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Trip6 Promotes Dendritic Morphogenesis through
Dephosphorylated GRIP1-Dependent Myosin VI and F-Actin
Organization
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Thyroid receptor-interacting protein 6 (Trip6), a multifunctional protein belonging to the zyxin family of LIM proteins, is involved in
various physiological and pathological processes, including cell migration and tumorigenesis. However, the role of Trip6 in neurons
remains unknown. Here, we show that Trip6 is expressed in mouse hippocampal neurons and promotes dendritic morphogenesis.
Through interaction with the glutamate receptor-interacting protein 1 (GRIP1) and myosin VI, Trip6 is crucial for the total dendritic
length and the number of primary dendrites in cultured hippocampal neurons. Trip6 depletion reduces F-actin content and impairs
dendritic morphology, and this phenocopies GRIP1 or myosin VI knockdown. Furthermore, phosphorylation of GRIP1 956T by AKT1
inhibits the interaction between GRIP1 and myosin VI, but facilitates GRIP1 binding to 14-3-3 protein, which is required for regulating
F-actin organization and dendritic morphogenesis. Thus, the Trip6 –GRIP1–myosin VI interaction and its regulation on F-actin network
play a significant role in dendritic morphogenesis.
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Introduction
The regulation of actin dynamics is crucial for neuronal morpho-
genesis (Mattson, 1999; Lee et al., 2013). Many proteins, includ-
ing RhoA (Da Silva et al., 2003) and �-arrestin-2 (Pontrello et al.,
2012), have been reported to regulate actin dynamics that con-
tribute to dendritic development. Thyroid receptor-interacting
protein 6 (Trip6, also known as ZRP-1), is a member of the zyxin
family of LIM proteins, whose most established function is also to
regulate F-actin organization in mammalian cells (Lin and Lin,
2011). Previous studies showed that Trip6 depletion in HeLa cells
impairs focal adhesion and stress fiber formation, as well as actin
reorganization (Bai et al., 2007). Unlike typical actin-associated
proteins, Trip6 does not appear to bind to or regulate F-actin
filaments directly. Rather, it interacts with supervillin at focal
adhesion sites to change its structure and diminish its function
(Takizawa et al., 2006), while endoglin, a type-I membrane gly-

coprotein, translocates Trip6 from focal adhesion sites to actin
stress fibers (Sanz-Rodriguez et al., 2004). However, these studies
are limited to non-neuronal cells. Given that LIM proteins, in-
cluding cysteine-rich protein-1 and espinas, are increasingly re-
ported to participate in neuronal architecture (Ma et al., 2011;
Matsubara et al., 2011), it is interesting to investigate the possible
role of Trip6 in neuronal morphogenesis.

Glutamate receptor-interacting protein 1 (GRIP1), an adap-
tor protein, was first identified through its interaction with the
GluA2/3 subunit of the AMPA-type glutamate receptors (Dong
et al., 1997). It regulates the distribution of AMPA receptors in
internal compartments through various PDZ domain-mediated
interacting proteins, such as liprin-�/SYD2 (Wyszynski et al.,
2002), the neuronal endosomal protein NEEP21 (Steiner et al.,
2005), the microtubule-associated protein 1B (MAP1B; David-
kova and Carroll, 2007), and Sec8 (Mao et al., 2010). GRIP1 is
easily detected in the soma, dendritic shafts, axons, and even
growth cones of neurons (Wyszynski et al., 1999, 2002). Despite
its wide distribution, GRIP1 has been described as a scaffolding
protein that specifically steers the microtubule motor kinesin-1
(also known as KIF5) toward dendrites but not axons (Setou et
al., 2002). GRIP1 also mediates the trafficking of EphB2 receptors
to dendrites by kinesin-1 and controls dendritic morphogenesis
(Hoogenraad et al., 2005).

Myosin VI is an actin-based multifunctional motor for the
transport of vesicles and protein cargoes, and has been impli-
cated in a wide variety of intracellular processes, such as en-
docytosis, the maintenance of Golgi morphology, protein
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secretion, and epithelial cell migration (Frank et al., 2004;
Roberts et al., 2004; Sweeney and Houdusse, 2007). However,
the role of myosin VI in dendritic morphogenesis is still largely
obscure.

Here, we show that Trip6 is required for F-actin organization
and dendritic morphology of hippocampal neurons. Moreover,
Trip6 interacts with GRIP1 and myosin VI, either of which func-
tions essentially in regulation of F-actin organization and den-
dritic morphology.

Materials and Methods
DNA constructs. Trip6, AKT1, and myosin Va, myosin Vb and myosin VI
cargo-binding domain (CBD) cDNAs were obtained by PCR cloning
from the cDNA library of embryonic day (E) 17 mouse brains. Mouse
GRIP1 and myosin VI cDNAs were obtained from Proteintech. The rat
GRIP1 cDNA was a kind gift from Dr. Richard L Huganir (Dong et al.,
1999a). These cDNAs, their deletion mutants, and their dominant nega-
tive mutants were subcloned into vectors for expression in bacteria or
mammalian cells. Lifeact-mCherry (Addgene plasmid 40908) was used
and Lifeact-GFP was constructed by subcloning from Lifeact-mCherry
into pEGFP-N1 vector (Clontech Laboratories).

RNAi sequence. The RNAi sequences were as follows: Trip6, 5�-
AATTGTTGCTCTGGATCGAAG-3� (Bai et al., 2007); GRIP1, 5�-
GAGATGTGGTGTGCTACAGAT-3� (Life Technologies); myosin VI,
5�-GACATCAGGGAGAAGCTTC-3� (Jung et al., 2006; with corre-
sponding base mutations from human mRNA to mouse mRNA); AKT1-
628, 5�-CGCGTGACCATGAACGAGTTT-3�; and AKT1-642, 5�-GAG
TTTGAGTACCTGAAGCT-3� (Vasudevan et al., 2009). Apart from the
GRIP1 RNAi sequence, which was subcloned into pcDNA6.2-GW/
EmGFP (Life Technologies), all of the RNAi sequences were cloned into
pSuper or pSuper-RFP vectors (OligoEngine). For the Trip6 RNAi-
resistant mutant, we mutated four bases without any amino acid changes
and subcloned it into the corresponding vector.

Antibodies. Mouse and rabbit anti-GRIP1 polyclonal antibodies were
generated using GST-GRIP1 (amino acids 801–1112) as the antigen.
Mouse and rabbit anti-GFP polyclonal antibodies were generated using
6xHis-GFP as the antigen. The rabbit anti-GRIP1 956T phosphorylation-
specific (pGRIP1) polyclonal antibody was prepared by Abmart. The
following commercial antibodies were used: mouse monoclonal anti-
bodies against Trip6 (BD Biosciences), GRIP1 (BD Biosciences), MAP2
(Sigma-Aldrich), Tau (Tau-1, Roche), GFP (MBL International),
GAPDH (BioLink), Flag (Sigma-Aldrich), and �-tubulin (Sigma-Aldrich);
rabbit polyclonal antibodies against Trip6 (Abnova), myosin VI (Sigma-
Aldrich), myosin Va (Cell Signaling Technology), and Tom20 (Santa
Cruz Biotechnology); rabbit monoclonal antibodies against AKT1 (Cell
Signaling Technology) and phospho-AKT1 (Thr308; Cell Signaling
Technology). The following secondary antibodies were used for immuno-
blotting: alkaline phosphatase (AP)-conjugated goat anti-mouse/anti-rabbit
IgG and horseradish peroxidase (HRP)-conjugated goat anti-mouse/anti-
rabbit IgG (Jackson ImmunoResearch). The following secondary anti-
bodies were used for immunostaining: Alexa Fluor 488/568-conjugated
goat anti-mouse/anti-rabbit IgG (Life Technologies). Atto 488/565/
647N-phalloidin was obtained from Sigma-Aldrich.

Cell culture, transfection, and drug treatment. HEK293T cells were cul-
tured in DMEM/10% FBS at 37°C with 5% CO2. Primary hippocampal
neurons were cultured as described previously (Teng et al., 2001). In
brief, hippocampi dissected from E16.5 mouse embryos of either sex
were digested in 0.25% trypsin (Amresco) for 15 min followed by tritu-
ration with a pipette. Dissociated neurons were plated onto poly-L-
lysine-coated coverslips in DMEM/10% FBS for 4 –5 h and then
transferred to Minimum Essential Medium (Life Technologies) supple-
mented with 1.1% pyruvate, 20% glucose, 2% B27 (Life Technologies),
1% Glutamax I (Life Technologies), and 2% horse serum (Life Technol-
ogies) at 37°C with 5% CO2. Cells were plated at a low density (1.5 � 10 5

cells per 35 mm dish) for immunofluorescence and a high density (6.0 �
10 5 cells per 35 mm dish) for transfection.

HEK293T cells were transfected by the standard calcium phosphate
method. For the cultured hippocampal neurons, a modified calcium

phosphate method was used as described previously (Jiang and Chen,
2006). For dendrite observation, the hippocampal neurons were trans-
fected at 7 d in vitro (DIV).

HEK293T cells or neurons were deprived of serum for 36 h and then
either left untreated or treated with insulin (5 �g/ml; Sigma-Aldrich) in
the absence or presence of wortmannin (100 nM; Beyotime Institute of
Biotechnology) for 30 min before harvest.

Immunofluorescence. Cultured hippocampal neurons were washed
with PBS twice and fixed with 4% PFA in PBS at room temperature for 15
min. After washing with PBS, the cells were permeabilized with 0.2%
Triton X-100 in PBS for 10 min and then washed extensively. Nonspecific
binding was blocked with 5% bovine serum albumin in PBS for 30 min
followed by incubation with primary antibodies at 37°C for 2 h or at 4°C
overnight. Cells were washed with PBS extensively and incubated with
Alexa Fluor 488/568-conjugated secondary antibodies at room temper-
ature for 1 h. Samples were observed under the Zeiss LSM 710 equipped
with a 100�/1.4 numerical aperture oil or L20�/1.0 water-immersion
objective len.

Immunoprecipitation and mass spectrometry. For immunoprecipita-
tion, transfected HEK293T cells were extracted with immunoprecipita-
tion buffer (50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 2 mM EDTA, 0.1%
SDS, 1% Triton X-100, and protease inhibitors). For immunoprecipita-
tion from mouse whole-brain homogenates, the homogenates were frac-
tionated to obtain P2 and P3 fractions as described previously (Suh et al.,
2010). Briefly, brains were homogenized with the sucrose buffer (320 mM

sucrose, 20 mM HEPES, pH 7.4, 5 mM EDTA, 2 mM DTT, and protease
inhibitors) at 4°C. The homogenate was centrifuged at 800 � g for 10 min
at 4°C to remove cell debris and nuclei (P1). The supernatant (S1) was
centrifuged at 9,200 � g for 15 min at 4°C. The resultant pellet was
suspended with the sucrose buffer and centrifuged at 10,000 � g for 20
min (P2), and the supernatant was further centrifuged at 12,000 � g for
30 min to obtain the supernatant (S2). Soluble protein fraction (S3) and
microsome-enriched pellet (P3) were obtained from the centrifugation
of the S2 fraction at 167,000 � g for 2 h at 4°C. P2 and P3 fractions were
extracted with the immunoprecipitation buffer. The supernatant from
lysates was incubated with appropriate amounts of antibodies for �4 h,
and this was followed by the addition of 30 �l of protein A-Sepharose
beads (GE Healthcare Life Sciences) for �2 h. Pellets were washed exten-
sively with immunoprecipitation buffer and then boiled in SDS-PAGE
loading buffer.

Overexpressed GFP-LR2�PDZ7 (GRIP1 fragment) from HEK293T
cells was purified by immunoprecipitation with anti-GFP rabbit poly-
clonal antibody, and separated by SDS-PAGE. The expected bands were
excised and trypsinized. Phosphopeptides were captured and enriched
with TiO2 Mag Sepharose (GE Healthcare Life Sciences) followed by
LCQ Deca XP Plus Analyzer liquid chromatography/mass spectrometry
(Thermo Finnigan) analysis.

GST pull-down assay and immunoblotting. For pull-down assays, pu-
rified prokaryotic GST-fused proteins were incubated with glutathione
Sepharose 4B beads (GE Healthcare Life Sciences) for 2 h followed by
extensive washing with PBS. The beads were incubated with the super-
natants from cell lysates or brain homogenates at 4°C for �4 h. The
precipitates were washed extensively with immunoprecipitation buffer
and analyzed by immunoblotting.

For immunoblotting, the samples were separated by SDS-PAGE, and
the gel was then transferred to a polyvinylidene fluoride membrane. The
membrane was blocked with 5% nonfat milk followed by incubation
with primary antibodies at 37°C for 1 h or at 4°C overnight. After exten-
sive washing, the membrane was blocked again and incubated with
AP-conjugated or HRP-conjugated secondary antibodies at room tem-
perature for 1 h.

Phosphatase treatment. HEK293T cells were transfected with GFP-
LR2�PDZ7. Thirty-six hours after transfection, the cells were washed
with ice-cold PBS twice and lysed with immunoprecipitation buffer at
4°C for 1 h. The lysates were centrifuged at 12,000 � g for 10 min to
obtain the supernatant. GFP-LR2�PDZ7 was then immunoprecipitated
with anti-GFP rabbit polyclonal antibody. The sample was divided into
three aliquots. One aliquot was left untreated, and the other two were
washed extensively with their respective buffers before treatment either
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with 400 U lambda phosphatase (Merck) at 30°C for 30 min or with 400
U of calf intestinal alkaline phosphatase (Promega) at 37°C for 30 min.
The samples were subjected to immunoblotting analysis.

Data analysis. For data analysis, cells or tissues were randomly allo-
cated to treatment groups, images were picked randomly, and all exper-
iments were double-blinded as previously described (Landis et al., 2012).
The number of primary dendrites was counted manually. Total dendritic
length and dendritic F-actin intensity were measured with ImageJ (Na-
tional Institutes of Health). The Pearson’s correlation coefficient for an-
alyzing overlapped Trip6 and GRIP1 was calculated using ImageJ.
Statistical analysis was conducted with GraphPad Prism 5 software with
the unpaired two-tailed Student’s t test. The sample sizes were described
in the figure legends.

Results
Trip6 is required for dendritic morphogenesis in
hippocampal neurons
We first determined the expression level of Trip6 during mouse
brain development. Immunoblotting analysis showed that Trip6
was highly expressed at E14 and E16, and then its expression
decreased before birth (Fig. 1A). However, Trip6 increased after
birth and reached a peak in the first postnatal week (PW1), while
it exhibited relatively lower expression levels after this time (Fig.
1A). In PW1 mouse brain sections, Trip6 was highly expressed in
the hippocampus, medial habenular nucleus, and ventral poste-
rior complex of the thalamus, with negligible levels in the cortex
(Fig. 1B,C). Similar to the whole brain (Fig. 1A), the hippocampus
showed high Trip6 expression levels at E14–E16, and exhibited
gradually decreased Trip6 before birth (Fig. 1D). Immunofluores-
cence staining showed that Trip6 was distributed throughout the

soma, neurites, and growth cones (Fig. 1E) in 1 DIV neurons. In 10
DIV neurons, Trip6 was observed mainly in the periphery of den-
drites, where actin is enriched (Fig. 1F).

Next, to assess the functional importance of Trip6 in neuronal
morphogenesis, we overexpressed it in 7 DIV hippocampal neu-
rons, and found that after 48 h compared with control, both the
total dendritic length and the number of primary dendrites,
marked with MAP2 immunostaining (Fig. 2A), were increased by
37.3 and 38.4%, respectively (Fig. 2B,C; p � 0.001). Then, we
used an shRNA (Bai et al., 2007) to deplete Trip6 (Fig. 2D,E),
which reduced the total dendritic length by 35.1% and the num-
ber of primary dendrites by 43.5%. This was reversed by coex-
pression of the Trip6 shRNA-resistant mutant (Figs. 2F–H; p �
0.001). In contrast, we observed no significant change in the
axonal length and branching following Trip6 knockdown (Fig.
2I–K; p � 0.05). Together, these observations suggest that
Trip6 is required for the dendritic morphology of hippocam-
pal neurons.

Trip6 interacts with GRIP1
The LIM domains in the C terminus of Trip6 mediate its interac-
tion with PDZ-domain proteins (Cuppen et al., 2000). GRIP1, a
protein that contains seven PDZ domains, participates in den-
dritic morphogenesis (Hoogenraad et al., 2005). Thus, we hy-
pothesized that the abundant Trip6 in dendrites might interact
with GRIP1. To test this hypothesis, we first generated mouse and
rabbit polyclonal antibodies against GRIP1 (Fig. 3A), and showed
that GRIP1 was immunoprecipitated by the mouse anti-Trip6

Figure 1. Localization of Trip6 in the mouse brain and cultured hippocampal neurons. A, Expression levels of Trip6 (arrow) in mouse whole-brain homogenates at different developmental stages.
E, Embryonic day; P, Postnatal day; PW, Postnatal week. Asterisk indicates nonspecific bands. B, Immunostaining of Trip6 in PW1 mouse brain cryosection. Different regions are indicated by dashed
lines. Note that Trip6 levels are expressed relatively higher in the hippocampus (Hp), medial habenular nucleus (mHb), and ventral posterior complex of the thalamus (VP). Cx, Cortex. Scale bar, 200
�m. C, Magnified views of the boxed regions as indicated in B. Images of MAP2 immunostaining are also shown. Scale bar, 100 �m. D, Expression levels of Trip6 in mouse hippocampal homogenates
at different developmental stages. E, Immunostaining images of Trip6 in cultured hippocampal neurons at 1 day in vitro (DIV). The right panels show magnified views of the boxed regions in the left
panels. The growth cones are outlined. F-actin was stained by phalloidin. Scale bars: left, 10 �m; right, 5 �m. F, Immunostaining images of Trip6 in cultured hippocampal neurons at 10 DIV. Note
that Trip6 was enriched in the periphery of dendrites (arrowheads) as indicated by phalloidin-stained F-actin. The dendrites were stained with anti-MAP2 antibody. Scale bar, 5 �m.
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antibody in PW1 mouse brain homogenates (Fig. 3B). Next, we
examined the localization of Trip6 and GRIP1 by coimmunos-
taining in cultured hippocampal neurons at 10 DIV, and calcu-
lated Pearson’s coefficient of correlation between them. The
results showed that they were partially colocalized in dendrites
(Fig. 3C,D). Then, we generated a series of Trip6 or GRIP1 dele-
tion mutants to identify the corresponding region of their inter-
action (Fig. 3E,G). Immunoprecipitation assays showed that the
LIM3 domain of Trip6 and the PDZ123 domain of GRIP1 were
indispensable for their interaction (Fig. 3F,H).

Next, to investigate the functional relationship between Trip6
and GRIP1 in dendritic morphogenesis, we first depleted GRIP1

with shRNAs (Fig. 4A,B). Similar to Trip6 knockdown, com-
pared with control, GRIP1 depletion decreased the total dendrite
length by 65.0% and the number of primary dendrites by 61.0%
(Fig. 4C–E; p � 0.001), but showed no significant change in the
axonal length and branching (Fig. 4F–H; p � 0.05), and this
was consistent with the findings of a previous report (Hoogen-
raad et al., 2005). Furthermore, we evaluated the effects of
Trip6 knockdown on GRIP1-depleted hippocampal neurons.
The suppressive effects on dendritic morphogenesis showed
no significant differences between Trip6 and GRIP1 double-
knockdown and Trip6 single-knockdown neurons (Fig. 4C–E;
p � 0.05). The defects of GRIP1 knockdown on dendrites can

Figure 2. Trip6 promotes dendritic morphogenesis in cultured hippocampal neurons. A, Representative images of cultured hippocampal neurons transfected with GFP or GFP together with
Flag-Trip6 at 7 DIV for 48 h. The morphology of the whole neuron was visualized by GFP fluorescence. Dendrites were identified by immunostaining with anti-MAP2 antibody (red, arrowheads).
Axons are indicated with arrows. Scale bar, 20 �m. B, Quantification of the total dendritic length of neurons in A (n � 30 cells). C, Quantification of the number of primary dendrites of neurons in
A (n � 30 cells). D, Examination of the interference effect of Trip6 shRNA in cultured hippocampal neurons. The neurons were transfected with control shRNA or Trip6 shRNA at 2 DIV for 72 h followed
by staining with anti-Trip6 antibody. The RFP signal from the shRNA vector was used to visualize the transfected neurons (arrows). The untransfected neurons are indicated by triangles. Insets are
the magnification of the boxed dendritic processes (arrowheads). Scale bar, 50 �m. E, Examination of the interference effect of Trip6 shRNA in HEK293T cells. HEK293T cells were transfected with
control shRNA or Trip6 shRNA together with GFP-Trip6 or GFP-tagged shRNA-resistant Trip6 mutant (GFP-res Trip6). Seventy-two hours after transfection, the cells were analyzed by immunoblot-
ting. GAPDH was loaded as a negative control. F, Representative images of neurons transfected with pSuper-RFP (control), Trip6 shRNA, or Trip6 shRNA together with its shRNA-resistant mutant (res
Trip6) at 7 DIV for 72 h. The RFP signal from the shRNA vector was used to visualize neuronal morphology. Scale bar, 50 �m. G, Quantification of the total dendritic length of neurons in F (n � 30
cells). H, Quantification of the number of primary dendrites of neurons in F (n � 30 cells). I, Representative images of cultured hippocampal neurons transfected with control shRNA or Trip6 shRNA
at 2 DIV for 72 h. The RFP signal from the shRNA vector was used to visualize the transfected neurons. Insets show dendrites identified by immunostaining with anti-MAP2 antibody. The tau-positive
processes are also shown. Scale bar, 100 �m. J, Quantification of the total axonal length of neurons in I (n � 30 cells). K, Quantification of the number of axonal branch points of neurons in I (n �
30 cells). For B, C, G, H, J, and K, data are mean � SEM. ***p � 0.001. n.s., No significance.
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be rescued to a large extent by Trip6 overexpression (Fig.
4I–K; p � 0.001). Together, these data indicate that Trip6 and
GRIP1 function in the same signaling pathway to promote
dendritic morphogenesis.

Myosin VI involves in Trip6-GRIP1-mediated regulation of
dendritic morphology and F-actin organization
Considering that GRIP1 is an adaptor protein (Dong et al.,
1999b) and interacts with kinesin-1 (Setou et al., 2002), we spec-
ulated that it might interact with other motors, like myosin VI or
myosin V. To test this, we used the GST-fused CBDs of myosin
Va, Vb, and VI to pull down mouse brain homogenates. GRIP1
was precipitated by GST-myosin VI-CBD, but not by GST alone
or the GST-fused CBD of myosin Va or Vb (Fig. 5A). Immuno-
precipitation assays of mouse brain homogenates confirmed the
myosin VI–GRIP1 interaction (Fig. 5B). We then specified that
the LR2 region of GRIP1 was responsible for myosin VI binding
(Fig. 5C,D). Furthermore, the myosin VI–GRIP1–Trip6 complex
was examined by GST-myosin VI-CBD pull-down assays with

HEK293T cells co-overexpressing GFP-Trip6 and Flag-GRIP1
(Fig. 5E).

To examine whether interrupting the function of myosin VI
phenocopies Trip6 or GRIP1 knockdown with regard to den-
dritic morphogenesis, we overexpressed the myosin VI dominant
negative mutant (Osterweil et al., 2005) in cultured hippocampal
neurons and found that the neurons overexpressing the
myosin-VI dominant negative mutant, but not the myosin Va or
Vb dominant negative mutant, showed remarkable decreases in
the total dendritic length by 70.6% and the number of primary
dendrites by 79.3% (Fig. 5F–H; p � 0.001). A similar result was
obtained with decreases of the total dendritic length by 70.2%
and the number of primary dendrites by 68.6% when myosin VI
was depleted by shRNA, and this effect on dendrites can be res-
cued by the shRNA-resistant myosin VI (Fig. 5I–L; p � 0.001).
Moreover, double knockdown of Trip6 and myosin VI failed to
exacerbate the defects of myosin VI knockdown neurons in den-
dritic morphology (Figs. 5J–L; p � 0.05), implying the involve-
ment of myosin VI in Trip6-induced dendritic morphogenesis.

Figure 3. Trip6 LIM3 domain interacts with GRIP1 PDZ123-containing fragment. A, Mouse and rabbit anti-GRIP1 polyclonal antibodies were generated with GST-fused GRIP1-LR2�PDZ7 as an
antigen. Both antibodies were used to analyze the mouse brain homogenates by immunoblotting (IB), and they exhibited similar patterns of IB as the purchased antibody BD32/GRIP1. mAb, Mouse
antibody; rAb, rabbit antibody. B, Immunoprecipitation (IP) of GRIP1 from mouse brain homogenates with mouse anti-Trip6 antibody (m Trip6). The input lane is 15% of input. C, Immunostaining
of GRIP1 (green) and Trip6 (red) in the dendrites of cultured hippocampal neurons at 10 DIV. Colocalization is marked with arrowheads. GRIP1 coimmunostaining with itself or mitochondrial marker
Tom20 was used as positive or negative control, respectively. Scale bar, 2 �m. D, Pearson’s coefficient of GRIP1-Trip6 colocalization was analyzed (n � 10 cells). Data are mean � SEM. E, Schematic
of Trip6-deletion mutants. Dark gray, Proline-rich domain (PRD); light gray, LIM domain; �C4AA, deletion of four C-terminal amino acids; �, positive; 	, negative. F, IP assays were performed in
HEK293T cells cotransfected with Flag-GRIP1 and the indicated GFP-tagged deletion mutants of Trip6. The immunoprecipitates were analyzed by IB. G, Schematic of GRIP1-deletion mutants. Dark
gray, Linker region (LR); light gray, PDZ domain; �, positive; 	, negative. H, IP assays were performed in HEK293T cells cotransfected with Flag-Trip6 and the indicated GFP-tagged deletion
mutants of GRIP1, and the immunoprecipitates were analyzed by IB.
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In addition, knockdown of myosin VI also showed significant
decreases in the axonal length and branching by 50.3% and
52.9%, respectively (Fig. 5M–O; p � 0.001), suggesting multi-
functional roles of myosin VI in neuronal morphogenesis.

As Trip6 is shown to be involved in F-actin organization in
non-neuronal cells (Bai et al., 2007; Lin and Lin, 2011), we set out
to determine whether Trip6 affects actin organization in neurons.
We used GFP-tagged Lifeact, a short amino acid peptide, to visu-
alize F-actin of the cells (Riedl et al., 2008; Smyth et al., 2012), and
found that compared with control, Trip6 knockdown in cultured
hippocampal neurons resulted in a decrease of F-actin intensity

by 41.1% with disrupted dendritic morphology (Fig. 5P,Q; p �
0.01). Similar phenotypes were also observed after knockdown of
myosin VI or double knockdown of Trip6 and myosin VI, de-
creasing by 69.9% and 70.8%, respectively (Fig. 5P,Q; p � 0.001),
indicating that Trip6 and myosin VI function in the same signal-
ing pathway to promote F-actin organization and dendritic
growth.

AKT1 phosphorylates GRIP1 956T

To investigate whether the GRIP1–myosin VI interaction is regu-
lated by phosphorylation, a GFP-tagged fragment LR2�PDZ7 of

Figure 4. GRIP1 promotes dendritic morphogenesis through Trip6. A, Examination of the interference effect of GRIP1 shRNAs in HEK293T cells. Four pcDNA6.2-GW-based GRIP1 shRNA (GRIP1
shRNA 1#, 2#, 3#, and 4#) were cotransfected into HEK293T cells with Flag-GRIP1 for 72 h followed by immunoblotting analysis. B, Examination of the interference effect of GRIP1 shRNA in cultured
hippocampal neurons. The neurons were transfected with control shRNA or GRIP1 shRNA at 2 DIV for 72 h followed by staining with anti-GRIP1 antibody. The GFP signal from the shRNA vector was
used to visualize the transfected neurons (arrows). The untransfected neurons are indicated by triangles. Insets are the magnification of the boxed dendritic processes (arrowheads). Scale bar, 50
�m. C, Representative images of cultured hippocampal neurons transfected with GRIP1 shRNA or GRIP1 and Trip6 double shRNA at 7 DIV for 72 h. The GFP signal from the shRNA vector was used to
visualize neuronal morphology. Scale bar, 50 �m. D, Quantification of the total dendritic length of neurons in C (n � 30 cells). E, Quantification of the number of primary dendrites of neurons in C
(n � 30 cells). F, Representative images of cultured hippocampal neurons transfected with control shRNA or GRIP1 shRNA at 2 DIV for 72 h. The GFP signal from the shRNA vector was used to visualize
the transfected neurons. Insets show dendrites identified by immunostaining with anti-MAP2 antibody. The tau-positive processes are also shown. Scale bar, 50 �m. G, H, Statistical data of the total
axonal length (G) and the number of axonal branch points (H ) of neurons in F (n � 30 cells). I, Representative images of cultured hippocampal neurons transfected with GRIP1 shRNA or GRIP1 shRNA
and RFP-Trip6 at 7 DIV for 72 h. The GFP signal from the GRIP1 shRNA vector was used to visualize neuronal morphology. Scale bar, 50 �m. J, K, Quantification of the total dendritic length (J ) and
the number of primary dendrites (K ) of neurons in I (n � 30 cells). For D, E, G, H, J, and K, data are mean � SEM. ***p � 0.001; n.s., No significance.
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Figure 5. Myosin VI interacts with GRIP1 and participates in Trip6-induced dendritic development and F-actin organization. A, GST, GST-myosin Va, GST-myosin Vb, and GST-myosin VI CBD were used to pull
down mouse brain homogenates. The precipitates were analyzed by immunoblotting (IB) with anti-GRIP1 antibody. The input lane is 15% of input. Co. St., Coomassie blue staining. B, Immunoprecipitation (IP)
ofmyosinVI frommousebrainhomogenateswiththemousemonoclonalantibodyagainstGRIP1.Theinput laneis15%ofinput. C, D,Cell lysatesfromHEK293TcellsoverexpressingtheindicatedGRIP1-deletion
mutants were pulled down by GST or GST-myosin VI-CBD and analyzed by IB. E, Pull-down of overexpressed GFP-Trip6 and Flag-GRIP1 by GST-myosin VI-CBD in HEK293T cell lysates. F, Representative images
of cultured hippocampal neurons transfected with GFP, GFP-tagged dominant negative (GFP-dn) myosin Va, Vb, or VI at 7 DIV for 48 h. The GFP signal was used to visualize neuronal morphology. Scale bar, 20
�m. G, Quantification of the total dendritic length of neurons in F (n � 30 cells). H, Quantification of the number of primary dendrites of neurons in F (n � 30 cells). I, Examination of the interference effect of
myosin VI shRNA in HEK293T cells. HEK293T cells were transfected with control shRNA or myosin VI shRNA together with GFP-myosin VI or GFP-tagged shRNA-resistant myosin VI mutant (GFP-res myosin VI) for
72 h followed by IB. J, Representative images of cultured hippocampal neurons transfected with myosin VI shRNA, myosin VI and Trip6 double shRNA, or myosin VI shRNA and rescue-myosin VI (res Myo VI) at
7 DIV for 72 h. The RFP signal from the shRNA vector was used to visualize neuronal morphology. Scale bar, 50�m. K, Quantification of the total dendritic length of the neurons in J (n�30 cells). L, Quantification
of the number of primary dendrites of neurons in J (n�30 cells). M, Representative images of cultured hippocampal neurons transfected with control shRNA or myosin VI shRNA at 2 DIV for 72 h. The RFP signal
from the shRNA vector was used to visualize the transfected neurons. Insets show dendrites identified by immunostaining with anti-MAP2 antibody. The tau-positive processes are also shown. Scale bar, 50�m.
N, O, Statistical data of the total axonal length (N ) and the number of axonal branch points (O) of neurons in M (n � 30 cells). P, Representative images of the cultured hippocampal neurons transfected with
Lifeact-GFP together with control, with Trip6, with myosin VI, or with myosin VI and Trip6 double shRNA at 5 DIV for 48 h. Scale bar, 10�m. Q, Quantification of the integrated fluorescence intensity of dendritic
F-actin in P (n � 30 cells). For G, H, K, L, N, O, and Q, data are mean � SEM. **p � 0.01; ***p � 0.001. n.s., No significance.
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Figure 6. GRIP1 956T is phosphorylated by AKT1. A, GFP-LR2�PDZ7 (GRIP1 fragment) was immunoprecipitated (IP) with anti-GFP antibody and separated by SDS-PAGE followed by mass
spectrometry analysis. Threonine at the 956 position (956T) was identified to be phosphorylated (red box). Co. St., Coomassie blue staining. B, Alignment of the amino acid sequence containing
GRIP1 855T (negative control) and GRIP1 956T among different eukaryotes; 956T is emphasized in bold and marked by an asterisk; the predicted AKT1-phosphorylated motif is indicated by the arrow.
C, Overexpressed GFP-LR2�PDZ7 (GRIP1 fragment) was immunoprecipitated from HEK293T cells with anti-GFP antibody and treated with lambda phosphatase (� PPase) or calf intestine alkaline
phosphatase (CIAP) followed by immunoblotting (IB) with anti-GRIP1 956T phosphorylation-specific antibody (pGRIP1). D, WT and phosphodead mutants T855A, T956A, and both T855A and T956A
(T855A�T956A) of GFP-LR2�PDZ7 were transfected into HEK293T cells and analyzed by IB with pGRIP1 antibody. E, F, IB of phospho-GRIP1 956T (pGRIP1) and total GRIP1 (tGRIP1) in the
whole-brain (E) and hippocampus (F ) homogenates of mice at different developmental stages. E, Embryonic day; P, Postnatal day; PW, Postnatal week. G, Pull-down of overexpressed GFP-AKT1 by
GST-LR2�PDZ7 in HEK293T cell lysates. H, GFP-LR2�PDZ, together with AKT1 shRNA vector (628 or 642), was transfected into HEK293T cells for 72 h followed by IB. I, J, HEK293T cells
overexpressing WT (I ) or T956A (J ) of GFP-LR2�PDZ7 were treated with insulin alone or together with wortmannin following serum starvation for 36 h and then analyzed by IB with pGRIP1
antibody. K, Cultured hippocampal neurons were treated with insulin alone or together with wortmannin following serum starvation at 7 DIV for 36 h and then analyzed by IB with pGRIP1 antibody.
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GRIP1 (GFP-LR2�PDZ7), which contains the binding region of
myosin VI (Fig. 5C,D), was purified from HEK293T cells and sub-
jected to mass spectrometry analysis. A phosphorylation site,
GRIP1956T, was identified (Fig. 6A) and found to be conserved
among many eukaryotes (Fig. 6B). We then generated a phosphory-
lation-specific (denoted pGRIP1) antibody against GRIP1956T. With
this pGRIP1 antibody, we detected a specific band of GFP-
LR2�PDZ7, which was almost eliminated after treatment with ei-
ther lambda phosphatase or calf alkaline phosphatase (Fig. 6C).

Furthermore, we generated the mimetic phosphodead mutants
T855A, T956A, and T855A�T956A of GFP-LR2�PDZ7. A specific
band was detected by the pGRIP1 antibody in the wild type (WT)
and T855A, but not in T956A and T855A�T956A of the GFP-
LR2�PDZ7-overexpressing HEK293T cell lysates (Fig. 6D). Finally,
we probed mouse brain (Fig. 6E) and hippocampal homogenates
(Fig. 6F) with pGRIP1 antibody. GRIP1956T phosphorylation was
detected at E14, and gradually increased with development.
However, it sharply decreased during postnatal stages (Fig.

Figure 7. Phosphorylation of GRIP1 956T switches its binding partner from myosin VI to 14-3-3 protein. A, The GRIP1 fragment, including GRIP1 956T site (asterisk), was predicted to contain a
14-3-3 binding motif (arrow). B, Pull-down of overexpressed Flag-GRIP1 by three GST-tagged brain-enriched 14-3-3 isoforms (�, �, and 	) in HEK293T cell lysates. Co. St., Coomassie blue staining;
IB, immunoblotting. C, Cell lysates from HEK293T cells overexpressing the indicated constructs were immunoprecipitated (IP) with anti-GFP antibody followed by IB. D, Pull-down of overexpressed
WT or the indicated phosphodead mutants of GFP-LR2�PDZ7 by GST-14-3-3� in HEK293T cell lysates. E, Pull-down of endogenous GRIP1 by GST-14-3-3� in mouse brain homogenates. E,
Embryonic day; P, Postnatal day; PW, Postnatal week. F, Pull-down of overexpressed WT or T956A of GFP-LR2�PDZ7 by GST-myosin VI-CBD in HEK293T cell lysates. G, Quantification of the relative
binding of WT or T956A of GFP-LR2�PDZ7 to GST-myosin VI-CBD in F (n 
 3). H, J, HEK293T cells overexpressing GFP-LR2�PDZ7 were treated as indicated and used for a GST-myosin VI-CBD (H )
or GST-14-3-3� (J ) pull-down assay. The pull-down precipitates were analyzed by IB with the indicated antibodies. I, K, Quantification of the relative binding of GFP-LR2�PDZ7 to GST-myosin
VI-CBD (I ) in H or to GST-14-3-3� (K ) in J (n 
 3). For G, I, and K, data are mean � SEM. *p � 0.05, **p � 0.01.
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6E,F), indicating that phosphorylation of GRIP1 956T is regulated
during development in vivo.

A bioinformatics analysis (Obenauer et al., 2003) predicted
that AKT1 phosphorylates GRIP1 956T (Fig. 6B). We first testified
the interaction of GRIP1-LR2�PDZ7 with AKT1 using pull-
down assay (Fig. 6G). Then, depletion of endogenous AKT1
(Vasudevan et al., 2009) in HEK293T cells overexpressing GFP-
LR2�PDZ7 decreased the phospho-GRIP1 956T levels (Fig. 6H).
Moreover, after serum deprivation for 36 h, AKT1 activation was
inhibited, and phospho-GRIP1 956T was suppressed in HEK293T
cells overexpressing GFP-LR2�PDZ7 (Fig. 6I). The AKT1 acti-
vator insulin (5 �g/ml) efficiently restored the level of phospho-
GRIP1 956T, which was then remarkably compromised in the
presence of AKT1 inactivator wortmannin (100 nM; Fig. 6I).
However, these two drugs failed to affect the phosphodead mu-
tant T956A of GFP-LR2�PDZ7 (Fig. 6J). Finally, we applied the
drug treatments to cultured hippocampal neurons and obtained
similar results (Fig. 6K). These data suggest that AKT1 phosphor-
ylates GRIP1 956T.

Phosphorylation of GRIP1 956T switches its binding partner
from myosin VI to 14-3-3 protein
14-3-3 proteins, abundant in brain, bind to phosphorylated tar-
gets, and modulate their structures and functions (Aitken, 2006).
GRIP1 956T was predicted to contain the binding motif of 14-3-3:
953-R-S-N-T-L-P-958 (Fig. 7A). Thus, we investigated whether
the three major brain-enriched 14-3-3 isoforms (�, �, and 	)
interacted with GRIP1. Using Flag-GRIP1 overexpressing
HEK293T cell lysates, we found that GRIP1 was pulled down by
all three GST-fused 14-3-3 isoforms (Fig. 7B). As 14-3-3�
showed the strongest interaction with GRIP1, we focused on this
isoform in further experiments. We then confirmed that the
GRIP1-LR2�PDZ7 fragment containing the 956T site also

bound to 14-3-3 (Fig. 7C). Furthermore, the mutants T956A and
T855A�T956A, but not T855A of GFP-LR2�PDZ7, completely
abolished the 14-3-3 binding (Fig. 7D). More importantly, pull-
down assay showed that GST-14-3-3 interacted with endogenous
GRIP1, mainly in E16 and E18 brain homogenates (Fig. 7E),
when GRIP1 was highly phosphorylated in vivo (Fig. 6E). Collec-
tively, these data suggest that the phosphorylation of GRIP1 956T

is crucial for 14-3-3 binding.
As the GRIP-LR2�PDZ7 fragment interacted with both myosin

VI and 14-3-3, we assumed that the phosphorylation of GRIP1956T

might serve as a switch in shifting its interaction partner from myo-
sin VI to 14-3-3. To test this, we used GST-myosin VI-CBD to pull
down HEK293T cell lysates that overexpressed WT or T956A of
GFP-LR2�PDZ7. We found that myosin VI-CBD bound to 2.8-
fold more T956A than WT of GFP-LR2�PDZ7 (Fig. 7F,G; p �
0.05). Additionally, insulin treatment activated AKT1 and increased
the level of phospho-GRIP1956T, which resulted in 1.58-fold more
14-3-3 but 0.68-fold less myosin VI binding (Figs. 7H–K; p � 0.05).
In contrast, the combination of insulin and wortmannin treatment
significantly decreased the level of phospho-GRIP1956T, which re-
sulted in 0.57-fold less 14-3-3 but 1.7-fold more myosin VI binding
compared with control (Fig. 7H–K; I, p � 0. 01; K, p � 0.05). Thus,
whether GRIP1956T is phosphorylated can serve as a switch in regu-
lating its binding partner.

GRIP1 956T phosphorylation regulates dendritic morphology
and F-actin organization
To assess the role of GRIP1 956T phosphorylation on dendritic
morphogenesis, we overexpressed rat GRIP1 WT (rGRIP1 WT) or
GRIP1 T956A (rGRIP1 T956A) to restore the expression of GRIP1 in
GRIP1 shRNA-transfected hippocampal neurons (Fig. 8A,B). As
expected, rGRIP1 WT restored the GRIP1 shRNA-induced defects
in the total dendritic length and the number of primary dendrites.

Figure 8. Phosphorylation of GRIP1 956T is required for F-actin organization and dendritic morphology. A, Immunoblotting (IB) of Flag-GRIP1 from lysates of HEK293T cells transfected with the
indicated plasmids. r, Rat. B, Representative images of cultured hippocampal GRIP1 shRNA transfected neurons rescued by rGRIP1 WT or rGRIP1 T956A at 7 DIV for 72 h. The GFP signal from the shRNA
vector was used to visualize neuronal morphology. Scale bar, 50 �m. C, Quantification of the total dendritic length of neurons in B (n � 30 cells). D, Quantification of the number of primary dendrites
of neurons in B (n � 30 cells). E, Representative images of the cultured hippocampal neurons transfected with Lifeact-GFP together with shNC, with GRIP1 shRNA, with GRIP1 shRNA � rGRIP1 WT,
or with GRIP1 shRNA � rGRIP1 T956A at 5 DIV for 48 h. Scale bar, 10 �m. F, Quantification of the integrated fluorescence intensity of dendritic F-actin in E (n � 30 cells). For C, D, and F, data are
mean � SEM. ***p � 0.001.
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Intriguingly, overexpression of rGRIP1 T956A did not restore the
GRIP1-depletion phenotype as effectively as GRIP1 WT (Fig.
8B–D; p � 0.001).

Finally, we examined the effects of GRIP1 956T on F-actin or-
ganization by Lifeact-GFP. GRIP1 knockdown in cultured hip-
pocampal neurons resulted in a decrease in F-actin intensity by
46.2%, similar to Trip6 knockdown (Fig. 5P,Q; p � 0.001; Fig.
8E,F; p � 0.001). Then, we overexpressed rGRIP1 WT or
rGRIP1 T956A in GRIP1 shRNA-transfected hippocampal neu-
rons, and found only rGRIP1 WT could restore F-actin intensity
(Fig. 8E,F; p � 0.001), indicating that GRIP1 956T is crucial for
F-actin organization and dendritic growth.

Discussion
In this study, we provide evidence that Trip6, together with
GRIP1 and myosin VI, regulates F-actin organization and den-
dritic morphogenesis. Furthermore, in the mouse hippocampus,
GRIP1 956T is highly phosphorylated during embryonic develop-
ment. The phosphorylation of GRIP1 956T by AKT1 facilitates its
interaction with 14-3-3 protein, which sequesters GRIP1 from
myosin VI, and results in the dissociation of the myosin VI from
GRIP1. Therefore, we propose that phosphorylation of GRIP1956T

acts as a switch to determine its binding partner, and regulates den-
dritic morphogenesis.

Trip6 is essential for actin assembly and reorganization in
non-neuronal cells (Sanz-Rodriguez et al., 2004; Bai et al., 2007).
The present results demonstrate that Trip6 is highly expressed
during hippocampal development, regulates F-actin organiza-
tion, and is required for dendritic morphogenesis. In the embry-
onic stage �E15, when neurogenesis and differentiation peak in
the hippocampus, actin is considered to be highly dynamic, and
this greatly contributes to proper dendritic growth and branch
formation (Morgane et al., 1993; Finlay and Darlington, 1995;
Donovan and Dyer, 2005). Our results consistently show that,
during the midstage of embryonic development of the mouse
hippocampus, GRIP1 956T phosphorylation level is relatively
high. This phosphorylation may regulate precise localization of
Trip6 in dendrites, which in turn increases actin dynamics and
controls dendritic development. Furthermore, overexpression of
GRIP1 T956A fails to restore the defects in the total dendritic length
and the number of primary dendrites. Probably, GRIP1 T956A re-
duces the actin dynamics due to incorrect localization of Trip6,
and inhibits dendritic growth. Therefore, elucidating the mech-
anism of spatiotemporal delivery of Trip6 to the destination of
dendrites will improve our understanding of the control of den-
dritic development.

Our results show that myosin VI is essential for dendritic mor-
phogenesis. Compared with knockdown of Trip6 or GRIP1, the
disruption of endogenous myosin VI with either an shRNA or a
dominant negative mutant exaggerated the defects in dendritic
morphology, with no or only one dendrite left in some neurons.
Thus, myosin VI may function in multiple ways. One possibility
may be disruption of the Golgi apparatus (Warner et al., 2003).
Previously, myosin VI was reported to regulate the maintenance
of Golgi morphology (Sahlender et al., 2005). The defective trans-
portation that follows disruption of the Golgi apparatus could
contribute to the defects in dendritic development (Horton et al.,
2005). The other possibility is that multiple cargoes transported
by myosin VI might also be involved in dendritic development.
This is plausible as some receptors, such as the epidermal growth
factor receptor (Chibalina et al., 2010) and AMPA receptors (Os-
terweil et al., 2005), have been reported to be transported by
myosin VI. In addition, adaptor proteins and scaffolding pro-

teins, such as GRIP1, Dab2 (Morris et al., 2002), and SAP97
(Osterweil et al., 2005), mediate the interaction of myosin VI with
cargoes, and thus increase their diversity.

The regulation of actin filaments plays a significant role in
neuronal morphogenesis (Luo, 2002; Zito et al., 2004). Consis-
tently, in this study, our data suggest the function of Trip6 in
regulating F-actin organization and ultimately controlling both
the total dendritic length and the number of primary dendrites.
Also, overexpression of Trip6 can fully rescue the defects of den-
dritic morphogenesis in GRIP1 knockdown neurons. Consider-
ing the function of Trip6 at cell– cell and cell–matrix adhesions in
non-neuronal cells (Takizawa et al., 2006; Bai et al., 2007), we
cannot rule out the possibility that Trip6 also regulates dendritic
morphogenesis by affecting synaptic adhesion and the resultant
signal transmission.

The protein 14-3-3 mainly binds to phosphorylated targets
and plays important roles in a wide range of vital regulatory pro-
cesses, such as protein trafficking and signal transduction (Dar-
ling et al., 2005; van Heusden, 2005; Morrison, 2009). The
protein 14-3-3 functions in neuronal processes by interacting
with and regulating the trafficking of phosphorylated targets
(Rong et al., 2007; Yang et al., 2008). Here, we find that 14-3-3
binds to AKT1-mediated phospho-GRIP1 956T in neurons, which
leads to myosin VI disassociation and serves as a control point for
regulating dendritic morphogenesis. Consistently, as we pre-
pared our manuscript, another research group showed that
GRIP1/14-3-3 pathway plays a crucial function in kinesin-1-
mediated cargo trafficking during dendrite development and that
GRIP1 956T is crucial for dendritic development (Geiger et al.,
2014). It remains unknown, however, under physiological con-
ditions, which stimuli or signals activate AKT1 to phosphorylate
GRIP1 956T and cause 14-3-3 binding to the targets. In addition, it
is worthy of note that a previous study failed to detect any phos-
phorylation signal in a GRIP1 956T-containing fragment (amino
acids 933–982; Kulangara et al., 2007); this is a very short frag-
ment fused with a large GST tag, which might lead to masking of
the phosphorylation of GRIP1 956T.

Previous reports indicated that the GRIP1-LR2 region directly
binds to the CBD of kinesin-1, and that is essential for dendritic
morphogenesis (Setou et al., 2002; Hoogenraad et al., 2005). In-
triguingly, our data show that GRIP1-LR2 also interacts with the
CBD of myosin VI, and GRIP1 956T in this region is crucial for
regulating their interaction. It is widely accepted that the cooper-
ation of microtubules and F-actin filaments directly regulates cell
polarization, morphogenesis, and movement (Tirnauer, 2002;
Schaefer et al., 2008). GRIP1 as an adaptor protein may associate
with both kinesin-1 and myosin VI, and thus mediate rapid and
effective intracellular delivery along both microtubule and actin
tracks. Further investigation of the role of GRIP1 in the cooper-
ation of microtubule-based and F-actin-based motor proteins is
promising.
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