetics of insulin (100 nM) andOpto-PIP3 induced recruitment of PH-Akt–mRFP to the cell surface
are plotted in F. Arrow indicates when insulin and blue light were applied. (n=5 cells, data are mean±s.e.m.). Scale bars: 10 μm (B,D); 2 μm (C).
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and mCherry–CRY2–Akt ‘prey’; this chimeric Akt protein can be
acutely targeted to the plasma membrane in response to blue light
(Fig. 4A). To test the ability of Opto-Akt2 to activate Akt signaling
pathways, and to monitor the responsiveness relative to Opto-PIP3,
we transfected cells with either Opto-Akt constructs (mCherry–
CRY2–Akt2 and CIBN–CaaX) or Opto-PIP3 constructs (CRY2–
iSH2 and CIBN–CaaX), and stimulated the cells with insulin or blue
light (LED box). As expected, insulin trigged phosphorylation of
both endogenous Akt (lower band) and mCherry–CRY2–Akt2
(upper band) at residues Thr308 and Ser473. Both sites showed a
higher degree of phosphorylation with 100 nM insulin compared to
10 nM insulin, consistent with several papers showing that insulin

stimulation of Akt phosphorylation and GLUT4 translocation is dose
dependent (Cheney et al., 2011; Govers et al., 2004; Kleinert et al.,
2014; Martinez et al., 2010). Importantly, stimulation of Opto-Akt2
with light produced strong phosphorylation of mCherry–CRY–Akt2
at Thr308 and Ser473 (and not the endogenous Akt), whereas Opto-
PIP3 yielded a similar degree of responsiveness of endogenous Akt.
These results support that the Opto-Akt protein is robust and
functional, and can be activated by light (and insulin) on the Thr308
and Ser473 sites.

Importantly, only exogenously expressed mCherry–CRY2–Akt2
was phosphorylated at Ser473 and Thr308 after 10 min of light
exposure, whereas insulin stimulated the phosphorylation of both

Fig. 2. Opto-PIP3 activates downstreamAkt phosphorylation. (A) Control 3T3-L1 adipocytes and cells that had been transfected with CIBN–CaaX andCRY2–
iSH2 plasmids were treated with insulin or exposure to 488 nm LED light, respectively. Cells lysates were immunoblotted as indicated. pAkt 473 and pAkt308, Akt
phosphorylated at Ser473 and Thr308, respectively; pERK1/2, phosphorylated ERK1/2. (B) Immunofluorescence staining of phosphorylated Akt (Ser473) in
CIBN–pmGFP- and CRY2–iSH2-expressing adipocytes after exposure to 488-nm LED light. ‘H’ indicates a representative highly-responsive cell.
(C) Quantification of phosphorylated Akt (at Ser473) levels in single cells. (n=30 cells, data are mean±s.e.m.). Scale bar: 10 μm (B).

Fig. 3. Light-induced PIP3 production promotes GLUT4 translocation in 3T3-L1 adipocytes. 3T3-L1 adipocytes were electroporated with CIBN–CaaX,
CRY2–iSH2 and IRAP–pHluorin plasmids. The cells were activated with 500-ms pulses of blue light (488 nm, 10 mW) at 5-s intervals under TIRF illumination, and
GLUT4 translocation was evaluated using IRAP–pHluorin signals on the cell surface. (A) TIRF images of a 3T3-L1 adipocyte before and after 10 min of activation
with 488-nm light. (B) Kymograph image shows the dynamics of IRAP translocation to the cell surface (ROI from the box in Fig. 3A). (C) Quantification of IRAP
translocation under the conditions indicated. ΔF/F0, image intensities were normalized to the intensitymeasured before insulin and blue light stimulation. (n=5 cells,
data are mean± s.e.m.). Scale bar: 10 μm (A).
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Fig. 4. Light-induced Akt relocation to the plasma membrane triggers GLUT4 translocation. (A) Schematic representation of chimeric CIBN and CRY2
constructs used in this study. (B) Light- and insulin-induced activation of mCherry–CRY2–Akt2 (mCh–CRY2–Akt). Cell lysates were immunoblotted for proteins
as indicated. pAkt 473 and pAkt308, Akt phosphorylated at Ser473 and Thr308, respectively. (C) Rapid relocation of Akt fusion proteins to the cell surface after
light activation. TIRF images showmCherry-tagged Akt fusion proteins before and after one pulse of blue light (488 nm, 10 mW) activation in a 3T3-L1 adipocyte.
Kymograph of the boxed area is shown underneath. Arrowheads show when the light activation started. (D) Opto-Akt stimulates IRAP–pHluorin exocytosis. 3T3-
L1 adipocytes were electroporated with CIBN–CaaX, mCherry–CRY2–Akt2 and IRAP–pHluorin plasmids. The cells were activated with 500-ms pulses of blue
light (488 nm, 10 mW) at 5-s intervals under TIRFM illumination, and GLUT4 translocation was evaluated using pHluorin signals on the cell surface. TIRF images
show IRAP–pHluorin signals before and 10 min after light activation. The kymograph of the boxed area shows the dynamics of IRAP translocation.
(E) Quantification of light-induced redistribution of mCherry-tagged Akt2 fusion proteins and IRAP–pHluorin to the cell surface (n=5 cells, data are mean±s.e.m.).
(F) Quantification of IRAP translocation under the conditions indicated (from top to bottom) (n=5 cells, data are mean±s.e.m.). (G) Quantification of the areas
under each curve in Fig. 4F, normalized to that of the 100-nM insulin curve. Scale bars: 10 μm (C,D).
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endogenous and exogenous Akt proteins (Fig. 4B). To test whether
light-induced phosphorylation of exogenously expressed Akt2 was
similar in magnitude to that seen upon stimulation with insulin, we
used both fluorescence microscopy and immunoblotting analyses
(Fig. S3). Akt phosphorylated at Ser473 was quantified by
immunofluoresence in transfected and untransfected cells, and data
were normalized tomCherry–CRY2–Akt2 expression usingmCherry
fluorescence intensity and plotted, showing that Akt phosphorylation
was similar in light- and insulin-stimulated cells (Fig. S3B).
Immunoblots were quantified, and they also demonstrated similar
levels of Akt phosphorylation; after accounting for the 30–55%
transfection efficiency, the light-induced Akt phosphorylation might
even have been two- to three-fold greater than that induced by insulin
(Fig. S3C). Taken together, these data confirm the selectivity and
effectiveness of the Opto-Akt2 optogenetic module.
We next tested whether Opto-Akt2 stimulated GSV exocytosis in

3T3-L1 adipocytes. The cells were electroporated with CIBN–
CaaX,mCherry–CRY2–Akt2 and IRAP–pHluorin. Upon blue-light
exposure, we detected a rapid and strong translocation of mCherry–
CRY2–Akt2 to the cell surface (t1/2=11±3 s; mean±s.e.m.) (Fig. 4C
and E); this recruitment of mCherry–CRY2–Akt2 to the cell surface
was uniform (for example, see kymograph in Fig. 4C). Light-
induced activation of Opto-Akt2 triggered exocytosis of IRAP–
pHluorin (Fig. 4D and E), resulting in a ∼1.5-fold increase in the
pHluorin signal after 15 min. Recent data show that Akt1 can
function redundantly with Akt2 to promote GLUT4 translocation in
3T3-L1 adipocytes (Kajno et al., 2015). To study the isoform
specificity of Akt signaling using optogenetics, we used mCherry–
CRY2–Akt1 (Fig. S4). Similar to the case for Akt2, we observed that
Opto-Akt1 potently stimulated the exocytosis of IRAP–pHluorin,
and its effect was slightly greater than that of Opto-Akt2. We
observed a cumulative effect of simultaneous insulin stimulation and
Opto-Akt1 activation, which was greater than the effect of Opto-
Akt1 alone, on translocation of IRAP.
The use of both Opto-PIP3 (Figs 1–3) and Opto-Akt (Fig. 4A–E;

Fig. S4) provides a new opportunity to compare, directly and
under similar experimental conditions, the relative importance of
PIP3 and Akt2 as downstream signaling modules in GSV
translocation. Interestingly, the effect of Opto-Akt2 to stimulate
IRAP translocation resembled that of 10 nM insulin, and was less
effective than either 100 nM insulin or Opto-PIP3 (Fig. 4F). Pre-
treatment with Akti, an inhibitor of Akt signaling, completely
blocked Akt phosphorylation and Opto-Akt2-induced IRAP
translocation (Fig. 4F; Fig. S1). However, in corresponding Opto-
PIP3 experiments, Akti only partially inhibited Opto-PIP3-induced
translocation, implying that non-Akt signals act downstream of PIP3

to promote IRAP translocation (Fig. 4F). To better illustrate these
effects, we analyzed the areas under each curve in Fig. 4F and
normalized the data to those upon stimulation with 100 nM insulin
(Fig. 4G). We found that Opto-Akt2 triggered ∼64% of maximal
IRAP translocation (blue), whereas Opto-PIP3 in the presence of
Akti still had a ∼20% response. In conclusion, the data show that
Opto-Akt mimics the degree of the response of 10 nM insulin,
which accounts for about two-thirds of the maximum insulin
response (observed using 100 nM insulin). The Opto-PIP3 response
was completely abolished by the PI3K inhibitor wortmannin,
whereas pharmacological inhibition of Akt was only partial.

Local recruitment of Opto-Akt controls spatial exocytosis of
GLUT4
Spatial compartmentalization of signaling molecules is important
for ensuring signaling specificity and proper propagation.

Optogenetic approaches permit the precise control of signaling
at sub-cellular resolution (Karunarathne et al., 2015; Toettcher
et al., 2011). Our previous study showed that insulin-stimulated
GLUT4 exocytosis is spatially clustered (Letinic et al., 2010),
suggesting that a local signal might specify where the vesicles
dock and fuse. Here, we tested this hypothesis by using Opto-PIP3

and Opto-Akt to activate signaling in a localized manner in
3T3-L1 adipocytes while monitoring the GLUT4 exocytosis
response (Fig. 5).

We performed spatial photokinesis experiments in combination
with TIRFM imaging, using our custom Galvo-‘ring’-TIRFM–
FRAP setup (Rivera-Molina and Toomre, 2013), and using
the 405-nm laser line for local spatial photoactivation. To employ
the Opto-Akt2 optogenetic module, 3T3-L1 adipocytes were
electroporated with CIBN–CaaX, mCherry–CRY2–Akt2 and
IRAP–pHluorin plasmids. Transfected cells were identified by the
mCherry signal under the TIRFM (Fig. 5A, top). After a single
snapshot of the IRAP–pHluorin fluorescence with TIRFM (Fig. 5C,
top), to provide a basal reference image without photoactivating the
cells, the cells were locally photoactivated at 405-nm using the
‘fluorescence recovery after photobleaching (FRAP)–photokinesis’
setting, with a ∼1 μm diameter spot (green dot). As expected,
CRY2–Akt2 was mobilized to the photoactivated spot and formed a
smooth decaying gradient, which peaked near the photoactivation
spot (Fig. 5A and B). After ∼10 min of activation, another snapshot
of IRAP–pHluorin was captured so as to compare the spatial
distribution of IRAP–pHluorin versus the basal profile (Fig. 5C,
bottom). Visually, IRAP–pHluorin mirrored the mCherry–CRY2–
Akt2 distribution. To quantify these studies, circles of increasing
diameters were drawn radially from the center of the activation foci
(Fig. 5D), and the average intensities of mCherry–CRY2–Akt2 and
IRAP–pHluorin in individual inner annular areas were calculated
(n=5 cells) (Fig. 5D). As shown in Fig. 5E, the light-induced
exocytosis of IRAP–pHluorin resulted in a gradient in its
subsequent distribution on the cell surface. This gradient matched,
within a 95% confidence band (Fig. 5F), a linear fit of the radial
distribution of CRY2–Akt2. We performed similar experiments
using Opto-PIP3 to test whether PIP3 acts locally to promote IRAP–
pHluorin exocytosis. These experiments did not reveal a clear local
effect of PIP3, in contrast to the data we obtained using Opto–Akt2.
In summary, these optogenetic experiments support the idea that
activated Akt plays a role at or near the plasma membrane to
modulate where fusion occurs.

DISCUSSION
In the present study, we applied a light-controllable tool set using
Opto-PIP3 and a new optogenetic probe, Opto-Akt, to acutely and
specifically regulate PI3K and Akt signaling in time and space.
These tools enable us to dissect the insulin-signaling pathway, and
to decipher the relative roles of PI3K and Akt in the physiological
regulation of GLUT4 translocation in 3T3-L1 adipocytes.

Optogenetics has emerged as a powerful approach to control and
study physiological processes at the single-cell level (Karunarathne
et al., 2015; Toettcher et al., 2011). For the first time, we employ
optogenetics in adipocytes to control signaling and membrane
trafficking. The light-induced heterodimerization of CRY2 and
CIBN was rapid and reversible (Fig. 1), and displayed on–off rates
similar to those in previous studies (Idevall-Hagren et al., 2012;
Kennedy et al., 2010). Opto-PIP3, which controls endogenous PI3K
activity in a light-dependent manner, can rapidly, specifically and
reversibly generate PIP3 in adipocytes (Fig. 1). The magnitude of
PIP3 generation using Opto-PIP3 is similar to that obtained upon
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insulin stimulation (Fig. 1F), implying that Opto-PIP3 mimics
insulin’s effect on PI3K activation. However, the initial rates of PIP3

production are different after insulin versus Opto-PIP3 stimulation,
which might reflect additional signals that are triggered by
insulin and/or compartmentalization of PIP2. Of note, binding of
the activated insulin receptor substrate to the PI3K p85 subunit
might occur in lipid microdomains, suggesting a role for
compartmentalized signaling (Chang et al., 2004; Virkamäki
et al., 1999).
In adipocytes, PI3K has been shown to be essential for insulin-

stimulated GLUT4 translocation. Inhibition of PI3K activity with
specific inhibitors – such as wortmannin – expression of dominant-
negative mutants, or microinjection of blocking antibodies can
completely abolish translocation (Cheatham et al., 1994; Clarke
et al., 1994; Sharma et al., 1998). In contrast, overexpression of a
constitutively active p110 subunit of PI3K (Katagiri et al., 1996;
Martin et al., 1996; Tanti et al., 1996) or the addition of cell-
permeable derivatives of PIP3 (Sweeney et al., 2004) triggers
insulin-independent GLUT4 surface translocation. Our experiments
demonstrate that Opto-PIP3 specifically activates PI3K and its
downstream effector Akt, and mimics much of insulin’s effect to

promote GSV exocytosis in 3T3-L1 adipocytes. Opto-PIP3 not only
recruits Akt (Fig. 1D–F), but also causes its phosphorylation at
Thr308 and Ser473, two sites essential for its activation. Opto-PIP3

bypasses other signals originating from the insulin receptor (as
monitored by analyzing phosphorylated Erk) and, with the
exception of a slight initial delay, promotes GLUT4 exocytosis in
a manner similar to that observed with 100 nM insulin (Fig. 3). As
noted, the initial delay in the exocytosis response was consistent
with insulin action through a non-PI3K signaling pathway, the
effect of which might be minimized in 3T3-L1 adipocytes
compared to in primary adipocytes (Baumann et al., 2000;
Belman et al., 2014; Bogan et al., 2012; Chang et al., 2007;
Muretta et al., 2008; Xu et al., 2011b). Taken together, the data
reemphasize the central role of PI3K as a major effector connecting
insulin signaling with vesicle trafficking.

Akt, which has three isoforms in mammals, is another crucial node
in insulin signaling; however, until now there have been no
optogenetic tools to control its activity spatially and temporally.
Knockout and knockdown studies have demonstrated that Akt2 is the
main isoform required for insulin-regulated GLUT4 trafficking and
glucose uptake (Bae et al., 2003; Cho et al., 2001a; Kohn et al., 1996).

Fig. 5. Spatial control of GLUT4 vesicle exocytosis
by locally confined activation of Akt in 3T3-L1
adipocytes. (A) Local recruitment of mCherry-tagged
CRY2–Akt2 fusion proteins to the cell surface. The
cells were activated with 500-ms pulses of UV light
(405 nm, 10 mW) at 5-s intervals under FRAP–TIRFM
illumination. TIRF images show mCherry–CRY2–Akt2
signals before and 10 min after FRAP activation.
Green dot indicates the FRAP position. Arrow
indicates the direction for kymograph (B) and spatial
analysis (D). (B) Kymograph image shows the
dynamics of spatial recruitment of mCherry–CRY2–
Akt2 to the cell surface with 405-nm laser FRAP
(single pixel line trace from Fig. 5A). (C) TIRF images
of IRAP–pHluorin (IRAP–pH) signals before and
10 min after FRAP–TIRFM activation (405 nm,
10 mW). Green dot indicates the FRAP position.
(D) Schematic illustration of the analysis of
fluorescence distribution on the cell surface (see
details in Materials and Methods). (E) Quantification of
spatial distribution of mCherry-tagged CRY2–Akt2
proteins and IRAP–pH fluorescence signals (n=5
cells, data are mean±s.e.m.). (F) Linear fit shows a
statistically significant correlation between light-
induced confined Akt activation and its promoted
spatial control of GLUT4 vesicle exocytosis, as
evaluated using IRAP–pH signals on the cell surface.
Scale bars: 10 μm (A,C).
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Possibly, this isoform specificity results from effects on subcellular
localization, and the phosphorylation of Akt specifically at the plasma
membrane is proposed to mediate the main effect of insulin on
translocation of GLUT4 (Gonzalez and McGraw, 2009; Ng et al.,
2010a). By using light to selectively and rapidly activate Akt2 at the
plasmamembrane in 3T3-L1 adipocytes, we show that althoughAkt2
plays a major role in stimulating IRAP and GLUT4 translocation, it is
not as effective as either 100 nM insulin or optogenetic production of
PIP3 (Fig. 4F; Fig. S2). We obtained similar results using light-
induced activation ofAkt1, and further showed that concurrent insulin
addition had an additive effect on the translocation of IRAP (Fig. S4).
Our conclusion that Akt signaling accounts for only two-thirds of the
insulin response differs markedly with the interpretation of previous
work (Ng et al., 2008), which concludes that Akt2 activation is
sufficient to stimulateGLUT4 translocation to an extent similar to that
of insulin. Although that previous study manipulated Akt acutely
using chemical genetics rather than light, a key distinction with our
work is that the maximal insulin dose that was tested in that previous
study was 10 nM. A second distinction of our data is that the
optogenetic activation is considerably faster than the dimer-inducing
chemical used previously (Ng et al., 2008), which is limited by the
prolonged diffusion time of the added compounds, as well as by low
reversibility and spatial precision. Apart from the 2-min initial lag, the
kinetics of IRAP translocation induced by Opto-Akt2 were
very similar to that induced by 10 nM insulin. By contrast, in
the chemical-genetic FKBP–FRB heterodimerization system
[comprising FKBP and the rapamycin-binding domain of mTOR
(FRB)], translocation was approximately twice as slow. It remains
unclear why the kinetics are so different, but possibilities include
technical issues, such as diffusion of the chemical-genetic drug or
slower heterodimerization. Third, our approach used a real-time assay
in living cells, which allowed us to detect differences in the response
during the first twominutes (thesewould have beenmissed by a fixed
timepoint analysis at 5-min intervals). The key ramification of our
experiments is that PI3K and Akt do not play equivalent roles in
GLUT4 translocation. Rather, our data support the idea that PI3K
activates a broader range of signals, in addition to Akt. Our results are
consistent with older data arguing the existence of Akt-independent
actions of PI3K (Gonzalez and McGraw, 2006). Other signaling
pathways, such as PI3K-dependent activation of the exocyst complex
(Chen et al., 2011) and atypical protein kinase C pathways (Kanzaki
et al., 2004; Liu et al., 2010; Sajan et al., 2014a,b) might be activated
in adipocytes, but these have not beenwell appreciated. Particularly in
muscle cells, PI3K stimulates Rac1 signaling, and this is required
together with Akt to promote GLUT4 translocation and glucose
uptake (Chiu et al., 2011; Klip et al., 2014; Sylow et al., 2014; Ueda
et al., 2010). The Rac1 pathway is likely to act in adipocytes as well
(Balamatsias et al., 2011; Tsuchiya et al., 2015). Our data support an
important role for these and, possibly, other pathways.
Although the initial delay in Opto-PIP3-induced IRAP

translocation might result from the kinetics of PIP3 production,
which were slower compared to those induced by insulin, another
possibility is that the initial insulin response results in part from
PI3K-independent signaling. Such pathways are not stimulated by
Opto-PIP3. We have previously shown that GSV cargos translocate
to the cell surface in two distinct types of vesicles (Xu et al., 2011b).
Smaller vesicles, characteristic of GSVs, were the main carrier at
3–6 min after insulin addition, whereas GSV cargos arrived at the
plasma membrane in larger vesicles, likely to be derived from
endosomes, both at >15 min after insulin addition and (at a slower
rate) in unstimulated cells. Data here support the idea that
translocation of the GSVs might not be fully activated by Opto-

PIP3, consistent with the observation that these vesicles are
regulated by a PI3K-independent signaling pathway through
TC10α to stimulate endoproteolytic cleavage of TUG proteins
(Bogan et al., 2012; Xu et al., 2011b). Release of TUG-bound
GLUT4-containing vesicles can fully mimic the effect of acute
insulin stimulation in 3T3-L1 adipocytes (Xu et al., 2011b; Yu
et al., 2007) and in skeletal muscle (Löffler et al., 2013). This
pathway is modulated by nutritional effects, through TUG
acetylation (Belman et al., 2015), and coordinates vasopressin
action, and probably energy expenditure, with the stimulation of
glucose uptake in vivo (Habtemichael et al., 2015; Löffler et al.,
2013). Different assessments of the importance of non-PI3K
signaling might reflect the use of 3T3-L1 adipocytes, which are
an imperfect model system, as well as variation in the methods used
by different labs (Govers et al., 2004; Martin et al., 2006; Muretta
et al., 2008). More broadly, data presented here highlight the
limitations, as well as the strengths, of reconstitution studies to test
the sufficiency of individual signaling pathways. Effects that might
appear to be minor in tests of sufficiency might actually be quite
important when assessed by tests of necessity.

The application of Opto-Akt also allowed us to selectively
activate Akt at a specific region of cell and to test how confined Akt
signaling affects GLUT4 exocytosis. We demonstrated that Akt
provides the fidelity of spatial release of GLUT4 on the cell surface,
and our findings support previous work that Akt signaling at the
plasma membrane is required for the last step of GLUT4 exocytosis
(Koumanov et al., 2005). Moreover, a downstream target of Akt,
AS160, is mobilized to the plasma membrane and regulates GLUT4
vesicle exocytosis (Tan et al., 2012). Therefore, it is conceivable
that locally activated Akt might recruit AS160 and its downstream
Rab proteins, as well as the exocyst complex (Chen et al., 2011), to
control the spatial release of GLUT4 into the plasma membrane. Of
note, data presented here support the idea that there is a local
permanence of activated Akt effectors, such as AS160, and its
targets, such as Rab10 and Rab13, which mediate vesicle tethering,
docking and fusion at the plasma membrane (Chen et al., 2012; Sun
et al., 2010). Understanding precisely how these effectors act will
require further investigation.

The combined use of Opto-PIP3 and Opto-Akt holds
considerable potential for use in other biological systems to
elucidate and dissect PI3K–Akt signaling nodes. Clearly PI3K
and Akt signaling can be tightly coupled, whereas it is often
assumed that they are in single unique ‘PI3K–Akt’ pathway (Porta
et al., 2014), but this has not been thoroughly tested. As
demonstrated herein, the use of multiple optogenetic signals
allows quantitative spatial-temporal testing of these nodes and,
with precise light dose control, even putative tuning of the activation
of PI3K and Akt signaling. Moreover, Opto-Akt as a new light-
controllable signaling molecule should enable study of isoform-
specific effects of Akt in various diseases, such as cancer and
diabetes, as well as probing for unique downstream targets.

In summary, our study is the first to use optogenetics in
adipocytes to investigate the mechanism of insulin signaling and
GLUT4 translocation. We demonstrate that this optogenetic
approach permits the control of individual insulin signaling
molecules acutely and with spatial precision. We used these novel
tools to dissect the roles of PI3K and Akt molecules in GLUT4
trafficking in 3T3-L1 adipocytes. The data support a major
regulatory role of PI3K and imply that downstream targets other
than Akt have important and under-appreciated roles in the
regulation of glucose uptake. Finally, we identify a new function
of Akt in the spatial regulation of GLUT4 vesicle exocytosis in 3T3-
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L1 adipocytes. Extension of this approach should be broadly
applicable to elucidate mechanisms of PI3K–Akt signal
transduction in other diverse areas of biology.

MATERIALS AND METHODS
Plasmids and reagents
CIBN–pmGFP, CIBN–CaaX, mCherry–CRY2–iSH2, CRY2–iSH2 and
PH-Akt–mRFP plasmids were generated as described previously (Idevall-
Hagren et al., 2012). HA–GLUT4–GFP and IRAP–pHluorin plasmids were
provided by Dr J. Zimmerberg (NIH) (Stenkula et al., 2010). The mCherry–
CRY2–Akt2 and mCherry–CRY2–Akt1 plasmids were generated by fusing
the full-length human Akt2 and Akt1 cDNAs to the C-terminus of mCherry–
CRY2. Antibodies were purchased from Cell Signaling. All other chemicals
used in this study were purchased from Sigma-Aldrich.

Cell culture and transfection
3T3-L1 fibroblasts were cultured and differentiated as described previously
(Xu et al., 2011b). After 8–10 days of differentiation, 3T3-L1 mature
adipocytes were electroporated using an Amaxa Nucleofector instrument in
a 0.1-ml transfection solution ‘L’ containing two or three of the above
plasmids (2–4 μg total plasmid DNA per transfection).

Immunostaining and biochemical methods
Immunofluorescence cell staining was performed as described previously
(Xu et al., 2007). 3T3-L1 adipocytes were fixed with 4% paraformaldehyde
in PBS for 10 min at room temperature. Cells were permeabilized with 0.1%
Triton X-100 for 5 min, and blocked with 1% BSA and 3% normal goat
serum in PBS for 45 min. Total Akt phosphorylation was detected using
either rabbit anti-phospho-Akt at Ser473 or anti-phospho-Akt at Thr308
antibodies (1:200 dilution; catalog numbers 4060 and 13038, respectively;
Cell Signaling) followed by Cy3-conjugated anti-rabbit IgG (1:200
dilution). Finally, the cells were washed, mounted and imaged with a
spinning disk confocal microscope.

Immunoblotting was performed as described previously (Xu et al.,
2011b). 3T3-L1 adipocytes or adipocytes that had been transiently
electroporated with optogenetic modules were stimulated with 100 nM
insulin for 10 min or exposed to 488 nm LED light for 10 min. Cells were
washed in cold PBS and scraped in ice-cold RIPA lysis buffer containing
protease and phosphatase inhibitors (Roche). The cell lysates were passed
through a 25-gauge syringe eight times and centrifuged for 15 min at
12,000 g at 4°C. Supernatants were recovered, and equal amounts of protein
(determined using BCA assay) in each sample were analyzed by SDS-
PAGE and immunoblotting.

Live-cell imaging
Cells were cultured on glass-bottomed 35-mm MatTek dishes and imaged
15–20 h after transfection. Before imaging, cells were serum starved for
∼2 h, then imaged in KRH buffer, pH 7.4, containing 125 mMNaCl, 5 mM
KCl, 1.3 mM CaCl2, 1.2 mM MgSO4, 20 mM D-glucose, 25 mM Hepes
and 0.2% bovine serum albumin. Cells were kept in an Air-therm
temperature-regulated environmental box at 37°C throughout the
experiments.

A Yokagawa-type spinning disk confocal microscope system was used
for fast live-cell imaging (PerkinElmer). The system was mounted onto an
inverted Olympus IX-71 microscope, equipped with a 1 Kb×1 Kb EMCCD
camera (Hamamatsu Photonics). A 488-nm laser line was used to induce
dimerization between CIBN and CRY2 or to image GFP-tagged proteins,
whereas a 561-nm laser line was used to image mCherry- or mRFP-tagged
proteins. Images were acquired under the control of Volocity software at
0.2 Hz with exposure times in the 100–500 ms range.

The TIRFM setup was based on an Olympus IX-70microscope, equipped
with 405-, 488- and 568-nm laser lines, a 60×1.49 NA TIRF objective
(Olympus) and an EMCCD camera (iXon887; Andor Technology). The
488-nm laser line was used to induce CIBN and CRY2 protein
heterodimerization, and the 568-nm laser line was used to image
mCherry- or mRFP-tagged proteins. Images were acquired under the
control of Andor iQ software at 0.2–0.5 Hz with exposure times in the rage

of 200–500 ms. FRAP–TIRFM experiments were performed as described
previously (Rivera-Molina and Toomre, 2013). Control 3T3-L1 cells were
imaged in the basal state for a few minutes before insulin was added, similar
to our previous report (Xu et al., 2011b). For the cells that had been
transfected with the optogenetic module, activation of the optogenetic
module was performed at the start of imaging because the pHluorin channel
for imaging would otherwise dimerize the optogenetic constructs
independently. For FRAP analyses of a region of interest (ROI), the
405-nm laser line was used together with custom-written software. To limit
light scattering, FRAP was performed with a 100-ms exposure, followed by
TIRF imaging of mCherry-tagged proteins using a 568-nm laser line. The
FRAP and TIRFM modes were cycled every 5 s, for a total of 10–15 min.
Two TIRFM images were taken of the IRAP–pHluorin-transfected cells
before and after the FRAP–TIRFM experiments for comparison of the
fluorescence distribution, using the 488-nm laser line. The cells were
exposed to the 488-nm laser for as short a time as possible, in order to
minimize global activation.

Image analysis and statistics
Stacks of time-lapse images were processed and analyzed using ImageJ
1.45 s (National Institutes of Health). Images were prepared with Photoshop
(Adobe). Movies were compressed with QuickTime Pro (Apple) using a
H.264 algorithm. Unless otherwise indicated, all data are presented as the
mean±s.e.m. and were analyzed using a Student’s t-test.
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