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It is well established that insulin-
induced remodeling of actin filaments

into a cortical mesh is required for insu-
lin-stimulated GLUT4 exocytosis. Akt2
and its downstream effectors play a piv-
otal role in mediating the translocation
and membrane fusion of GLUT4-storage
vesicle (GSV). However, the direct down-
stream effector underlying the event of
cortical actin reorganization has not been
elucidated. In a recent study in Nature
Communications,1 Lim et al identify
Tropomodulin3 (Tmod3) as a down-
stream target of the Akt2 kinase and
describe the role of this pointed-end
actin-capping protein in regulating insu-
lin-dependent exocytosis of GSVs in adi-
pocytes through the remodeling of the
cortical actin network. Phosphorylation
of Tmod3 by Akt2 on Ser71 modulates
insulin-induced actin remodeling, a key
step for GSV fusion with the plasma
membrane (PM). Furthermore, the
authors establish Tm5NM1 (Tpm3.1 in
new nomenclature)2 as the cognate
tropomyosin partner of Tmod3, and an
essential role of Tmod3-Tm5NM1 inter-
action for GSV exocytosis and glucose
uptake. This study elucidates a novel
effector of Akt2 that provides a direct
mechanistic link between Akt2 signaling
and actin reorganization essential for ves-
icle fusion, and suggests that a subset of
actin filaments with specific molecular
compositions may be dedicated for the
process of vesicle fusion.

Actin remodeling is a fundamental yet
complex process that involves numerous
actin-binding proteins (ABPs), which reg-
ulate the dynamics of the actin cytoskele-
ton in response to signaling cascades
elicited by growth stimuli or environmen-
tal cues.3,4 The reorganization of actin

filaments can be described in multiple dis-
crete ways including de novo nucleation by
Arp2/3 complex and formins, branching,
elongation/termination by actin-capping
proteins on the barbed- and pointed-ends,
and the disassembly of actin filaments by
actin-severing proteins.4 In skeletal muscle
cells and adipocytes, actin remodeling has
been explicitly implicated in the context
of insulin-dependent translocation of the
glucose transporter, primarily, GLUT4, to
the cell surface.5,6 Previous studies have
shown impaired GLUT4 vesicle exocytosis
and glucose uptake when the actin cyto-
skeleton is disrupted by actin filament
inhibitors such as Latrunculin B, Cytocha-
lasin D, and Jasplakinolide.7,8 However,
detailed molecular process and mechanism
regarding how the actin cytoskeleton and
its remodeling participate GLUT4 vesicle
fusion remain enigmatic. A consensus
view is that the dynamic cortical actin
rearrangement, but not the static actin
barrier, is required for insulin-stimulated
GLUT4 translocation as evidenced by the
appearance of thickened cortical actin at
the cell periphery under the condition of
insulin stimulation.5,6,9,10 Temporally
enriched cortical actin in membrane ruf-
fles as well as an increased rate of actin
polymerization may accelerate the process
of vesicle fusion,11,12 thereby promoting
GLUT4 insertion efficiency and the ensu-
ing glucose uptake. Although it has
become increasingly clear that protein
kinase B or Akt2 is a key converging node
of insulin action to direct the trafficking
of GSVs to the PM via inactivation of
RabGAP AS160,13,14 whether and how
Akt2 is directly involved in membrane
fusion per se is largely unclear. Our latest
study1 demonstrates that Tmod3 is a sub-
strate of Akt2 and a critical regulator of
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cortical actin remodeling at the final stage
of exocytosis, thus uncovering a missing
link between GLUT4 exocytotic control
governed by Akt2 signaling and cortical
actin reorganization.

From an experimental point of view, it
is not a trivial task for cell biologists to
measure actin remodeling at the cellular
level owing to the dynamic nature of the
actin network either at local or global level
under different conditions and a lack of a

formalized index of actin remodeling for
assessment and interpretation. Different
optical imaging techniques and actin-
labeling strategies have their own advan-
tages and limitations. For example, epi-
fluorescence microscopy is not useful in
discerning individual actin filaments due
to the poor z-resolution. Z-stack confocal
imaging is suitable for visualizing the
global actin cytoskeleton and has been
widely used in the studies of actin

remodeling in skeletal muscle.6,15 How-
ever, an index of actin remodeling in these
studies is often derived by measuring fluo-
rescence intensities of phalloidin staining
at different focal planes in fixed-cell sam-
ples at defined time intervals after treat-
ment. Hence, results from fixed-cell
experiments do not provide real-time
kinetic information regarding the process
of changes in actin behavior in cells receiv-
ing treatment at a given time. On the
other hand, live-cell z-stack confocal
imaging on actin is technically challenging
due to the requirement for long period of
imaging across different optical sections as
well as the concerns over photostability
and the expression level of the actin fluo-
rescent protein. Unlike epifluorescence
and confocal microscopy, total internal
reflection fluorescence microscopy
(TIRFM) is best suited for the visualiza-
tion of cortical events with much
improved axial resolution, even though
the imaging zone is restricted to the ven-
tral membranes. In our study,1 we were
able to show that actin remodeling in
3T3-L1 adipocytes could be visualized by
expressing Lifeact-tdTomato, a fluorescent
F-actin marker using TIRFM in live-cell
conditions. Recording actin remodeling in
real-time provides a much better perspec-
tive to appreciate the lateral dynamics of
insulin-dependent actin remodeling and
the successful application of the TIRFM-
Lifeact-tdTomato approach has allowed
us to investigate the relationship between
Tmod3 phosphorylation, GLUT4 trans-
location and certain aspects of actin
behavior. The examination in this system
of the effects of Tmod3 knockdown and
re-expression of phospho-mimetic or
phospho-defective mutants has provided
unequivocal evidence linking the observed
Akt2-induced phosphorylation of Tmod3
to actin reorganization and GLUT4 exo-
cytosis. Under insulin stimulation, there is
a significant increase in cortical actin
structures in the vicinity of the PM as well
as increased ventral polymerized actin as
shown by increased Lifeact-tdTomato
fluorescence under TIRFM. It is yet to be
determined the relative contributions of
these pools of actin in promoting insulin-
induced vesicle fusion events; cortical
actin structures are condensed and rela-
tively longer whereas ventral actin

Figure 1. Comparison of actin structures between CHO-IR and 3T3-L1 adipocytes. CHO-IR (CHO cells
stably expressing insulin receptor) and 3T3-L1 cells were imaged by using epifluorescence (Epi) or
total internal reflection fluorescence (TIRF) microscopy. Cells expressing Lifeact-tdTomato were
seeded in 35 mm glass-bottom dishes (MatTEK), incubated in imaging buffer and kept in a Tokai
Hit temperature controlled incubation box at 37�C supplemented with 5% CO2. TIRFM setup (TIRF
laser 561 nm) was based on Nikon Eclipse-Ti inverted microscope with EMCCD camera (1002 £
1002 pixels, 8 £ 8 mm, 14-bit, Andor iXonEM C 885; Andor Technologies). Images were captured
using a 100x NA/1.49 APO TIRF oil-immersion objective with immersion oil (nd D 1.515, Nikon)
bridging the optical contact between the objective and the glass bottom dishes. The penetration
depth of the evanescent field is estimated to be »200 nm. Images were acquired with no binning,
at 27 MHz readout rate with average exposure times vary between 50»100 ms. As revealed in TIRF
microscopy, abundant stress fibers are present in the ventral section of the CHO-IR cell whereas cor-
tical actin and short ventral actin filaments are enriched in the adipocyte. Scale bars, 20 mm.
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structures are shorter but significantly dif-
ferent from stress fibers as seen in typical
fibroblasts (see Fig. 1 for comparison).
Taking into account the relative signifi-
cance of these 2 distinct pools of actin on
exocytosis, we analyzed the kinetics of
TIRF intensities of Lifeact-tdTomato at
the cell periphery and the ventral regions
excluding the cell periphery, respectively.
Results derived from both ways of mea-
surement support a critical role for
Tmod3 and its phosphorylation in insu-
lin-dependent actin remodeling.

Tropomodulins are a family of actin-
capping proteins inclusive of 4 isoforms
that cap the pointed end of actin filaments
in a developmentally regulated and tissue/
cell-type specific manner.16 Tmod1 is pre-
dominantly expressed in terminally differ-
entiated, post-mitotic cells such as RBCs,
lens fiber cells. Tmod2 is neuron-specific,

Tmod3 is expressed ubiquitously, and
Tmod4 is restricted to skeletal muscle in
mammals.17 Similar to other isoforms,
Tmod3 consists of 3 a helices at the N
terminus: the 1st and 3rd helices are
required for tropomyosin (TM)-binding,
the 2nd helix is required for G-actin bind-
ing and TM-dependent F-actin capping.18

The C-terminal domain of Tmod3 con-
fers TM-independent F-actin capping,
albeit with very low affinity, in the absence
of TMs.16 Conversely, Tmod3 caps the
pointed ends of TM-decorated actin fila-
ments with an affinity more than 1000-
fold greater than for bare actin pointed
ends.19 However, the mechanism by
which Tmod caps the pointed end is
poorly understood. Previous studies in
skeletal muscle and erythrocytes led to the
proposal that 2 Tmod molecules cap the
pointed end.20,21 However, in in vitro

conditions, one Tmod molecule is suffi-
cient to block pointed-end elongation of
TM-coated filaments.22 Interestingly, a
recent x- ray crystallography study23 has
successfully resolved the crystal structures
of actin complexes with the unstructured
N-terminal and the LRR C-terminal
domains of Tmod1. The crystallization
was achieved by fusing the N- and C-ter-
minal fragments of Tmod to gelsolin seg-
ment 1 via a stretch of amino acid flexible
linker, respectively. Although it is not a
crystal formed by full-length Tmod com-
plexes with actin, the study revealed that
one Tmod molecule interacts with 3 actin
subunits at the pointed end, while also in
contact with 2 tropomyosin molecules on
each side of the filament. Moreover, the
second a helix (64 to 77 residues) plays a
crucial role in the interaction by forming a
bridge across the nucleotide binding cleft

Figure 2. A proposed model of Akt2-mediated phosphorylation of Tmod3 in the regulation of cortical actin remodeling and GSV-PM fusion. In insulin-
stimulated adipocytes, activated Akt2 functions as a signaling hub to activate a number of downstream effectors that are necessary for multiple steps of
GLUT4 exocytosis. Release of G-actin from Tmod3 upon phosphorylation by Akt2 may provide a temporal and spatial supply of actin monomers to the
local sites of exocytosis in order to facilitate the transient buildup of cortical actin at the periphery. The pairing of Tmod3 and Tm5NM1 may help define
a specific population of actin filaments at the cell periphery to enable the process of GLUT4 vesicle fusion with the PM.
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on top of actin subdomains 4 and 2. It is
important to note that the Ser71 residue is
exclusively present in Tmod3, but absent
in other isoforms. We demonstrate that
phosphorylation of Tmod3 at Ser71
decreases actin-monomer binding, and
potentiates the insulin-stimulated GSV
exocytosis. It remains to be determined
whether Tmod3 could function as an
actin-monomer sequestering protein in
the cellular context besides its well-known
role in actin capping at the pointed end.
We surmise that phosphorylation of
Tmod3 at Ser71 may provide a regulatory
switch to allow actin subunit exchange at
the pointed-end (controlled addition or
dissociation of actin subunits), and
thereby determining the length of actin fil-
aments under certain circumstances. For
instance, in insulin-stimulated conditions,
phosphorylation of Tmod3 may release
G-actin to the local sites of exocytosis,
thereby allowing the temporal and spatial
buildup of cortical actin at the periphery
to promote GLUT4 vesicle fusion. Fur-
thermore, phosphorylation of Tmod3
may influence its actin-capping activity
possibly through modulating the interac-
tion between Tmod3 and its TM partner,
Tm5NM1. In fact, there is an observed
increased level of Tm5NM1 being co-pre-
cipitated by Tmod3 in insulin-stimulated
conditions.1 Since pointed-end capping
activity of Tmod3 is known to increase
dramatically in the presence of its cognate
TM partner, regulating the interaction
between Tmod3 and Tm5NM1 may be a
plausible way to control the capping activ-
ity in the process of actin remodeling. Fur-
ther studies are required to address this
possibility.

The discovery of Tm5NM1 as the cog-
nate TM partner for Tmod3 and their
interaction is implicated in the insulin-
stimulated GLUT4 exocytosis suggests a
possibility that a subset of actin filaments
with specific molecular compositions
(Tm5NM1-coated24-26) may be harnessed
to promote the events of vesicle fusion.
Notably, Tm5NM1 increases its presence
significantly on the cell surface of 3T3-L1
adipocytes in response to insulin stimula-
tion.30 The fact that Tmod3 preferentially
binds to Tm5NM1-decorated actin fila-
ments suggests that there may be a dra-
matic increase in pointed-end capping

activities of Tmod3 in insulin-stimulated
condition, leading to formation and stabi-
lization of de novo actin filaments at the
cell periphery. Furthermore, the selective
pairing of Tmod3 with Tm5NM1 may
facilitate a specific actin-based myosin
motor to target the vesicles to the exocy-
totic site with high precision,27,28 given
the fact that TM5NM1 has been shown
to recruit the myosin motor MyoIIA to
actin filaments.29 In summary, the study
by Lim et al (2015) provides a molecular
link between Akt2 activation and actin
remodeling (see Fig. 2 for proposed
model), and paves the way for many
future investigations on the unprece-
dented active role of different actin-bind-
ing proteins in the process of membrane
actin reorganization to facilitate the final
stage of exocytosis.
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