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Introduction

Dendritic spines are critical for memory formation, and changes 
in spine structure contribute directly to neurological disorders 
(Brandon and Sawa, 2011; Verpelli and Sala, 2012; Yu and Lu, 
2012). During development, neurons in the neonatal brain ex-
press immature filopodia-like protrusions that are replaced by 
mature spines. Scaffolding proteins and adhesion molecules are 
critical for this process as they recruit and stabilize glutamate 
receptors to form functional synapses (Sheng and Kim, 2011; 
Anggono and Huganir, 2012). These associations rely in turn 
on changes in the actin cytoskeleton, which power alterations 
in spine morphology and trigger rewiring of neural circuitry 
(Maletic-Savatic et al., 1999; Saneyoshi and Hayashi, 2012). 
However, it is unclear how mature spines develop from tran-
sient filopodia and how synaptic molecules that modulate actin 
filaments influence these events.

The Hippo signal transduction pathway is conserved 
throughout metazoa and plays an important role in limiting epi-
thelial tissue growth by controlling the balance between prolif-
eration and apoptosis (Barry and Camargo, 2013; Piccolo et al., 
2014; Varelas, 2014; Moroishi et al., 2015). Central in this path-
way are the mammalian Ste20-like kinases (MST1/2) and the nu-
clear dbf2-related (NDR) family kinases large tumor suppressor 
1/2 (Lats1/2) that restrict the activity of the transcription coacti-
vators Yes-associated protein (YAP)/TAZ (Yu and Guan, 2013). 
Yet how these signaling components operate in postmitotic 
neurons is less well understood. Studies in Drosophila melan-
ogaster show that deregulation of the Hippo signaling cascade 
alters brain size and restricts neuronal differentiation (Jukam 
et al., 2016; Poon et al., 2016). In mammalian neurons, Hippo 
kinase activity has been linked to actin remodeling (Ultanir et 
al., 2012, 2014) and, conversely, actin cytoskeleton changes in-
crease Lats1/2 activity (Piccolo et al., 2014). Collectively, this 

suggests that Hippo kinases both target and respond to the sig-
naling networks that impact on neuronal structure.

The Angiomotin (AMOT) proteins are expressed within var-
ious tissues as alternative splice variants with distinct and redun-
dant functions in cell morphology and migration (Moleirinho et 
al., 2014). The major isoforms AMOT-80 and AMOT-130 share a 
central coiled-coil domain and a carboxyl terminal PSD-95/Dlg-1/
ZO-1 (PDZ) motif but are distinguished by an N-terminal region 
that contains an F-actin–binding domain encoded by AMOT-
130 (Ernkvist et al., 2006). Both proteins can act as scaffolds for 
cell polarity proteins, including Rho family GTPases. However, 
AMOT-130, unlike AMOT-80, has been implicated in the regu-
lation of Hippo signaling (Wells et al., 2006; Zhao et al., 2011). 
Previous work has established that AMOT-130 and AMOT-80 are 
expressed in the central nervous system (CNS; Wells et al., 2006), 
and recent genetic research has implicated a role for AMOT-130 
in autism (Schanzenbächer et al., 2016). Despite this, there is little 
understanding of the role of AMOT proteins in the brain.

In this study, we examined the function of AMOT-130 in 
the developing CNS. We found that AMOT-130 accumulates in 
the postsynaptic density (PSD) and is essential for spine for-
mation by controlling actin turnover and PSD integrity through 
interactions with the scaffolding proteins MUPP1 and PSD-95. 
Our results furthermore identify Lats1-mediated serine 175 (S-
175) phosphorylation of AMOT-130 as a critical regulatory step 
for its role in developing spines. Collectively, these findings pro-
vide insight into the understanding of how AMOT-130 loss-of-
function influences synapse structure and may link to congenital 
spine defects observed in autism-spectrum disorder pathology.

The actin cytoskeleton is essential for the structural changes in dendritic spines that lead to the formation of new syn-
apses. Although the molecular mechanisms underlying spine formation are well characterized, the events that drive 
spine maturation during development are largely unknown. In this study, we demonstrate that Angiomotin (AMOT-130) 
is necessary for spine stabilization. AMOT-130 is enriched in mature dendritic spines and functions to stabilize the actin 
cytoskeleton by coupling F-actin to postsynaptic protein scaffolds. These functions of AMOT are transiently restricted 
during postnatal development by phosphorylation imposed by the kinase Lats1. Our study proposes that AMOT-130 is 
essential for normal spine morphogenesis and identifies Lats1 as an upstream regulator in this process. Moreover, our 
findings may link AMOT-130 loss and the related spine defects to neurological disorders.
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Results

Expression of AMOT-130 and AMOT-80 
in the CNS
The AMOT protein family impacts cellular polarity and em-
bryonic development by acting as scaffolds for signaling com-
plexes that participate in these processes (Wells et al., 2006; 
Hirate et al., 2013). However, it is not known whether AMOTs 
share similar functions in the CNS despite indications of abun-
dant distribution in the brain (Lein et al., 2007). Thus, we ex-
amined the roles of the core splicing isoforms AMOT-130 and 
AMOT-80 during development. We evaluated a commercial 
antibody (C-18) for its specificity to detect AMOT but not the 
related gene products AMOT-L1 or AMOT-L2 by transfect-
ing HEK293T cells with cDNAs encoding YFP–AMOT-L1, 
AMOT-L2, AMOT-80, and AMOT-130 (Fig.  1  A). All mem-
bers were detected with anti-GFP antibody, whereas the C-18 
antibody specifically recognized AMOT-130 and AMOT-80 
(Fig.  1  B). To examine the distribution of AMOT-130/80 in 
the CNS, we analyzed lysates from whole rat brain regions or 

cultures of dissociated rat hippocampal neurons. Both AMOT-
130 and AMOT-80 were abundantly expressed in various brain 
regions (Fig. 1 C) and in neuron cultures, with approximately 
twofold higher expression levels detected at 14 d in vitro (DIV) 
before onset of synaptogenesis, compared with 7-DIV cultures 
(Fig.  1 D; *, P < 0.05; two-tailed Student’s t test). However, 
variations in AMOT-80 expression between brain and primary 
hippocampal cultures might be an effect from contributions 
of other cell types including glia and vasculature, which are 
known to express AMOT-80 (Aase et al., 2007; Yi et al., 2011), 
and enhanced AMOT-130 levels at 14 DIV are consistent with a 
role in neuron maturation.

We next investigated the subcellular distribution of 
AMOT-130/80 by performing fractionation of whole rat brain 
homogenates (Fig. S1 A). AMOT-130 was detected in mem-
brane/microsomal fractions but was largely absent in crude cy-
tosolic fractions (Fig. S1 B). A similar subcellular distribution 
was noted for AMOT-80 (Fig. S1 B). In sucrose gradient frac-
tions of HEK293T lysate, endogenous AMOT-130 and AMOT-
80 had distinct but overlapping localization profiles (Fig. S2 

Figure 1.  Distribution of AMOT isoforms in 
the CNS. (A) Schematic of structural domains 
in the four major AMOT isoforms. The location 
of the actin-binding (AB) region, the N-terminal 
region (orange), coiled-coil (C-C) domain, and 
the PDZ-binding motif (PDZm) are indicated. 
The arrowhead denotes the conserved serine 
(S-175) within the actin-binding domain. (B) 
Lysates from HEK293T cells transfected as 
indicated were immunoprecipitated (IP) and 
probed with anti-GFP antibody (top). Mem-
branes were reprobed with C-18 antibody 
(bottom). UT, untranslated. (C) Expression of 
AMOT in the indicated brain regions. Mb, 
midbrain; St, striatum; Hp, hippocampus; 
Cb, cerebellum; Cx, cortex. Asterisks indicate 
unspecific bands. (D) Clarified lysates from 
7- and 14-DIV hippocampal neuron cultures 
analyzed by immunoblotting with indicated 
antibodies. The graph to the right shows quan-
tification of AMOT-130 protein normalized 
to tubulin. Error bars represent means ± SD.  
*, P < 0.05; Student’s t test. (E) Protein isolated 
from crude synaptosomal fraction (P2) and en-
riched PSD fractions were analyzed by immu-
noblotting. SynPh, synaptophysin. (F) Double 
immunostaining of PSD-95 (red) and AMOT-
130/80 (green) in hippocampal neurons. 
Bars: (main images) 5 µm; (insets) 1.25 µm. 
Right: intensity profile along white line across 
the dendrite. (G–I) Coimmunoprecipitation 
with IgG or antibody recognizing endogenous 
AMOT-130/80 (C-18), PSD-95 (H), or AMOT-
130 (2095; I), which does not recognize 
AMOT-80, from hippocampal lysates. Bound 
complexes were analyzed by immunoblotting 
(top) and reprobed (bottom) with the indicated 
antibodies. Asterisks denote IgG heavy chains. 
Molecular masses are given in kilodaltons.
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C), consistent with the previous finding that all AMOT family 
members can self-associate (Moleirinho et al., 2014). To ana-
lyze their subcellular distribution in the synapse, we isolated 
synaptosomes by differential centrifugation. Both AMOT-130 
and AMOT-80 were found in the crude synaptosomal (P2) 
fractions (Figs. 1 E and S1 B), whereas AMOT-130, like the 
PSD marker PSD-95, was detected in PSD fractions resistant 
to treatment with Triton X-100 (PSDI/II) and sarkosyl (PSD​III) 
detergent (Fig.  1  E). This suggests that both AMOT proteins 
are associated with the postsynaptic density. We next stained 
neurons for endogenous AMOT-130/80, which demonstrated a 
punctate pattern along dendritic shafts and in spine heads that 
overlapped with PSD-95 (Fig. 1 F). To examine whether AMOT 
proteins interact with PSD-95, we immunoprecipitated AMOT-
130/80 from neuron lysates. PSD-95 was detected in AMOT-
130/80 coprecipitates (Fig. 1 G). Conversely, AMOT-130 was 
detected in PSD-95 coprecipitates (Fig. 1 H), confirming that 
both proteins form a complex in neurons. Because PSD-95 
has been shown to associate with MUPP1, an AMOT-interact-
ing protein (Wells et al., 2006; Sugihara-Mizuno et al., 2007), 
we also tested whether endogenous AMOT-130 precipitated 
MUPP1 from neuronal tissues. An antibody generated against 
the N-terminal region (2095) unique to AMOT-130 precipitated 
MUPP1 from CNS tissues (Fig.  1  I). Collectively, these data 
demonstrate that AMOT-130 is present in a complex together 
with PSD scaffolds. They also suggest that both splicing iso-
forms are abundantly expressed in CNS tissues.

AMOT-130 clusters with PSD scaffolds 
in the PSD
Our biochemical and staining analysis is consistent with a 
differential localization of AMOT-130 and AMOT-80, with 
AMOT-130 distributed in the PSD of mature synapses. To con-
firm this finding, we examined the localization of exogenous 
AMOT-130 and AMOT-80. In cultures, YFP–AMOT-130 local-
ized in dendritic spines (Fig. 2 A, right), and immunostaining of 
MAP2 together with presynaptic Bassoon or postsynaptic geph-
yrin, markers for excitatory and inhibitory synapses, indicated 
that a majority of excitatory synapses are positive for AMOT-
130 (Fig. 2, B and D; **, P < 0.01; two-way ANO​VA with Si-
dak’s post hoc multiple comparisons test). These results show 
that a majority of excitatory synapses contain AMOT-130. In 
contrast, YFP–AMOT-80 accumulated in somatodendritic com-
partments of MAP2-labeled neurons (Fig. 2 A, left), indicating 
that AMOT-80 is not enriched in the synapse by itself. AMOT-
80 puncta were highest in the cell soma in young cultures at 6 
DIV (73 ± 0.03% clusters versus dendrite 58 ± 0.05% clusters; 
n = 22 neurons) and changed their distribution toward distal 
compartments in more mature cultures at 14 DIV (soma, 24 ± 
0.03%, versus dendrite, 37 ± 0.05% punctate; n = 22; Fig. 2 C; 
*, P < 0.05; one-way ANO​VA with Tukey’s post hoc test). We 
also noted that AMOT-80 puncta showed some accumulation at 
dendrite branch points (Fig. 2 A, bottom left), a pattern previ-
ously reported for neural Septin7 (Tada et al., 2007).

To identify the domains that are responsible for AMOT-
130 synapse localization, we expressed cDNAs encoding var-
ious AMOT-130 mutants: an AMOT-130–ΔC mutant lacking 
the last six amino acids comprising the PDZ-binding motif or 
an AMOT-130N construct containing the unique AMOT-130 
N-terminal region (Fig.  2  E). The mutants were coexpressed 
with mCherry–PSD-95, RFP-actin, or HA-MUPP1, a known 
AMOT-130–interacting protein (Sugihara-Mizuno et al., 2007) 

and PSD component (Fig. 2 F; Krapivinsky et al., 2004). Accu-
mulation of YFP–AMOT-130 was apparent with all PSD scaf-
folding members (Fig.  2, F and G). The association between 
AMOT-130 and MUPP1 (Fig. 1 I) suggested that the PDZ-bind-
ing motif of AMOT-130 was perhaps necessary for the enrich-
ment of AMOT-130 in dendritic spines; however, exogenously 
expressed AMOT-80, which also contains the PDZ-binding 
motif, failed to enrich in spines (see Fig. 2 A). To exclude that 
the PDZ-binding motif directs AMOT-130 to spines, we ex-
amined the ability of AMOT-130–ΔC to distribute in spines. 
AMOT-130–ΔC localized in dendritic spines (Fig. 2 H) similar 
to WT AMOT-130, supporting the idea that the PDZ-binding 
motif is dispensable for AMOT-130 spine distribution. This 
suggests that other domains in AMOT-130 are involved in spine 
targeting. Because the main structural component of spines is 
actin and a conserved motif in the N-terminal region of AMOT-
130 has been shown to directly associate with F-actin (Ernkvist 
et al., 2006), we transfected neurons with YFP–AMOT-130N. 
Indeed, YFP–AMOT-130N was highly enriched in spines, with 
a majority of punctates codistributing with mCherry–PSD-95 
clusters (Fig.  2  I, left) and particularly with RFP–actin clus-
ters (Fig. 2 I, right). Quantification of the relative AMOT-130N 
and RFP-actin fluorescence intensities revealed a near-complete 
linear correlation in overlapping actin clusters (Fig. 2 J; AMOT-
130N and RFP-actin AU; Pearson correlation = 0.961; P < 0.01). 
As the AMOT-80 isoform that lacks the N-terminal domain is 
restricted from spines, our findings ascertain that the N-terminal 
domain is both necessary and sufficient for the localization of 
AMOT-130 into dendritic spines.

AMOT-130 silencing alters dendritic  
spine morphology
The synaptic distribution of AMOT-130 through the N-termi-
nal domain that contains the F-actin–binding motif together 
with previous work showing that AMOT functions to regulate 
Rho-GTPase signaling (Wells et al., 2006; Ernkvist et al., 2009) 
suggests that AMOT-130 might be involved in spine remodel-
ing. To address this possibility, we designed two AMOT-130 
isoform-specific siRNAs (si130#1 and si130#2) that did not 
target other AMOT isoforms. The efficacy of the siRNAs was 
evaluated together with a negative control (CsiRNA) in rat IEC-
18 cells for their high transfection efficiency. Treatment with 
si130#1 or si130#2 reduced the levels of endogenous AMOT-
130 to ∼95% compared with cells treated with control siRNA 
(Fig.  3  A). We next introduced the siRNA in 11-DIV hippo-
campal neurons together with GFP-actin to mark dendritic 
spines and imaged cells 4 d later. As shown in Fig. 3 (B and 
C), AMOT-130 knockdown caused an elongated filopodia-like 
phenotype marked by protrusions that were 83–93% longer 
than those in control cells (Fig. 3 C; **, P < 0.01; ANO​VA with 
Tukey’s post hoc test). In 2–3-wk-old cultures, most spines 
are assumed to have reached spine lengths between 1–1.5 µm 
(Boyer et al., 1998); however, the mean length of protrusions in 
AMOT-depleted cells was 2.25 ± 0.16 µm (si130#1) and 2.13 
± 0.15 µm (si130#2) compared with 1.17 ± 0.03 µm (Fig. 3 C). 
The shift toward longer protrusions was also apparent in a cu-
mulative frequency distribution analysis (Fig. 3 D). However, 
AMOT-130–depleted neurons showed no difference in spine 
density compared with control cells (Fig. 3 E). To verify that 
the defect in length is caused by loss of AMOT-130, we per-
formed rescue experiments by expressing a cDNA encoding 
human Flag–AMOT-130 resistant to rat siRNAs (RNAiR). 
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Coexpression of the RNAiR construct together with siRNAs 
efficiently reversed the elongation phenotype (Fig.  3, B–D). 
Given the increase in immature protrusions, we also analyzed 
the distribution of filopodia-like/thin, mushroom, and stubby 
spines in knockdown neurons. Although the percentage of filo-
podia/thin spines was significantly increased by 33–35% com-

pared with control (Fig. 3 F; **, P < 0.01; ANO​VA with Tukey’s 
post hoc test), other spine types were reduced. However, only 
stubby spines reached significance (Fig. 3 F; **, P < 0.01; ANO​
VA with Tukey’s post hoc test), consistent with the unaltered 
total spine density (Fig. 3 E). The change in spine structure to 
an immature filopodia-like morphology is consistent with a 

Figure 2.  Subcellular distribution of AMOT-130 and -80 in hippocampal neurons. (A) Neurons transfected with cDNAs encoding YFP–AMOT-80 and 
YFP–AMOT-130 (green) were immunostained for endogenous MAP2 (red). (B) Coimmunostaining of endogenous MAP2 (blue) together with Bassoon 
(Bsn, red; left) or gephyrin (Geph, red; right) in neurons expressing YFP–AMOT-130. (C) Quantification of YFP–AMOT-80 punctate as a fraction of total 
punctate numbers in soma (So), dendrites (Dd), and branch points (Bp) in culture at indicated stages. *, P < 0.05; one-way ANO​VA with Tukey’s post hoc 
test. (D) Percentage of Bassoon and gephyrin clusters that overlap with YFP–AMOT-130. **, P < 0.01; two-way ANO​VA with post hoc Sidak’s multiple 
comparisons test. (E) Schematic of AMOT-130 mutant constructs used in this study. AB, actin-binding domain. (F) Clusters of YFP–AMOT-130 distributed 
with mCherry–PSD-95 (left), RFP-actin (middle), or HA-MUPP1 (right). (G) Manders’s colocalization coefficient for clusters of YFP–AMOT-130 that overlap 
with mCherry–PSD-95 or RFP-actin. Error bars represent means ± SD. *, P < 0.05; Student’s t test. (H) Neurons coexpressing YFP–AMOT-130–ΔC and 
mCherry–PSD-95. (I) Neurons expressing YFP–AMOT-130N together with mCherry–PSD-95 or RFP-actin. Bars, 5 µm. (J) Overlap of YFP–AMOT-130N and 
RFP-actin clusters in spines. Pearson’s correlation coefficient = 0.961; P < 0.01.
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role for AMOT-130 in stabilizing spines. To determine whether 
AMOT-130 depletion alters protein composition, we examined 
the immunoreactivity of PSD-95 and Homer. Loss of AMOT-
130 provoked a significant reduction in total fluorescence of 
both scaffolding proteins, reducing intensity by ∼35% of PSD-
95 (Fig. 3, B and G; CsiRNA vs. si130#1 or si130#2; **, P < 
0.01) and by 30% of Homer clusters (Fig. 3, B and G; CsiRNA 
vs. si130#1 or si130#2; **, P < 0.01), correlating with the frac-
tional increase of immature filopodia. This reduction was res-
cued by RNAiR expression (Fig. 3 G; CsiRNA versus si130#1 
or si130#2; *, P < 0.05), suggesting that AMOT-130 levels 
stabilize PSD-95 and Homer in the spine. Lastly, to examine 
the effect of AMOT-130 depletion on the cytosolic levels of 
PSD-95 and Homer, we electroporated dissociated hippocam-
pal neurons before plating (0 DIV) with control or si130#1. Ly-
sates were collected 9 d later and analyzed by immunoblotting. 

Reduction of endogenous AMOT-130 diminished the levels of 
Homer and markedly of PSD-95 (Fig.  3  H), thus concluding 
that AMOT-130 plays a pivotal role for PSD scaffold stability.

Kinetic properties of AMOT-130 in spines 
are determined by actin binding
Because reducing AMOT-130 levels affects spine development, 
we next set out to more directly determine the role for AMOT-
130 in spine stabilization. We first focused on the turnover of 
AMOT-130 protein in dendritic spines by performing FRAP 
experiments. Given the high correlation in cluster overlap of 
YFP–AMOT-130N and RFP-actin (Fig. 2 J), we first tested the 
mobility of the N-terminal region in neurons 2 d after transfec-
tion. YFP–AMOT-130N showed complete recovery within 60 s 
of photobleaching, similar to GFP-actin (Fig. 4, A, B, and D). 
The recovery was suppressed by treatment with the F-actin–

Figure 3.  AMOT-130 knockdown destabilizes PSD scaffolds and triggers spine elongation. (A) Rat IEC-18 lysate transfected with control (CsiRNA) or 
AMOT-130 siRNA (si130#1 and si130#2) was analyzed by immunoblotting with the indicated antibodies. Numbers indicate residual amounts of AMOT-
130 relative to control. (B) Hippocampal neurons transfected with siRNA together with GFP-actin or with RNAi resistant (RNAiR) AMOT-130 constructs were 
immunostained for endogenous PSD-95 and Homer. Bars, 5 µm. (C) Quantification of dendritic spine length in neurons transfected with siRNA. (D) Cumula-
tive frequency plot of spine lengths. (E) Quantification of dendritic spine density. P = 0.55. (F) Characterization of spine shapes classified as filopodia/thin, 
mushroom, or stubby spines on neurons transfected with siRNA. (G) Quantification of PSD-95 and Homer cluster intensity in AMOT-130–depleted neurons. 
Error bars represent means ± SD. *, P < 0.05; **, P < 0.01; one-way ANO​VA followed by Tukey’s post hoc test. (H) CsiRNA or si130#1 electroporated 
into dissociated hippocampal neurons at 0 DIV before plating. Lysates were analyzed by immunoblotting with AMOT antibody and reprobed against PSD-
95, Homer, and tubulin. Molecular masses are given in kilodaltons.
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stabilizing compound jasplakinolide (10 nM) linking the turn-
over of YFP–AMOT-130N to actin dynamics (Fig. 4, A and B). 
The mobile fraction of YFP–AMOT-130N was 75.5 ± 6.0% but 
was reduced to 42.3 ± 11% with jasplakinolide (Fig. 4 C; **, P 
< 0.01; ANO​VA with Tukey’s post hoc test). These results show 
that the rapid exchange of AMOT-130N molecules is similar to 
that of actin (Star et al., 2002) and is reduced when filaments are 
pharmacologically stabilized, supporting the idea that in spines, 
AMOT-130 is coupled to the actin cytoskeleton. Furthermore, 
these results are consistent with previous findings reporting that 
the N-terminal region of AMOT-130 directly associates with 
F-actin (Chan et al., 2013; Dai et al., 2013).

In contrast with YFP–AMOT-130N, photobleaching 
YFP–AMOT-130 demonstrated strikingly different kinetics; 
only 10 ± 1.52% YFP–AMOT-130 recovered within the same 
time frame monitored (Fig.  4, A–C; AMOT-130 vs. AMOT-
130N; AMOT-130N + Jasp; **, P < 0.01). This represented an 
86% increase in the stable fraction, indicating that AMOT-130 
is almost unaffected by changes in actin mobility. Given that 
AMOT-130 is highly stable in contrast with the AMOT-130N 
mutant, we reasoned that the C-terminal region that includes 
the PDZ-binding motif likely participates in the stabilization 
of AMOT-130. To examine this possibility, we expressed YFP–
AMOT-130–ΔC in spines and monitored its recovery. The 
mobile fraction of YFP–AMOT-130–ΔC was approximately 

threefold larger than that of YFP–AMOT-130, but it was still 
reduced compared with YFP–AMOT-130N (Fig.  4, A–C;  
*, P < 0.05) or with jasplakinolide treatment (Fig. 4 C; AMOT-
130–ΔC vs. AMOT-130N; **, P < 0.01). These data indicate 
that the PDZ domain–binding motif as well as a currently un-
characterized site in the coiled-coil domain of AMOT-130 in-
fluences its turnover rate.

Given that the spine morphology is altered by depletion of 
AMOT-130 and that actin stabilization reduces the turnover of 
YFP–AMOT-130N, we asked whether AMOT-130 directly af-
fects the exchange of spine actin. To address this, we monitored 
the recovery of photobleached GFP-actin when coexpressed 
together with Flag-tagged AMOT-130. The mobile GFP-actin 
pool was unaffected by Flag–AMOT-130N expression (not 
depicted). However, in spines expressing Flag–AMOT-130, 
GFP-actin mobility was reduced to 34 ± 2.72% (Fig. 4, D–F; 
**, P < 0.01). Moreover, coexpression of Flag–AMOT-130–ΔC 
reduced the mobility of GFP-actin to 65 ± 3.94% relative to 
82 ± 3.73% with GFP-actin alone (Fig. 4 D–F; *, P < 0.05). 
Thus, although PDZ domain interactions are not necessary for 
the synaptic targeting of AMOT-130, they do play a significant 
role in regulating spine actin turnover. Collectively, these re-
sults suggest that AMOT-130 controls spine morphogenesis 
though stabilization of actin filaments, consistent with its role 
as core organizer of the PSD.

Figure 4.  AMOT-130 stabilizes the actin cytoskeleton in dendritic spines. (A) FRAP results of YFP–AMOT-130 and derivative AMOT constructs in neurons 
treated with DMSO or 10 nM jasplakinolide (Jasp) as indicated. Time-lapse images show spine turnover of the indicated constructs before and at 0, 9, 27, 
and 60 s after photobleaching. The pseudo color scale is indicated at the bottom. Bar, 2 µm. (B) Normalized data fit in single exponential decay curves 
of fluorescence recovery (y-axis) plotted against time after bleaching (x-axis). (C) Quantification of AMOT recovery in dendritic spines. (D) FRAP results of 
GFP-actin alone or expressed together with Flag–AMOT-130 or Flag–AMOT-130–ΔC. Time-lapse images show spine protein turnover before and at 0, 9, 
27, and 60 s after photobleaching. Dashed circles indicate photobleached spines. (E) Normalized data fit in single exponential decay curves of fluores-
cence recovery (y-axis) plotted against time after bleaching (x-axis). (F) Quantification of GFP-actin recovery in dendritic spines. Error bars represent means 
± SD of the mobile fraction after photobleaching. *, P < 0.05; **, P < 0.01; one-way ANO​VA followed by Tukey’s post hoc test.
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S-175 phosphorylation excludes AMOT-
130 from spines
Combined, our data are consistent with AMOT-130 contrib-
uting to spine stability by controlling actin dynamics, in part, 
by directly coupling F-actin to the PSD. We next asked what 
regulates this association. Previously, a conserved serine res-
idue (S-175), which is located in the AMOT-130 N-terminal 
region (Fig. 5 A), has been reported to disengage AMOT-130 
from the actin cytoskeleton when phosphorylated (Adler et al., 
2013; Chan et al., 2013; Dai et al., 2013; Leung and Zernic-
ka-Goetz, 2013). If AMOT-130 contributes to spine actin sta-
bilization, we reasoned that this association might be under 
control by phosphorylation during normal brain development. 
To determine whether the phosphorylation status of S-175 in 
AMOT-130 is affected during development when spines mature 
in vivo, we probed equal amounts of brain lysates prepared at 
different developmental stages with a phospho site-specific an-
tibody (pSer175). We detected high levels of phosphorylated 
AMOT-130 in the late embryonic brain with the expression de-
creasing sharply until P14 (Fig. 5 B). This pattern contrasted 
with the expression of total AMOT-130 protein that was lower 
in the embryonic brain but increased during development, with 
peak expression at P14 (Fig. 5, B and C). Notably, AMOT-80 
protein levels remained stable throughout early development. 
These results show that Ser175 in AMOT-130 is specifically 
phosphorylated before birth but is largely unphosphorylated 
in the postnatal brain.

To investigate the functional importance of the Ser175 
phosphorylation, we generated YFP-tagged constructs encod-
ing a phosphomimetic mutant, AMOT-130–SD, and a mutant 
that cannot be phosphorylated, AMOT-130–SA. The level of 
mutant expression was same as WT AMOT-130 when trans-
fected in heterologous cells (Fig. 5 D). We then examined the 
subcellular distribution of the mutants relative to AMOT-130 
in neurons. Similar to AMOT-130, the AMOT-130–SA mutant 
clustered in spine heads, whereas some expression was seen in 
the spine neck and along dendrites (Fig. 5, E and F). In contrast, 
AMOT-130–SD clusters were largely excluded from the spine 
but accumulated in dendritic shafts (Fig. 5 G). To quantify the 
accumulation of AMOT at synapses, we calculated the spine 
enrichment factor (Ef) by normalizing YFP spine fluorescence 
to mCherry in dendritic shafts (Fig. 5 H) as described (see the 
Confocal image acquisition and analysis section of Materials 
and methods). This revealed a drastic reduction of AMOT-130–
SD expression in the spine head. The mean fluorescence inten-
sity of AMOT-130–SD was 0.153 ± 0.016 compared with 7.91 
± 0.987 for AMOT-130 and 8.46 ± 0.996 for AMOT-130–SA 
(Fig. 5 H; **, P < 0.01; ANO​VA with Tukey’s post hoc test), 
indicating that the phosphomimetic mutant less efficiently ac-
cumulates in spines compared with WT AMOT-130 or AMOT-
130–SA. Because the AMOT-130 interaction with F-actin is 
controlled by phosphorylation, we asked whether changes 
in actin dynamics might influence the phosphorylation of 
AMOT-130. To test for this possibility, we treated cells with ac-
tin-modulating compounds that impair (latrunculin A; LatA) or 
increase (jasplakinolide) actin polymerization. Treatment with 
LatA triggered phosphorylation in both HEK293T cells and 
in neurons, suggesting that the integrity of the actin network 
affects AMOT-130 localization and phosphorylation (Fig. 5 I). 
Altogether, these results show that phosphorylation of Ser175 
negatively controls enrichment of AMOT-130 in the synapse by 
disrupting actin filament binding.

Effects of AMOT-130 point mutants on 
spine growth and morphology
Given the altered spine morphology by RNAi-mediated de-
pletion of AMOT-130, we hypothesized that expression of 
AMOT-130–SD, which is unable to accumulate in spines, and 
AMOT-130–SA, which associates with F-actin, might impact 
spine morphology. Indeed, expression of AMOT-130–SD in 
neurons coexpressing RFP-actin to label spines induced a sig-
nificant increase in spine length by 40% compared with cells 
expressing AMOT-130 or AMOT-130–SA (Fig. 6 A). The mean 
length in AMOT-130–SD neurons was 2.0 ± 0.1 µm compared 
with 1.3–1.5 µm for AMOT-130, AMOT-130–SA, or GFP- 
actin alone (Fig. 6, B and C; *, P < 0.05; **, P < 0.01; ANO​VA 
with Tukey’s post hoc test). Thus, the loss-of-function effect on 
spine growth suggests that AMOT-130–SD affects disassembly 
of components that target, directly or indirectly, actin filaments, 
consistent with a common role of AMOT-130 as signaling plat-
form (Yi et al., 2011; Mana-Capelli et al., 2014). Furthermore, 
we found in AMOT-130–SA–expressing neurons that the spine 
head area was consistently enlarged (Fig. 6 D). Quantification 
demonstrated a 40% increase in spine head area that was not 
observed with the other constructs (Fig.  6, E and F; **, P < 
0.01; ANO​VA with Tukey’s post hoc test). One possibility to 
account for the increase in spine volume might lie in the abil-
ity of the nonphosphorylated AMOT-130 to bundle actin. To 
test this, we expressed N-terminal mutants (Fig. S2 A; 130N-
SD and 130N-SA) in COS-7 cells and analyzed their effects 
on actin filament formation. The 130N-SA construct colocal-
ized to cortical RFP-actin and triggered significant amounts of 
actin stress fibers, which formed thick bundles that were ab-
sent in cells expressing 130N-SD or YFP (Fig. S2, B and C; 
*, P < 0.05; **, P < 0.01; ANO​VA with Tukey’s post hoc test). 
Moreover, this effect was synergistically enhanced in cells co-
expressing mCherry-Vasp (Fig. S2, C and D; *, P < 0.05; **, P 
< 0.01; ANO​VA with Tukey’s post hoc test), which is known 
to promote bundling of actin filaments (Bachmann et al., 1999; 
Walders-Harbeck et al., 2002). Collectively, these results pro-
pose that AMOT-130 has bundling activity that contributes to 
actin stabilization, which can impact spine head size.

Lats1 specifically phosphorylates AMOT-
130 on S-175 in neurons
Given the differential distribution of AMOT-130 regulated by 
Ser175 phosphorylation, we next sought to determine the kinase 
responsible for phosphorylation. We focused on the NDR family 
kinase Lats1, which has been shown to directly phosphorylate 
AMOT-130 on Ser175 in heterologous cells (Adler et al., 2013; 
Dai et al., 2013; Mana-Capelli et al., 2014; Ultanir et al., 2014). 
To determine whether Lats1 targets AMOT-130 in the CNS, we 
first assessed its subcellular distribution in neurons. At 18 DIV, 
endogenous Lats1 was enriched in spines and overlapped with 
PSD-95 punctate (Fig. 7 A). No antibody cross-reactivity with 
exogenously expressed Lats2 was detected (Fig. 3 A), further 
affirming that Lats1 is specifically accumulated in spines. We 
next examined whether AMOT-130 and Lats1 form a complex 
by immunoprecipitating endogenous Lats1 from adult rat brain 
lysates collected from E18 or adult (>7 wk) animals. Precipi-
tating equal amounts of Lats1 from E18 and adult brain tissue 
revealed that AMOT-130 significantly interacted in embryonic 
but not adult tissues (Fig.  7  B). Given the critical impact of 
AMOT-130 Ser175 phosphorylation on its function in spines, 
we next examined the kinase activity of Lats1 in vivo during 
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development. Using an antibody that specifically recognizes 
phosphorylation of serine 909 in Lats1 (pSer909) as a readout 
for elevated kinase activity (Chan et al., 2005), we detected 
major phosphorylation in the embryonic and P1 stages with 
drastically lower amounts at P7 and no detectable signal in adult 
samples (Fig. 7 C; **, P < 0.01; two-tailed Student’s t test). The 
expression of total Lats1 levels peaked at P1 and then gradu-
ally decreased during brain development (Fig. 7 C), coinciding 
with the observed phosphorylation pattern of AMOT-130 in the 
brain (Fig. 5 B). These results indicated that Lats1 is a neuronal 
regulator of AMOT-130 during a developmental phase that co-
incides with the onset of synaptogenesis.

To more directly assess whether Lats1 regulates AMOT-
130 in vivo, we next asked whether neuronal AMOT-130 is also 
subject to modulation by serine/threonine phosphatases. As 

we reported previously, AMOT can associate with the protein 
phosphatase PP2A (Wells et al., 2006), which together with the 
structurally related PP-1 are important for synaptic plasticity. 
Importantly, both phosphatases have been shown to inhibit NDR/
Lats kinases reversibly in response to the PP2A/PP-1 antagonist 
okadaic acid (OA; Kilili and Kyriakis, 2010; Couzens et al., 
2013; Lv et al., 2015). Thus, we examined the effects of OA on 
the phosphorylation of Lats1 and AMOT-130. In neurons at 10 
DIV, acute treatment with OA at 100 nM induced robust phos-
phorylation over 30 min of Ser175 (Fig. 7 D). We also noted an 
upward mobility shift on the immunoblots of total AMOT-130 
protein levels, recapitulating the increased S-175 phosphoryla-
tion, which was abolished with phosphatase treatment (Fig. 7 D; 
**, P < 0.01; two-tailed Student’s t test). These results indicate 
that either PP2A, PP-1, or both are involved in regulating AMOT-

Figure 5.  Phosphorylation at S-175 excludes 
AMOT-130 from spines. (A) Sequence align-
ment of AMOT-130. The arrowhead pointing 
to Ser175 (red) within the actin-binding do-
main of AMOT-130 is the consensus phos-
phogroup acceptor residue for the Lats1/2 
kinases. Asterisks indicate fully conserved res-
idues. (B) AMOT expression in the rat brain 
at the indicated stages analyzed by immuno-
blotting with antibodies against Ser175-phos-
phorylated AMOT-130 (pSer175) and total 
AMOT-130/80 protein. (C) Quantification 
of the relative expression of pSer175 and 
AMOT-130 protein in the rat brain. (D) Ex-
pression levels of YFP–AMOT-130–WT, 
YFP–AMOT-130–SA, and YFP–AMOT-130–
SD in HEK293T cells. IB, immunoblot. (E–G) 
Neurons expressing mCherry together with 
YFP–AMOT-130–WT, YFP–AMOT-130–SA, 
or YFP–AMOT-130–SD. Panels show den-
dritic sections outlined by dashed lines with 
punctates in spines (arrowheads) or along 
dendritic shafts (arrows). Bar, 5 µm. (H) Spine 
enrichment of AMOT-130 by calculating the 
Ef. Error bars represent means ± SD. **, P < 
0.01; one-way ANO​VA with Tukey’s post hoc 
test. (I) HEK293T cells or 10-DIV hippocampal 
neurons were treated with Vehicle (Veh), LatA 
(2 µM), or jasplakinolide (2 µM) for 1 h and 
analyzed by immunoblotting as indicated. Mo-
lecular masses are given in kilodaltons.
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130 phosphorylation. To confirm that Ser175 phosphorylation 
is dependent specifically on Lats1, we treated neurons with OA 
together with 17-(allylamino) geldamycin (AG), an inhibitor 
of Lats1 catalytic activity (Huntoon et al., 2010). Pretreatment 
with 100 nM AG for 1 h before OA exposure for 30 min caused 
a reduction in phosphorylation of both Lats1 and AMOT-130 
(Fig. 7 E; vehicle vs. pSer175 with OA, **, P < 0.01; OA + 17-
AAG, *, P < 0.05; ANO​VA with Tukey’s post hoc test), support-
ing the notion that AMOT-130 is a target of Lats1 in hippocampal 
neurons. We note that despite loss of Ser175 phosphorylation 
with OA/17-AAG, the Lats1 inhibition did not impose a mobility 
shift in total AMOT-130 levels, suggesting that OA treatment 
is inducing other posttranslational effects (Wang et al., 2017). 
Nonetheless, these results provide direct evidence that Lats1 is 
a principal upstream kinase that phosphorylates AMOT-130 on 
Ser175 during brain development and in hippocampal neurons.

If Lats1 phosphorylation can affect AMOT-130 spine 
distribution as indicated by expression of the phosphomimetic 
AMOT-130–SD mutant (Fig. 5 G), one might expect a similar 
change in distribution upon phosphorylation of WT AMOT-130. 
To test this idea, we expressed cDNAs encoding Flag-Lats1 
together with YFP–AMOT-130 or the phosphoresistant YFP–
AMOT-130–SA mutant in neurons and analyzed the subcellular 
localization. Neurons stained for Flag showed Lats1 localiza-
tion in GFP-actin–labeled spines (Fig. 7 F) in agreement with 
the endogenous staining (Fig. 7 A). Moreover, Flag-Lats1 co-
expression displaced YFP–AMOT-130 clusters from the spine 

head (Fig. 7 G) but not YFP–AMOT-130–SA (Fig. S3, B and 
C); instead, increased fluorescence intensity was detected along 
the dendritic shaft (Fig.  7  G). The YFP–AMOT-130 clusters 
were significantly reduced in spines and favored in dendritic 
shafts (Fig. 7 G; YFP–AMOT-130 vs. YFP–AMOT-130 + Flag-
Lats1; P < 0.01; two-tailed Student’s t test). Collectively, these 
results demonstrate that AMOT-130 and Lats1 act in a common 
pathway during the early development of synapse formation.

Discussion

A fundamental structural component of the spine is the cytoskel-
eton, which undergoes rapid remodeling that is supported by ac-
tin-binding proteins. Although some of the steps in this process 
are generally understood, our knowledge of how individual mol-
ecules influence the emergence of new spines remains unclear. 
In this study, we present evidence to suggest that AMOT-130 
has a pivotal function in the early development of synapses by 
controlling actin cytoskeleton dynamics and spine remodeling.

Our findings suggest a model (Fig. 7 H) wherein AMOT-
130 is spatially restricted from nascent filopodia/spine exten-
sions at a time when levels of Lats1 expression and activity are 
high (Fig. 7 C). During later stages of development, Lats1 activ-
ity and/or expression decreases, allowing AMOT-130 to accu-
mulate in spines, where it associates with F-actin and provides 
a positive modulator driving actin bundling via its N-terminal 

Figure 6.  AMOT-130 mutants trigger distinct effects on spine morphology. (A) Neurons expressing RFP-actin together with pEYFP, YFP–AMOT-130, YFP-
AMOT-SD, or YFP-AMOT-SA. Panels show dendritic sections with RFP-actin expression. Bar, 10 µm. (B) Quantification of spine lengths. (C) Cumulative 
frequency plots of spine lengths. (D) Magnification of spines expressing the indicated constructs (top) and corresponding relative intensity profiles (bottom). 
Outlined spine heads with actin and pseudo color scale are indicated. Bar, 5 µm. (E) Bin distribution of spine head area. (F) Quantification of spine head 
area outlined by RFP-actin illustrated in D. Error bars represent means ± SD. *, P < 0.05; **, P < 0.01; one-way ANO​VA with Tukey’s post hoc test.
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region. Once engaged in the spine, AMOT-130 then associates 
with the PSD and clusters with structural proteins including 
MUPP1 and PSD-95. These intermolecular interactions are 
likely to hold AMOT-130 anchored in the synapse in order to 
stabilize actin filaments and spine morphology.

Silencing of AMOT-130 leads to an increase in spine 
length that produces elongated filopodia-like protrusions, which 
show a reduction in PSD-95 and Homer fluorescence intensity 
(Fig. 3). It is thus likely that the effect of AMOT-130 silencing 
on spine growth arises from changes in the organization of the 
actomyosin cytoskeleton. Absence of AMOT-130 in spines also 
affected the stability of protein scaffolds in the PSD because 
AMOT-130 formed clusters with structural components includ-
ing MUPP1 and PSD-95 (Fig. 2). These associations suggest 

that AMOT-130 functions to connect postsynaptic components 
to the actin cytoskeleton. Moreover, in cells depleted of AMOT-
130, the ability of these scaffolds to form clusters was compro-
mised, indicating that a critical level of AMOT-130 is needed 
for their stability. Indeed, exogenous AMOT-130 that is resis-
tant to RNAi and contains an intact PDZ motif can reverse the 
loss of the PSD-95/Homer clusters as well as the spine growth 
defect in AMOT-depleted cells (Fig. 3). Restoration of AMOT-
130 levels might therefore counterbalance loss in crowding in 
the normally dense postsynaptic membrane, which is necessary 
for the organization of scaffolding proteins (Frost et al., 2010).

This packing mechanism could also provide an expla-
nation for the immobility of AMOT-130 in our FRAP analy-
sis. Once AMOT-130 accumulates in the synapse, it becomes 

Figure 7.  AMOT-130 is a substrate for Lats1 
in hippocampal neurons. (A) Neurons immu-
nostained for Lats1 (green), PSD-95 (red), and 
MAP2 (blue) were imaged at 18 DIV. Bar, 10 
µm. (B) Immunoprecipitation (IP) from 500 
µg of E18 or adult rat brain lysate with the 
indicated antibodies. Resulting immunoblots 
were probed with Lats1 antibody (top, filled 
arrowhead) and reprobed with AMOT-130 
2095 antibody (bottom, open arrowhead). 
The asterisk indicates the IgG heavy chain. 
(C) Analysis of phosphorylated (top) and Lats1 
(middle) expression in rat brain at the indi-
cated developmental stages using antibodies 
as indicated. Quantification of pSer-909 levels 
normalized to Lats1 protein in E18 and adult 
samples (bottom). **, P < 0.01; Student’s t 
test. (D) Neurons (10 DIV) stimulated with ve-
hicle (Veh) or 100 nM Okadaic acid (OA) for 
30 min followed by posttreatment with λ-pro-
tein phosphatase (λPP) were analyzed with the 
indicated antibodies (top and middle). Quan-
tification of pSer175 levels normalized to 
AMOT-130 (bottom). **, P < 0.01; Student’s t 
test. (E) Neurons were exposed to 100 nM 17-
AAG (AG) for 60 min before OA stimulation 
followed by immunoblotting with the indicated 
antibodies. Quantification of pSer175 levels 
normalized to AMOT-130. *, P < 0.05; **, P 
< 0.01; one-way ANO​VA followed by Tukey’s 
post hoc test. Molecular masses are given in 
kilodaltons. (F) Immunostaining of Flag (red) in 
neurons coexpressing Flag-Lats1 together with 
GFP-actin. (G) Neurons expressing mCherry 
together with YFP–AMOT-130 and Flag-Lats1. 
Panels show dendritic sections of mCherry 
and YFP–AMOT-130 as outlined with punctate 
clusters along dendritic shafts indicated by ar-
rows. Quantification of YFP–AMOT-130 spine 
enrichment (Ef). Error bars represent means ± 
SD. **, P < 0.01; Student’s t test. Bars, 5 µm. 
(H) Summary of AMOT-130 functions during 
synapse development (see Discussion). 
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attached to stable structures that are unaffected by actin turn-
over. This is consistent with the observation that the amino 
terminal domain is highly dynamic, whereas the C-terminal 
region including the PDZ motif adds stability through intermo-
lecular interactions (Fig. 4). Does AMOT-130 directly influence 
actin turnover? We observed little effect on GFP-actin mobil-
ity when the amino terminal region (Flag–AMOT-130N) was 
coexpressed (not depicted). However, expression of full-length 
AMOT-130 caused a significant stabilization of actin filaments 
that was reversed to some extent by depletion of the PDZ motif 
(Fig. 4). Still, these results suggest that the central coiled-coil 
domain might carry targeting information for AMOT-130 in the 
synapse. At this time it is unclear whether AMOT-130 stabilizes 
the total actin pool or whether only actin filaments in contact 
with the PSD are uncoupled. Actin filaments have been shown 
to undergo rapid turnover and are the main cytoskeletal struc-
tures responsible for modulation of spine shape (Okamoto et 
al., 2004). Given that the amino terminal region shows turnover 
rates similar to that of GFP-actin, which can assemble into sta-
ble filaments (Star et al., 2002), a possibility is that AMOT-130 
prevents the growth of filaments.

In addition to the importance of direct coupling of the 
N-terminal region to F-actin, our morphological changes sug-
gest that AMOT-130 signals through the actin cytoskeleton to 
control actin filament turnover. One likely mechanism is that 
AMOT-130 influences Rho-GTPase activity through its ability 
to spatially restrict the Rho-GAP Rich1/nadrin (Wells et al., 
2006; Yi et al., 2011), which, at least in epithelial systems, has 
a pivotal role in regulating the actin cytoskeleton. However, 
whether the same signaling pathway accounts for AMOT-130 
functions in the spine remains to be determined. In addition to a 
role for AMOT-130 on Rho-GAP activity, inhibition of the Rho- 
associated kinase (ROCK) has been reported to disrupt cellular 
polarity by mislocalizing AMOT-130 in a feedback-dependent 
pathway, leading to reduced F-actin formation (Newell-Litwa 
et al., 2015; Mihajlović and Bruce, 2016). This suggests that 
AMOT-130 strikes a critical balance between actin assembly 
and disassembly by bundling filaments, thereby reshaping the 
cytoskeleton. Whether AMOT-80 affects these events remains 
to be tested. Nonetheless, our data are consistent with previous 
work in endothelial cells showing that AMOT-130 is important 
for stabilizing cell–cell contact (Ernkvist et al., 2008).

Our data support an important role for the serine/thre-
onine kinase Lats1 in phosphorylating AMOT-130 in the brain. 
The Lats1/2 kinases are core components of the Hippo path-
way that are best known for regulating tissue growth by turning 
off the proproliferative activity of the transcriptional activators 
YAP/TAZ (Piccolo et al., 2014). Like AMOT-130, however, the 
role of the Lats1/2 kinases in the CNS has been poorly investi-
gated. Our data show that Lats1 is found in dendritic spines and 
that AMOT-130 associates with Lats1 during the peak kinase 
activity in development (Fig. 7). Lats1 shares substrate recogni-
tion with Lats2, which can also phosphorylate AMOT-130 (Ma-
na-Capelli et al., 2014). It is therefore possible that Lats2 is part 
of an AMOT-130–Lats1 complex, consistent with proteomic 
data showing that Lats2 is highly expressed in the hippocam-
pus (Uhlén et al., 2015). In the brain, increase in the levels of 
postsynaptic proteins during spine maturation is a critical step 
for the stabilization of developing synapses (Sans et al., 2000; 
Petralia et al., 2005). Likewise, the rise in AMOT-130 levels ap-
pears to be an important feature to promote spine growth, which 
in turn is dependent on the reduction of Lats1 activity (Figs. 5 

and 7). It is still, however, unclear whether Lats1 can influence 
synapse formation directly, although Lats1 can itself directly 
modulate actin polymerization and has altered kinase activity 
during actin remodeling (Visser-Grieve et al., 2011). A possi-
bility, therefore, is that a high level of AMOT-130 in developing 
synapses acts to outcompete Lats1 for binding to actin, which 
could impact actin stability and spine growth.

We also examined a role for PP2A/PP-1 in Lats1-depen-
dent phosphorylation of AMOT-130, which can dephosphory-
late Lats1/2 and is the main source of phosphatase activity in 
the synapse (Kilili and Kyriakis, 2010; Lohmann and Kessels, 
2014; Lv et al., 2015). We find that treatment with the PP2A/
PP-1 antagonist OA enhances Lats1 activity toward AMOT-130 
with consequent robust phosphorylation in cultured neurons 
(Fig. 7). This effect can directly be ascribed Lats1 because at-
tenuation of Lats1/2 activity by addition of a kinase inhibitor 
leads to a reduction in AMOT-130 phosphorylation (Fig.  7). 
These results suggest that the PP2A/PP-1 phosphatases are 
linked to the biochemical pathway in neurons that results in 
Lats-dependent phosphorylation of AMOT-130. 

To date, there is limited information on the functions of 
the core Hippo components in the synapse. However, emerging 
evidence suggests that modulators of Hippo signaling can regu-
late synaptic integrity and are essential for cognition. For exam-
ple, knockdown of Scribble or its interacting protein NOS1AP 
both affect synaptic morphology and have been coupled to 
memory defects and increased susceptibility to schizophrenia 
(Moreau et al., 2010; Richier et al., 2010; Cervantes-Sandoval 
et al., 2016; Hilal et al., 2017). Furthermore, the memory- 
related protein KIB​RA has been shown to be critical for synap-
tic plasticity (Makuch et al., 2011; Zhang et al., 2014). In all of 
these cases, the principal target is the actin cytoskeleton, which 
suggests that several mechanisms exist for these factors to po-
tentially intersect with the Hippo kinase cascade.

Collectively, we have demonstrated a role for AMOT-
130 in the regulation of dendritic spine morphogenesis. The 
AMOT-130 knockdown phenotype rises from a disturbance 
in the molecular machinery that controls actin turnover, which 
triggers growth of immature filopodia-like protrusions. Simi-
lar structural abnormalities with underlying deficits in actin 
cytoskeleton organization are commonly reported in autism 
spectrum disorders (Ebert et al., 2013). Given that AMOT-
130 has been linked to a protein network implicated in autism 
(Schanzenbächer et al., 2016), an important question for the 
future is whether AMOT-130 dysregulation contributes to the 
etiology of autism pathologies.

Materials and methods

Constructs and antibodies
Plasmids with cDNA encoding YFP–-AMOT-L1, YFP–AMOT-L2, 
YFP–AMOT-130, YFP–AMOT-80, YFP–AMOT-130–ΔC, Flag–
AMOT-130, Flag–AMOT-130–ΔC, and HA-MUPP1 have been 
described previously (Wells et al., 2006). YFP–AMOT-130N was 
generated by PCR amplification (Expand High Fidelity PCR system; 
Roche), digested with MfeI and SalI, and cloned into the pEYFP-C1 
(Takara Bio Inc.) vector. Point mutations (S175A and S175D) in YFP–
AMOT-130 and YFP–AMOT-130N were generated by the QuikChange 
Site-Directed Mutagenesis approach (Agilent Technologies). The 
mCherry-tagged PSD-95 construct was generated by PCR amplifica-
tion, digested with AgeI and EcoRI, and cloned into the corresponding 
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sites in the mCherry (Takara Bio Inc.) plasmid. The following plas-
mids were obtained from Addgene: 2×Flag-Lats1 (18971; a gift from 
M.  Sudol, National University of Singapore, Singapore), mCherry–
VASP-5 (55151; a gift from M.  Davidson; Florida State University, 
Tallahassee, Florida), and pCIneoMyc-Lats1 and pCIneoMyc-Lats2 
(66851 and 66852; gifts from Y. Hata, Tokyo Medical and Dental Uni-
versity, Tokyo, Japan). The pEGFP–β-actin and RFP–β-actin plasmids 
were provided by R. Duncan (Dalhousie University, Halifax, Canada). 
Primary antibodies were as follows: AMOT-130/80 (1:200; C-18; 
Santa Cruz Biotechnology, Inc.), Rab11 (1:200; H-87; Santa Cruz Bio-
technology, Inc.), AMOT-130 (1:2,000; ABS1024; EMD Millipore), 
and pS175-AMOT (1:100; ABS1045; EMD Millipore). AMOT-130 
(1:1,000; 2095) was generated by subcloning the N-terminal 600 bp 
of the human AMOT-130 sequence as an EcoR1–EcoR1 fragment into 
pGEXT3. A GST-fusion protein was then generated and used to immu-
nize rabbits. For staining or Western blotting, commercial antibodies 
to the following proteins were used: PSD-95 (1:400; ab2723; Abcam), 
Lats1 (1:2,000; NBP1-86860; Novus Biologicals), Lats2 (1:2,000; 
NB200-199; Novus Biologicals), pS909-Lats1 (1:5,000; 9157; Cell 
Signaling Technologies), Rab5 (1:1,000; 2143; Cell Signaling Technol-
ogies), gephyrin (1:500; 147-011; Synaptic Systems), Bassoon (1:400; 
141-011; Synaptic Systems), Homer (1:1,000; 160-002; Synaptic Sys-
tems). For costaining with Bassoon or gephyrin, antibodies to MAP2 
(1:500; 188-004; Synaptic Systems), synaptophysin (1:5,000; S-5768; 
Sigma-Aldrich), tubulin (1:500; T7451; Sigma-Aldrich), HA (1:2,000; 
H3663; Sigma-Aldrich), and GFP (1:5,000; ab290; Abcam) were 
used. Secondary antibodies were used as follows: IgG–horseradish 
peroxidase goat (1:4,000; sc-2768; Santa Cruz Biotechnology, Inc.), 
mouse (1:4,000; sc-2380; Santa Cruz Biotechnology, Inc.), and rab-
bit (1:4,000; 31466; Thermo Fisher Scientific). Alexa Flour 488 anti–
goat, Alexa Fluor 488 anti–rabbit, Alexa Fluor 594 anti–mouse, Alexa 
Fluor 647 anti–guinea pig, and Alexa Fluor 647 anti–mouse (1:1,000; 
A-27012, A-11034, A-11032, A-21450, and A-21235, respectively; 
Thermo Fisher Scientific) were also used.

siRNA sequences and knockdown validation
Isoform-specific siRNA oligonucleotides that target the F-actin–binding 
domain in rat AMOT-130 were obtained from Ambion/Thermo Fisher 
Scientific and Sigma-Aldrich. The target sequences were: si130#1, 5′-
GTC​CGA​TCC​TTG​AGC​GAAA-3′ (s152896; Ambion), and si130#2, 
5′-CCA​AGA​TGA​AGG​CCT​TAGA-3′ (SASI_Rn02_00284990; Sig-
ma-Aldrich). A CsiRNA whose sequence was not homologous to any 
vertebrate sequence was used as negative control (SIC001-1NMOL; 
Sigma-Aldrich). To evaluate the knockdown efficacy of endogenous 
AMOT-130, 20 µM siRNA were transfected to a final concentration of 
10 nM in rat IEC-18 cells (passage 5–10) using Lipofectamine 2000 
(LF2000; Invitrogen). Cells were harvested 4 d later, and the relative 
expression levels of endogenous AMOT-130 were analyzed by im-
munoblotting using anti–AMOT-130 antibody. Quantification of the 
Western blot membranes by densitometry estimated a reduction in the 
AMOT-130 levels to ∼90% in IEC-18 cells relative to controls (see 
Fig. 3 A). For knockdown experiments, neurons at 11 DIV were trans-
fected with siRNA together with 5 µg pEGFP–β-actin plasmid using 
LF2000 and prepared for experiments at 15–16 DIV. Alternatively, 
2.5 × 106 dissociated hippocampal neurons were electroporated with 
1 µM si130#1 or CsiRNA at the day of plating (0 DIV) and analyzed by 
immunoblotting at 9 DIV.

Cell culture and transfection
Dissociated cultures of primary hippocampal neurons were prepared 
from E18 Sprague-Dawley rat embryos as described previously (Rich-
ier et al., 2010). Unless otherwise stated, experiments were performed 

in 15-DIV hippocampal cultures. HEK293T, COS-7, and IEC-18 cells 
were maintained at 37°C and 5% CO2 in DMEM supplemented with 
10% FBS (HEK293T and COS-7) or 5% FBS (IEC-18) and 10 U/ml 
penicillin and 10 µg/ml streptomycin. HEK293T cells were transfected 
with polyethylenimine (PEI) by mixing 2–4 µg DNA with PEI (1 mg/
ml) at a ratio of 4:1 PEI to DNA. COS-7 cells were transfected with 
LF2000 with 2 µg of each plasmid according to the manufacturer’s 
recommendations. For transfection of neurons with various cDNA, the 
calcium phosphate method was used as previously described (Richier 
et al., 2010). Electroporation was performed with a GenePulserXcell 
(Bio-Rad Laboratories) using the following parameters: a square pulse 
with 220 V and a 180-µs pulse in a 0.2-mm cuvette.

Preparation of brain sections and immunoprecipitations
For preparation of brain sections, the midbrain, striatum, hippocampus, 
cerebellum, and cortex were dissected from adult (>P45) Sprague-Daw-
ley rats and homogenized in ice-cold lysis buffer containing 150 mM 
NaCl, 75 mM Tris-HCl, pH 8.0, 1% NP-40, and protease inhibitors. 
For analysis of developmental AMOT-130/80 expression, primary hip-
pocampal neurons and total rat brains were prepared at indicated time 
points. Protein concentrations were measured using the bicinchoninic 
assay method (Thermo Fisher Scientific), and 10 µg of protein per 
lane was loaded for SDS-PAGE. For rat brain immunoprecipitations, 
crude synaptosomal P2 fractions were solubilized in lysis buffer and 
centrifuged at 13,800  g for 30 min. For hippocampal neuron immu-
noprecipitations, cultures at 15 DIV were solubilized and centrifuged 
at 13,800 g for 30 min. Lysates were incubated with 1–2 µg of either 
isotype-matched IgG, anti–AMOT-130, anti–PSD-95, or anti-Lats1 an-
tibody at 4°C overnight followed by incubation with protein A–Sephar-
ose beads (GE Healthcare). The beads were washed three times in lysis 
buffer and eluted in 3× Laemmli sample buffer, and then bound proteins 
were subjected to SDS-PAGE. Proteins were analyzed by immunoblot-
ting using indicated antibodies and visualized by chemiluminescence 
(Thermo Fisher Scientific). Relative protein intensities were quantified 
by densitometry using ImageJ (National Institutes of Health) software.

Isolation of PSD fractions from rat brain
Adult rat brains were homogenized (12 strokes with a Teflon homog-
enizer) in ice-cold sucrose buffer A (320 mM sucrose, 2 mM Hepes, 
and 2 mM EDTA, pH 7.4) supplemented with protease inhibitors. The 
homogenized brain extract was centrifuged at 900 g for 10 min, and 
the pellet (P1) was resuspended in buffer A and then homogenized 
(six strokes) and spun again at 900 g for 10 min. The resulting su-
pernatants (S1) were pooled and centrifuged at 10,000 g for 10 min. 
The supernatant (S2) was centrifuged at 176,000  g for 1  h, which 
yielded the supernatant (S3) and the pellet (P3). The pellet (P2) was 
lysed in four volumes of ice-cold water, adjusted to 4  mM Hepes, 
pH 7.4, and mixed for 30 min at 4°C. The lysate was centrifuged at 
25,000 g for 20 min, yielding the supernatant LS1 and LP1. LP1 was 
resuspended in Hepes-buffered sucrose, layered on top of a discontin-
uous sucrose gradient (1.2, 1, and 0.8 M sucrose dissolved in 4 mM 
Hepes, 2 mM EDTA, and protease inhibitors, pH 7.4) and centrifuged 
at 150,000 g for 2 h. The membrane fraction between 1 and 1.2 M su-
crose was collected and adjusted to 320 mM Hepes-buffered sucrose. 
The suspension was centrifuged at 200,000  g for 30 min, yielding 
the synaptic plasma membrane (SPM) fraction. The SPM was resus-
pended (0.5% Triton X-100, 50 mM Hepes, and 2 mM EDTA) and 
mixed for 15 min at 4°C followed by centrifugation at 32,000 g for 20 
min, yielding the PSD fraction. The pellet (PSD) was extracted with 
ice-cold buffer D (6 mM Tris-HCl, pH 7.4, 0.5% Triton X-100, and 
protease inhibitors) or with 3% sarkosyl and protease inhibitors and 
centrifuged again at 201,800 g for 1 h to obtain PSD​II and PSD​III, 
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respectively. All final pellets were resuspended in 40 mM Tris-HCl, 
pH 7.4, with 0.5% Triton X-100.

Subcellular fractionation of HEK293T cells
Cells grown on 100-mm dishes were scraped in ice-cold buffer 
(250 mM sucrose, 3 mM imidazole, and 1 mM MgCl2, pH 7.4), ho-
mogenized by 10–15 strokes with a Dounce homogenizer, and centri-
fuged at 2,000 g for 20 min to yield the postnuclear supernatant (PNS). 
The PNS was adjusted to 7.5% sucrose, layered on top of a continuous 
(7.5–37.5% [wt/vol]) sucrose gradient, and centrifuged at 100,000 g for 
4 h at 4°C. After ultracentrifugation, 10 fractions of equal volume were 
collected and analyzed by immunoblotting.

Cell stimulation and immunocytochemistry
Neurons at 8–10 DIV were treated with either vehicle (DMSO) or 
OA (100 nM; O8010; Sigma-Aldrich) and 17-AAG and 17-(Allyl-
amino)-17-demethoxygeldanamycin (200 nM; sc-200461; Santa Cruz 
Biotechnology, Inc.). HEK293T cells and neurons were treated with 
jasplakinolide (EMD Millipore) or LatA (Cayman Chemical) at a final 
concentration of 2 µM. Lysate incubated with OA was posttreated with 
λ-protein phosphatase (5-10 U; P0753S; New England Biolabs, Inc.). 
During drug stimulations, the maintenance media was replaced with in-
cubation solution containing 144 mM NaCl, 3 mM KCl, 2 mM MgCl2, 
and 10 mM Hepes, pH 6.7 and kept at 37°C in 5% CO2 for the indicated 
time periods. Neurons were fixed in 4% PFA with 4% sucrose in 1× 
PBS for 10–20 min at RT and permeabilized in 0.1% Triton X-100 for 
10 min. For detection of Lats1, neurons were fixed for 3 min in 4% 
PFA/4% sucrose/1× PBS followed by fixation for another 10 min in 
ice-cold methanol. Fixed cells were washed extensively in 1× PBS and 
then blocked in 5% BSA in PBS with 0.1% Triton X-100 for 1 h. After 
blocking, cells were incubated with primary antibodies in 5% BSA 
overnight at RT. Then, cells were washed in 1× PBS three times for 2 
min each, incubated with secondary antibodies in 5% BSA for 1 h at 
RT, washed in 1× PBS, and mounted on microscope slides with fluoro-
mount (Sigma-Aldrich). COS-7 cells were fixed 2 d after transfection 
with 4% PFA followed by extensive washing in 1× PBS, and then they 
were mounted on microscope slides.

Confocal image acquisition and analysis
Images were acquired as z stack series taken at 0.3-µm step intervals 
with an LSM710 confocal scanning microscope using 40× 0.7 NA and 
63× 1.4 NA oil immersion lenses and collected with a digital Axiocam 
camera controlled by ZEN software (ZEI​SS). The settings and acqui-
sition parameters were the same across all experiments, and 15–20 
neurons were analyzed for each experimental condition. Endogenous 
localization of AMOT-130/80 and PSD-95 in spines was measured 
by calculating the intensity profiles in the Alexa Fluor 488 and 594 
channels across a line on dendrite images. For colocalization analysis, 
Manders’s overlap coefficient was calculated on background-subtracted 
images using the coloc2 plugin for Fiji (ImageJ). The correlation of 
YFP–AMOT-130N clusters overlapping with RFP-actin punctates 
was calculated by measuring fluorescence intensity of each channel. 
The corresponding overlap in pixel intensity was described by the 
Pearson’s correlation coefficient calculated in ImageJ. The AMOT-80 
punctate was defined by calculating the ratio of punctate at a given 
compartment to the total numbers of punctate per neuron in equally 
thresholded images. To analyze spine enrichment of YFP–AMOT-130, 
YFP–AMOT-130–SD, and YFP–AMOT-130–SA, images were back-
ground subtracted and equally thresholded to include clusters twofold 
above the mCherry intensity in dendrites. Spines were outlined, and a 
mask of regions of interest (ROIs) was overlaid on 100-µm dendritic 
segments. The spine Ef was calculated by measuring the ratio of spine 

to shaft fluorescence intensity of YFP normalized to mCherry (mCh) 
according to the following equation:

	​ Spine Ef   = ​ 
​(​​YFP​ spine​​​  ​​ / ​mCh​ spine​​)​  _______________  ​(​YFP​ shaft​​ / ​mCh​ shaft​​)​

 ​,​

where YFPspine and YFPshaft indicate peak green channel fluorescence 
intensities, and mChspine and mChshaft indicate peak red channel fluo-
rescence intensities in the spine and shaft, respectively. The values are 
expressed as the total integrated fluorescence intensity. For analysis 
of PSD-95, Homer, or Bassoon spine clusters in AMOT-130–depleted 
neurons, z stacks of 10 images were collapsed by maximum-intensity 
projection. The threshold for different channels was identically ad-
justed and chosen such that all punctates were included in the analysis. 
Binary masks with pixel intensities were created, and punctates were 
highlighted by generating ROI masks that were applied along 100-µm 
dendritic segments that were quantified. Results were presented as the 
total integrated fluorescence intensity of each protein. All images were 
collected from at least two independent experiments per condition and 
analyzed with the experimenter blinded to the conditions.

FRAP
FRAP analysis was performed in a temperature- and CO2-controlled in-
cubation chamber of a cell observer spinning-disk microscope (ZEI​SS) 
using the 488-nm line of a 100-mW argon laser with a 63× 1.4 NA oil 
immersion lens. During image acquisition, live neurons at 15 DIV were 
cultured in a glass-bottomed dish in Tyrode’s solution (25 mM Hepes, 
pH 7.4, 119 mM NaCl, 2.5 KCl, 2 mM CaCl2, 2 mM MgCl2, and 30 mM 
glucose) without or with jasplakinolide (J4580; Sigma-Aldrich) at a 
final concentration of 100 nM. To monitor the turnover of YFP-tagged 
AMOT or Pegfp–β-actin, a ROI with a diameter of ∼1 µm correspond-
ing with individual spines of similar size was photobleached at full laser 
power (100% power and 100% transmission) for 2.5 s. Fluorescence 
recovery was monitored by automatic scanning of the whole cell in 0.2-s 
intervals at low (10–15%) laser power. No photobleaching was observed 
during recovery, whereas photodamage was accounted for by perform-
ing multiple bleach events within the same ROI. During image process-
ing, the mean fluorescence of an untransfected area was measured as 
background and subtracted from the intensity of each frame to obtain 
the recovery. The fluorescence data were fit by nonlinear regression to 
an exponential one-phase association model in Prism (GraphPad Soft-
ware). The mobile fraction (Mf) for analyzed proteins was approximated 
by photobleach correction of FRAP data using the following equation 
(Feder et al., 1996; Lippincott-Schwartz et al., 1999):

	​​
​M​ f​​    =  100 × ​ 

​(​F​ precell​​ − ​F​ background​​)​  _____________  ​(​F​ ∞cell​​ − ​F​ background​​)​ ​ ×
​   

​ 
​[​(​F​ ∞​​ − ​F​ background​​)​ - ​(​F​ 0​​ − ​F​ background​​)​]​

   _______________________   ​[​(​F​ pre​​ − ​F​ background​​)​ - ​(​F​ 0​​ − ​F​ background​​)​]​ ​,
 ​​

where Fprecell is the whole-cell prebleach intensity, Fpre is the bleach ROI 
prebleach intensity, F∞cell is the asymptote of fluorescence recovery 
of the whole cell, Fbackground is the mean background intensity, F∞ is 
the bleach ROI asymptote, and F0 is the bleach ROI immediately after 
bleach intensity. To obtain the Mf as percentage, the data were multi-
plied by 100, and results were presented by bar graphs made with Prism.

Data handling and statistical analysis
Statistical analysis was performed in Prism (6.0) software, and all 
datasets were checked for Gaussian normality distribution. Data test-
ing of two groups was performed by a two-tailed unpaired Student’s t 
test. Multiple group analysis was performed using one-way ANO​VA 
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followed by the Tukey-Kramer post hoc test to account for multiple 
comparisons. Statistical significance was set at P < 0.05. In figures, 
significance levels were *, P < 0.05, and **, P < 0.01, as indicated in 
Prism. Quantitative analysis of spine density, spine length, and spine 
head area was performed manually in ImageJ by an observer blinded to 
the experimental conditions, and each experiment was reproduced at 
least two times with independent neuronal cultures. For spine density, 
the number of protrusions >100 µm dendritic segments was counted 
for each experimental condition. The length of a spine was measured 
from the base of the neck to the furthest point on the spine head. Spine 
head area was measured on spines at the best plane of view on z stack– 
collapsed images. All spines on primary, secondary, and tertiary den-
drites located within 100 µm from the soma were included, and spine 
heads were manually traced in the actin channel. Dendritic spine 
numbers, lengths, and area on individual neurons were first averaged 
per neuron, and means from several neurons were then averaged to 
obtain a population mean. Spines visualized by GFP-actin were clas-
sified with regard to spine types as follows: stubby spines were ≤0.5 
µm in length and lacked a clear head and neck, mushroom spines 
were ≥0.5 µm in length and had a short neck and large spine head, 
thin spines ranged between 1–2 µm in length and had elongated necks 
and small heads, and filopodial protrusions were ≥1.5–5 µm in length 
and lacked discernable spine heads. Collected data were presented as 
percentage frequency distributions of each spine type. Quantification 
of stress fiber bundles was performed on z-projected image stacks that 
were thresholded. The total number of clearly visible fibrillar struc-
tures in the resulting binary image was calculated in the actin and 
Vasp (red channel) in cells expressing AMOT-130 deletion mutants 
(green channel), and data from cells in each group were pooled. Mea-
surements are given as means ± SD, and in figure legends, n refers 
to the number of cells counted for each condition. All figures were 
created in Illustrator CS5 (Adobe).

Online supplemental material
Fig. S1 A shows the fractionation protocol used in this study and sub-
cellular distribution of AMOT-130/AMOT-80 in adult rat brain (Fig. S1 
B) or in HEK293T cells (Fig. S1 C). Fig. S2 A shows a schematic of 
cDNA encoding the unique N-terminal region (AMOT-130N) in full-
length AMOT-130, with mutations replacing S-175 with aspartic acid 
(AMOT-130N–SD) or alanine (AMOT-130N–SA). Fig. S2 B shows 
cDNA constructs expressing RFP-actin together with either control 
(pEYFP) or AMOT variants as outlined. Fig. S2 C shows cDNA con-
structs expressing mCherry-Vasp together with either control (pEYFP) 
or AMOT variants as outlined. Fig. S2 D shows the quantification of 
RFP-actin and mCherry-Vasp bundles. Fig. S3 A shows characteriza-
tion of the Lats1 antibody used for immunostaining in Fig. 7 A, and 
clarified COS-7 lysates expressing cDNA as indicated were probed with 
antibodies against Lats1 (top), Lats 2 (middle), or myc (bottom). Fig. 
S3 B shows the neuronal distribution of the full-length YFP–AMOT-
130–SA mutant in the abscence (left) or presence (right) of Lats1. Fig. 
S3 C shows quantification of YFP–AMOT-130–SA spine enrichment.
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