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AMOT130 drives BMP-SMAD signaling at the 
apical membrane in polarized cells

ABSTRACT The large isoform of the transmembrane protein angiomotin (AMOT130) con-
trols cell proliferation and migration of many cell types. AMOT130 associates to the actin 
cytoskeleton and regulates tight-junction maintenance and signaling often via endosomal 
uptake of polarity proteins at tight junctions. AMOT130 is highly polarized and present only 
at the apical side of polarized cells. Here we show that bone morphogenetic protein (BMP) 
growth factor signaling and AMOT function are interlinked in apical-basal polarized cells. 
BMP6 controls AMOT internalization and endosomal trafficking in epithelial cells. AMOT130 
interacts with the BMP receptor BMPR2 and facilitates SMAD activation and target gene 
expression. We further demonstrate that this effect of AMOT on BMP-SMAD signaling is 
dependent on endocytosis and specific to the apical side of polarized epithelial and endothe-
lial cells. Knockdown of AMOT reduces SMAD signaling only from the apical side of polarized 
cells, while basolateral BMP-SMAD signaling is unaffected. This allows for the first time inter-
ference with BMP signaling in a polarized manner and identifies AMOT130 as a novel BMP 
signaling regulator.

INTRODUCTION
Bone morphogenetic proteins (BMPs) belong to the transforming 
growth factor-β (TGF-β) family of secreted growth factors and 
function as pleiotropic cytokines guiding various cellular 
processes ranging from mesenchymal cell differentiation to can-
cer cell migration (Sieber et al., 2009). BMPs signal via heterotet-

rameric receptor complexes containing type I and type II serine/
threonine kinase receptors. Ligand binding to the receptor com-
plex induces phosphorylation and thereby activation of receptor-
regulated SMADs (R-SMADs) 1/5/8 through the activated type I 
receptor. Activated R-SMADs then oligomerize with SMAD4, the 
common mediator of BMP and TGF-β signals, and accumulate in 
the nucleus where they function as transcriptional regulators of 
BMP-SMAD target genes (Massague et al., 2005). These encom-
pass inhibitor of differentiation (ID) genes, which for example po-
tently inhibit myogenic differentiation in mesenchymal precursor 
cells and are associated with epithelial-to-mesenchymal transition 
and increased invasive potential of breast cancer (Katagiri et al., 
2002; Tobin et al., 2011). BMPs also trigger non-SMAD signaling 
including phosphorylation of mitogen-activated protein kinases 
(MAPK) such as p38 or ERK. These effectors in turn initiate non-
transcriptional responses by remodeling the actin cytoskeleton 
and influencing migration or transcriptional responses leading to 
the expression of non-SMAD transcription factors such as JunB 
(Derynck and Zhang, 2003). Both signaling routes need to be 
tightly controlled and fine-tuned at multiple levels, as aberrant 
signaling can lead to several diseases, including musculoskeletal 
disorders or cancer (Wang et al., 2014). Receptor internalization 
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can adapt the intensity and duration of signaling responses and is 
often the first mechanism to shut down further signaling. In previ-
ous studies, our lab showed that BMP receptors are internalized 
by both clathrin- and caveolin-dependent endocytosis (Nohe 
et al., 2005; Hartung et al., 2006). It was furthermore postulated 
that endosomal regulation fine-tunes SMAD1/5 signaling, while 
initiation of the signaling cascade has been demonstrated to 
even occur in endocytosis-defective cells and in cells exposed to 
gold surface immobilized ligand, which cannot be internalized 
(Pohl et al., 2012; Schwab et al., 2015; Paarmann et al., 2016). 
This suggests that BMP signaling is initiated either directly at the 
plasma membrane (PM) or in endosomes. Besides shutting down 
the cascade, endosomes also positively affect signaling responses 
by stabilizing the endosomal receptor–ligand interaction and by 
compartmentalizing the respective cascade (Sorkin and von 
Zastrow, 2009). The latter increases signaling efficiency or velocity 
specifically in one cell compartment depending on the lipid com-
position of the PM or membrane-anchored proteins (Disanza 
et al., 2009).

The adaptor protein angiomotin (AMOT) is part of the Motin 
family of proteins and exists in two isoforms, AMOT80 (∼80 kDa) 
and AMOT130 (∼130 kDa), which are generated by alternative 
splicing (Moreau et al., 2005; Ernkvist et al., 2006). All family 
members share a coiled-coil domain and a conserved C-terminal 
PDZ motif, which allows them to interact with tight junction-as-
sociated proteins (Bratt et al., 2002). AMOT is expressed as a 
transmembrane protein and exhibits angiostatin binding in the 
endothelium (Troyanovsky et al., 2001; Bratt et al., 2005). It has 
been recently shown that both isoforms also localize in the cyto-
plasm and the nucleus (Moleirinho et al., 2017). However, the 
precise mechanism of translocation and the essential functional 
domains have yet to be described. AMOT130 contains a unique, 
extended N-terminus with XPXY motifs and a phosphorylation 
site at Ser-175 (human; Moleirinho et al., 2014). Phosphorylation 
at this site by large tumor suppressor kinases 1/2 (LATS1/2) was 
shown to target AMOT130 to the membrane and masks the F-
actin binding site, thereby preventing interaction with the actin 
cytoskeleton (Mana-Capelli et al., 2014; Moleirinho et al., 2017). 
LATS1/2 kinases in turn are activated by mammalian sterile-
20-type kinases (MST1/2) both upstream of the transcriptional 
coactivator Yes-associated protein 1 (YAP) (Adler et al., 2013; 
Chan et al., 2013; Dai et al., 2013; Mana-Capelli et al., 2014). 
Hence, the extended N-terminus directly interacts with the actin 
cytoskeleton, YAP and LATS1/2, endorsing AMOT130 to act as 
an upstream regulator of YAP. In confluent cells, AMOT130 is 
associated with tight junctions and induces YAP to localize in 
endosomes where it is inactive (Cox et al., 2015). Very likely, this 
is mediated by the AMOT CC/BAR domain, which enables high-
affinity binding to curved, cholesterol-rich membrane structures 
and can induce tubulation and enlargement of endosomal com-
partments (Heller et al., 2010). Additionally, endosomal localiza-
tion of AMOT was shown to regulate trafficking of tight junction-
associated proteins (Wells et al., 2006). AMOT interacts directly 
with PATJ and is thereby targeted to a protein complex contain-
ing Pals1 and Crumbs, necessary for the formation and mainte-
nance of apical-basal polarity in epithelial cells (Sugihara-Mizuno 
et al., 2007; Ernkvist et al., 2009; Campbell et al., 2016). It is 
furthermore associated to other tight-junction protein com-
plexes containing MAGI-1 or Par-3 (Wells et al., 2006; Ebnet, 
2008).

So far, most of the molecular analyses to unravel AMOT func-
tion have been performed in epithelial cells, specifically mammary 

epithelial cells. Therefore, we also made use of this model in our 
study using Michigan Cancer Foundation-7 (MCF7) cells. Further-
more, we extended our research to endothelial cells, also exhibit-
ing distinct apical-basal polarity and being the cell type in which 
AMOT was discovered (Troyanovsky et al., 2001). Until now, the 
effects of AMOT130 on cellular processes have been attributed 
to its modulation of the Hippo/YAP pathway, GTPase signaling, 
or MAPK signaling. However, no upstream triggers besides actin 
rearrangements, cell–cell contacts, or serum stimulation have 
been investigated so far. We identified AMOT in a proteomics-
based BMPR-interactome study. Here, we aimed to elucidate the 
molecular function of AMOT in BMP signaling. We show that 
AMOT130 specifically interacts with the BMP receptor BMPR2 
and thereby facilitates BMP-SMAD signaling specifically at the 
apical side of polarized cells. BMP-stimulation leads to dephos-
phorylation of AMOT at Ser-175 and subsequent internalization 
of AMOT. With AMOT we identified the first component, which 
acts on BMP-SMAD signaling in a polarized manner. With this, 
polarized interference of BMP-SMAD signaling is made possible 
for the first time.

RESULTS
BMP stimulation induces internalization and  
trafficking of AMOT
AMOT acts as a receptor for circulating angiostatin in the endo-
thelium but is not a classical transmembrane protein, since it also 
translocates to the nucleus where it modulates YAP target gene 
transcription (Troyanovsky et al., 2001; Moleirinho et al., 2017). 
Destabilization of the actin cytoskeleton or serum starvation is the 
only upstream regulator of AMOT phosphorylation investigated 
so far (Adler et al., 2013; Mana-Capelli et al., 2014). However, 
AMOT surface levels and potential internalization on growth fac-
tor stimulation were never analyzed. Although it has been postu-
lated that serum itself leads to AMOT dephosphorylation via 
GPCR signaling (Dai et al., 2013), there is no experimental proof 
specifically showing GPCR activation prior to dephosphorylation 
and whether this induces relocalization of AMOT130. We aimed 
to investigate whether the internalization of AMOT could be in-
duced by specific growth factors in the serum, particularly BMPs. 
Therefore, we measured the endogenous surface levels of 
AMOT130 and AMOT80 during BMP stimulation using a surface 
biotinylation assay in HEK293T cells. In this assay, the cell-imper-
meable biotinylation compound selectively labels proteins ex-
posed to the extracellular space to be subsequently pulled down 
with Streptavidin beads. We found that surface levels of both iso-
forms of AMOT (AMOT80 and AMOT130) are reduced on BMP6 
stimulation (Figure 1A). Both AMOT80 and more pronounced 
AMOT130 are increased at the cell surface after starvation but 
decrease significantly on stimulation with BMP6; similar dynamics 
were found for AMOT80 (Figure 1B, Supplemental Figure S1B). 
Interestingly, AMOT surface levels in cells stimulated with BMP6 
for 45 min were even less than in the 10% serum control, in which 
cells were stimulated with 10% FCS for 45 min. As total levels of 
AMOT remained unchanged (see total cell lysate [TCL], Figure 
1A), AMOT seems not to be degraded but rather changes traffick-
ing under those conditions (Supplemental Figure S1C). Addition-
ally, we detected that indeed phosphorylated AMOT130 (Ser-175) 
was most predominantly present at the cell surface and dephos-
phorylated on 1 h serum stimulation, which again led to internal-
ization of AMOT130 (Supplemental Figure S1A). To assess this 
further, we monitored AMOT130 localization via live cell imaging. 
MCF7 cells expressing GFP-tagged AMOT130 were subjected to 
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video analysis during the course of BMP stimulation. Initially, 
AMOT is equally distributed at the PM, while 30 min of BMP6 
stimulation led to spot-like patterns, reflecting endosomes (Figure 
1, C and D; Supplemental Videos S4 [starved conditions] and S5 
[BMP6-stimulated conditions]).

FIGURE 1: Trafficking of AMOT130 is increased after BMP6 stimulation. (A) HEK293T cells were 
stimulated with 10 nM BMP6 for the indicated time points, subjected to surface biotinylation, 
and lysed, and biotinylated proteins were precipitated with streptavidin beads. Eluted proteins 
were immunoblotted using the indicated antibodies. Pull down (PD) with streptavidin beads 
only represents proteins expressing an extracellular motif. TCL is the protein input before 
streptavidin pull down. The blot is representative of three independent experiments. 
(B) Densitometric quantification of AMOT130 surface levels as blotted in A. Band intensity of 
biotinylated AMOT130 was normalized to AMOT TCL levels (relative to GAPDH). Data are 
presented as mean ± SEM relative to 10% FCS of three independent experiments; *p < 0.05, 
one-way ANOVA with Bonferroni post-hoc test compared with 0% FCS control. (C) MCF7 cells, 
expressing GFP-tagged AMOT130, were analyzed microscopically during BMP6 stimulation. 
Cells were incubated in a live cell incubation chamber and stimulated for 1 h. Images of the GFP 
signal were taken every 30 s. Scale bar represents 10 µm. Representative cells are also depicted 
as movie files. (D) Quantification of GFP-positive punctae after 1 h of BMP6 stimulation for at 
least 20 cells per condition of three independent experiments. Data are presented as mean fold 
induction 60 min/0 min ± SEM signals per cell; ***p < 0.001, unpaired Student’s t test.

AMOT interacts with the BMP type II 
receptor (BMPR2) and SMAD1
On the basis of our observation that BMP 
triggers AMOT internalization, we hypothe-
sized that there is a direct interaction be-
tween AMOT and BMP signaling compo-
nents, which facilitates this effect. Therefore, 
we first used a semiendogenous coimmuno-
precipitation (Co-IP) approach, in which we 
expressed HA-tagged BMP receptors in 
HEK293T cells and investigated whether en-
dogenous AMOT associates to BMP recep-
tors. Here, we show that only AMOT130, but 
not AMOT80, interacts with HA-tagged 
BMPR2 (Figure 2A; Supplemental Figure 
S2A). Interestingly, this interaction was lost 
after 30 min of BMP6 stimulation (Figure 2B). 
It is noteworthy that we did not observe any 
interaction between AMOT130 and BMP 
type I receptors (BMPR1) in HEK293T cells 
(Supplemental Figure S2B). When we ana-
lyzed the different BMPR2 isoforms for inter-
action with AMOT130, we found that only 
BMPR2 long form (LF), and not BMPR2 short 
form (SF), interacts with AMOT130 (Supple-
mental Figure S2C). Next, we investigated 
whether and where AMOT might interact 
with other BMP pathway components. Using 
proximity ligation assays (PLA) in MCF7 cells, 
we show that AMOT localized in close prox-
imity to SMAD1 (Figure 2C; controls in Sup-
plemental Figure S2D). Of note, this associa-
tion was increased after 15 min of BMP6 
stimulation and decreased again to starving 
levels after 30 min (Figure 2D). This interac-
tion was further validated using coimmuno-
precipitation analyses, demonstrating that 
AMOT formed a complex with SMAD1 un-
der serum starvation and short-term BMP6 
stimulation conditions (Figure 2E). Prolonged 
stimulation reduced the interaction mark-
edly, which coincides with the internalization 
dynamics of AMOT (Figure 1A). This sug-
gests that the interaction of AMOT130 with 
both BMPR2 and SMAD1 is transient and 
limited to the PM. Taken together, our data 
provide evidence for a novel, highly dynamic 
interaction between the adaptor protein 
AMOT130 and SMADs. BMP6 stimulates 
AMOT internalization and a concomitant 
loss of interaction with BMPR2 and SMAD1.

AMOT knockdown specifically inhibits 
BMP signaling
Next, we analyzed the impact of BMP6-in-
duced endocytosis of AMOT and the as-
sociation between AMOT and BMP path-

way components on downstream signaling events. For this, we 
depleted AMOT in established cell lines and primary cells derived 
from different tissues and subsequently analyzed each step of the 
BMP signaling cascade at different time points during stimulation 
with BMP6. Of note, the small interfering RNAs (siRNAs) used 
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target both isoforms of AMOT. Knockdown efficiency in each ex-
periment was 80% as assessed by Western blot analyses (Supple-
mental Figure S3, D–G). First, we measured the impact of AMOT 
knockdown on BMP6-mediated phosphorylation of BMP-specific 

FIGURE 2: AMOT130 but not AMOT80 dynamically associates with the BMPR2 and SMAD1. 
(A, B) Transfected HEK293T cells were subjected to immunoprecipitation using α-HA tag 
antibody. Before, cells were left in full medium (A) or starved and stimulated for 30 min with 
10 nM BMP6 (B). Immunoprecipitates (IP) and TCL were analyzed by Western blotting using the 
indicated antibodies. Incubation with mouse immunoglobulin G (IgG) served as control. (C) In situ 
PLA of AMOT and SMAD1. MCF7 cells were subjected to in situ PLA (green signal) to visualize 
the endogenous association of AMOT and SMAD1 after the respective indicated treatments. 
Nuclei were stained with DAPI (blue) and F-actin with Phalloidin594 (red). PLA signal images were 
inverted to visualize the signal. Scale bar represents 20 µm. Relevant controls are depicted in 
Supplemental Figure S2. (D) Quantification of AMOT/SMAD1 heteromers shown in C. The bar 
chart represents mean ± SD from three independent experiments; ***p < 0.001, one-way ANOVA 
with Bonferroni post-hoc test compared with 15′ condition. (E) Endogenous interaction of AMOT 
with SMAD1. MCF7 cells were starved and stimulated for the indicated time points with 10 nM 
BMP6 before lysis and immunoprecipitation using α-AMOT (BL) antibody. Precipitates and TCL 
were analyzed by Western blotting using the indicated antibodies. Rabbit IgG served as control.

R-SMAD1/5 in MCF7 cells. AMOT deple-
tion reduced SMAD1/5 phosphorylation 
significantly after 30 min of stimulation but 
not after 15 min (Figure 3, A and B). Similar 
results were obtained in primary endothe-
lial cells (HUVECs; Figure 3C) and in three 
different mesenchymal precursor cell lines 
(mouse myoblast precursor cells [C2C12]), 
human fetal osteoblasts [hFOBs], human 
myoblasts; Supplemental Figure S3, A–C). 
To explore further whether this effect of 
AMOT was specific for SMAD1, we per-
formed similar experiments in TGF-β1 
stimulated MCF7 cells and assessed phos-
phorylation of SMAD2. Here, no difference 
in SMAD2 phosphorylation on AMOT 
knockdown was observed (Figure 3D). This 
finding suggests that the effect of AMOT 
on SMAD phosphorylation is BMP-specific. 
We also investigated whether the other 
two proteins of the Motin family, AMOT-
like protein 1 (AMOTL1) and AMOT-like 
protein 2 (AMOTL2), have a similar effect 
on BMP-induced pSMAD1/5 levels. There-
fore, AMOTL1 and AMOTL2 were de-
pleted either separately or combined be-
fore stimulating MCF7 cells with BMP6. 
While AMOTL2 depletion did not affect 
SMAD1/5 phosphorylation, the knock-
down of AMOTL1 as well as the combined 
knockdown inhibited BMP6-induced phos-
phorylation (Figure 3E).

We further investigated whether de-
creased R-SMAD phosphorylation also 
affects downstream signaling steps, such 
as complex formation between activated 
R-SMADs and co-SMAD4. To measure this, 
we depleted AMOT in MCF7 cells and sub-
sequently subjected them to coimmuno-
precipitation analyses to investigate the 
interaction between SMAD1 and SMAD4. 
On AMOT knockdown, SMAD1–SMAD4 
complex formation in BMP6 stimulated 
cells was decreased (Figure 4A). This is in 
line with the general decrease in 
pSMAD1/5 levels, visible in the TCL (Figure 
4A). Next, the translocation of pSMADs to 
the nucleus was assessed by cellular frac-
tionations and consecutive protein analy-
ses. As expected from the decrease in 
SMAD complex formation, BMP6-medi-
ated pSMAD1/5 translocation to the nu-
cleus was reduced in AMOT-depleted cells 
(Figure 4B). Last, we analyzed the induc-
tion of ID1, a direct SMAD target gene. 
AMOT knockdown led to decreased mRNA 
expression of ID1 after 1 h of BMP6 stimu-
lation compared with cells transfected with 

control siRNA (Figure 4C; Supplemental Figure S3H). This effect 
was also reflected on protein expression, as ID1 protein levels 
were decreased after BMP6 stimulation in AMOT-depleted cells 
(Figure 4D).
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Together, these results show that AMOT depletion modulates 
BMP target gene expression by decreasing SMAD1/5 phosphoryla-
tion, SMAD complex formation, as well as its nuclear translocation.

AMOT is predominantly expressed apically in polarized cells
As described in the literature, AMOT function is associated with the 
maintenance and formation of apical-basal polarity and cell–cell 
contacts in polarized cells (Bratt et al., 2005; Ebnet, 2008). This is 
dependent on its predominant apical expression, which was dem-
onstrated in Madin–Darby canine kidney (MDCK) cells (Wells et al., 
2006). To verify this compartmentalization in MCF7 cells, we per-
formed confocal z-stack analyses of AMOT immunofluorescence im-
ages. Figure 5A depicts the maximal projection of all planes ranging 
from apical to basal of a semiconfluent MCF7 cell layer. Endogenous 
AMOT predominantly localized at cell–cell junctions and in the nu-
cleus. When cells lacked cell–cell contacts, AMOT was not concen-

FIGURE 3: Targeted AMOT depletion reduces phosphorylation of BMP-SMAD proteins 
specifically. (A–D) MCF7 cells or HUVECs were transfected with siRNA targeting either 
nonspecific sequences (si-scr) or human AMOT (si-AMOT) and stimulated for the indicated time 
with 10 nM BMP6 (A–C) or 200 pM TGFβ1 (D). Protein lysates were subjected to Western 
blotting using the indicated antibodies. Blots represent at least three independent experiments. 
(B) Quantification depicts pSMAD1/5 level normalized to GAPDH relative to si-scr control. Bar 
charts represent mean ± SEM from six independent experiments of Western blots depicted in A; 
**p < 0.01, two-way ANOVA with Bonferroni post-hoc test compared with si-scr stimulated with 
BMP6 for 30 min. (E) MCF7 cells were transfected with siRNA targeting AMOTL1 (si-AMOTL1) 
or AMOTL2 (si-AMOTL2) and stimulated with 10 nM BMP6 for 30 min. Lysates were analyzed by 
Western blotting with the indicated antibodies. The blot is representative for three independent 
experiments.

trated at the outer rim of the PM (Figure 5A, 
right zoom-in images). Three-dimensional 
(3D) analysis shows that AMOT was almost 
exclusively located at the apical side of po-
larized cells (Figure 5B). Depth analysis of 
the AMOT signal confirmed this finding 
(Figure 5C). To verify that cells were indeed 
polarized, specifically in the transwell assay 
used later on (Figures 5D and 6C), the typi-
cal polarity marker protein kinase C zeta 
(PKCzeta) was investigated (Yanger et al., 
2013; Yonemura, 2014). As expected, PKC-
zeta was exclusively present on the apical 
side, thereby indicating complete apical-
basal polarization of cells (Figure 5, E and F). 
Further, ZO-1 was present at cell–cell con-
tacts, demonstrating mature and functional 
tight junctions. The BMPR2, however, local-
ized ubiquitously to the PM, both at the api-
cal as well as at the basolateral sides (Figure 
5E). These findings are further supported by 
z-stack movies of the shown IF-stainings 
(Supplemental Videos S1–S3).

Endocytosis of AMOT130 is crucial for 
apical BMP-SMAD signaling
We then assessed whether trafficking of 
AMOT130, as shown in Figure 1, is a prereq-
uisite for its effect on pSMAD1/5 levels. 
Thus, AMOT-depleted MCF7 cells were 
stimulated with BMP either at 37°C or at 
4°C. At this lower temperature, endocytosis 
is blocked because of the physical proper-
ties of the PM. Intriguingly, AMOT knock-
down did not affect SMAD1/5 phosphoryla-
tion when stimulated at 4°C, while at 37°C 
pSMAD1/5 levels were clearly decreased 
(Figure 6A). This suggests that the traffick-
ing of AMOT130 is crucial for its modulatory 
effect on BMP-SMAD signaling.

As mentioned, AMOT130 predomi-
nantly functions as a transmembrane pro-
tein, when it is phosphorylated at Ser-175 
(Moleirinho et al., 2017). Hence, we investi-
gated whether this phosphorylation status 
is affected by BMP stimulation. Using differ-

ent stimulation times, we detected decreased pAMOT130 signal 
after 15 min of BMP6 stimulation (Figure 6B). The phosphorylation 
was further reduced after 30 min of BMP6 stimulation.

Since we showed that AMOT is mostly expressed at apical cell–
cell junctions, we hypothesized that this is the only compartment in 
which it regulates BMP-SMAD signaling. We first analyzed whether 
AMOT has any effect on the integrity of this junctional compartment 
by measuring the transepithelial electrical resistance (TEER), which 
represents the permeability of a confluent cell layer. AMOT-de-
pleted MCF7 cells were seeded as a confluent monolayer into tran-
swell inserts (Figure 6C). Cells were then analyzed for their TEER. 
They exhibited a basal TEER of roughly 400 Ω/cm2, which was sig-
nificantly decreased on AMOT depletion (Figure 6D). Next, we mea-
sured whether application of BMPs either apically or basolaterally 
would be similarly affected by AMOT knockdown (Figure 6E). Gen-
erally, pSMAD1/5 was induced by BMP6 stimulations from both 
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sides suggesting BMP-receptors to be present unilaterally. Interest-
ingly, AMOT-depleted cells showed decreased BMP-induced 
SMAD1/5 phosphorylation only when stimulated from the apical 
side, but not from the basolateral side (Figure 6E). Accordingly, 
when analyzing the expression of BMP target genes, we observed a 
significant reduction of ID1, ID2 and ID3 expression in AMOT de-
pleted cells only after BMP6 stimulation from the apical side (Figure 
6F; Supplemental Figure S3, I and J). This indeed suggests a com-
partment-specific function for AMOT in the BMP-SMAD pathway.

Taken together, our data provide evidence that AMOT130 is a 
novel modulator of BMP-SMAD signaling and likely exerts its func-
tion based on its polarized localization within cells and increased 
trafficking after BMP stimulation. As AMOT compartmentalizes at 
the apical side of polarized cells, it also modulates BMP signaling 
only in this compartment and therefore constitutes another layer of 
subcellular regulation to this crucial growth factor signaling 
network.

DISCUSSION
Polarization of epithelial and endothelial cells forms physiological 
barriers separating complex structures from the environment, allow-
ing transport of nutrients across and directional secretion of biomol-
ecules from these cell sheets. The PM of these cells is divided into 
an apical lumen-facing and basolateral membrane. The latter con-
sists of cell–cell contact sites and the membrane facing the underly-
ing extracellular membrane. The borders between these membrane 

FIGURE 4: AMOT depletion causes decreased BMP-SMAD signaling. (A–D) MCF7 cells were 
transfected with siRNA targeting either nonspecific sequences (si-scr) or human AMOT (si-AMOT) 
and stimulated for the indicated time points with 10 nM BMP6. (A) Endogenous complex formation 
of SMAD1 and SMAD4. After treatment, MCF7 cells were lysed and immunoprecipitation using 
αSMAD1 antibody was performed. Precipitates and TCL were analyzed by Western blotting using 
the indicated antibodies. Rabbit IgG served as control. (B) After 1 h of stimulation, MCF7 cells were 
lysed and their cytosolic and nuclear proteins fractionated and blotted with the indicated 
antibodies. The blot represents three independent experiments. (C) After 1 h of stimulation, cells 
were lysed and RNA was extracted, reverse transcribed, and used for gene expression analysis. 
qRT-PCR analysis of ID1 mRNA. Data are presented as mean ± SEM of three independent 
experiments; ***p < 0.001, two-way ANOVA with Bonferroni post-hoc test, compared with si-scr 
stimulated with BMP6 for 1 h. (D) Representative Western blot of MCF7 protein lysates after 
AMOT depletion and 1 h BMP6 stimulation shows ID1 and GAPDH level.

regions are composed of tight and adher-
ens junction complexes. Apical-basal polar-
ity is essential for epithelial and endothelial 
function and is maintained by cell polarity 
and junction proteins. AMOT has been 
identified as an important regulator for cell–
cell contacts and polarity in epithelial and 
endothelial cells. The role of AMOT is most 
intensively studied in the context of the 
Hippo/YAP pathway or small GTPase signal-
ing (Ernkvist et al., 2009; Chan et al., 2011). 
Since its discovery, biochemical characteris-
tics of AMOT have been only poorly under-
stood. Both descriptions of AMOT as a 
transmembrane protein and receptor for 
angiostatin in the apical compartment and 
its role as transcription factor-binding nu-
clear protein have been published (Troya-
novsky et al., 2001; Levchenko et al., 2008; 
Hong, 2013). Additionally, it has been pro-
posed that AMOT130 is a mechanosensor, 
connecting the actin cytoskeleton with cell–
cell contacts and the Hippo/YAP pathway 
(Paramasivam et al., 2011; Dai et al., 2013; 
Mana-Capelli et al., 2014). The BMP growth 
factor signaling cascade is known to inte-
grate mechanical cues and shows compel-
ling cross-talk with Hippo/YAP signaling 
(Alarcon et al., 2009; Kopf et al., 2012). After 
we identified AMOT from a proteomics-
based BMP receptor-interactome study, we 
aimed to elucidate the molecular function of 
AMOT in the context of BMP signaling.

We examined the impact of AMOT on 
BMP signaling and vice versa BMP in AMOT 
function in polarized mammary epithelial 

cells. With this, we provide first evidence that AMOT130 is a novel 
regulator of the BMP-SMAD pathway, exclusively at the apical side 
of polarized cells. We show that AMOT130 interacts with the BMPR2 
and the downstream signaling component SMAD1. On BMP stimu-
lation, AMOT is dephosphorylated at Ser-175 and subsequently in-
ternalized. AMOT knockdown decreases SMAD1/5 phosphorylation 
and target gene expression derived exclusively from the apical side 
of polarized cells. We hypothesize that this effect depends on apical 
endocytosis as it can be reversed by blocking internalization. SMAD 
signaling derived from the basal side is not influenced by AMOT 
depletion (Figure 7).

To measure cell surface levels of AMOT in the presence and ab-
sence of BMP, we applied surface biotinylation on polarized epithe-
lial cells. Notably, biotinylation occurs preferentially at lysines or ar-
ginines and only one lysine was described in the extracellular 
angiostatin-binding domain (amino acids 871–1005 in AMOT130) 
(Bratt et al., 2005). Nevertheless, both AMOT isoforms were de-
tected at the surface and were internalized on BMP stimulation after 
45 min. The verification that AMOT is a transmembrane was a pre-
requisite for our study since the specific localization of AMOT varies 
in different cell contexts. It has, for example, been shown that AMOT 
only localizes to the PM at mature cell–cell contacts in dense cell 
cultures and dephosphorylated AMOT130 localizes in the nucleus 
(this study; Mana-Capelli et al., 2014; Moleirinho et al., 2017). Fur-
thermore, AMOT is recruited to the PM on starvation (this study; 
Adler et al., 2013; Dai et al., 2013). However, so far no specific 
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factors in the serum could be attributed to these effects and besides 
density, serum, and manipulations of the actin cytoskeleton, no up-
stream triggers were investigated. Here, we show that BMP6, a 
member of the BMP family of ligands regulates AMOT localization 

in polarized cells. BMP6 inhibits migration and proliferation of mam-
mary cancer epithelial cells (Lian et al., 2013; Liu et al., 2014; Hu 
et al., 2016). Of note, AMOT is not degraded after BMP stimulation 
but rather is subjected to increased trafficking, potentially mediating 

FIGURE 5: AMOT predominantly localizes at apical cell–cell junctions and the nucleus in polarized MCF7 cells. 
(A) MCF7 cells were subjected to immunofluorescence staining using α-AMOT (BL) antibody (red). Nuclei were stained 
with DAPI (blue). Scale bar represents 20 µm. Images were taken at a confocal microscope by applying a z-stack and 
depicting maximal projection. Right panel shows only AMOT. Zoom-in images depict AMOT staining on sites without 
cell–cell contacts, marked by white arrows. (B) 3D analysis of the picture shown in A. Z-stack merge is depicted from 
side view. (C) Depth analysis of the AMOT signal. (E) MCF7 cells were seeded in transwells and subjected to 
immunofluorescence staining using the indicated antibodies. Z-stacks were taken at a confocal microscope and 
representative images depict the apical membrane as indicated by the white rectangle in D. Cells were confluent; dark 
spots represent nonfocused areas, because transwell membranes were not flat. Scale bar represents 20 µm. (F) Z-stack 
merge is depicted from side view for PKCzeta/AMOT. Supplemental videos of z-stacks: Supplemental Video S1 depicts 
AMOT (green) and PKCzeta (red) from basal to apical; Supplemental Video S2 depicts ZO-1 (green) and PKCzeta (red) 
from basal to apical; Supplemental Video S3 depicts BMPR2 (green) and PKCzeta (red) from apical to basal.
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recycling. This was further validated by live cell imaging studies, re-
vealing that AMOT130-positive trafficking punctae increased after 
30–60 min of BMP6 stimulation. The small isoform AMOT80 was 
internalized as well, although we only identified the large isoform to 
interact with the BMPR2, potentially facilitating the subsequent 
BMP-induced internalization. It has been described that the large 
and small isoform can build heterodimers and therefore we cannot 
exclude that AMOT130 in a complex with AMOT80 or even with 
other Motin family members binds to the BMPR2 (Ernkvist et al., 
2008). Interaction of AMOT130 specifically with the BMPR2 long 
isoform (BMPR2-LF) suggests a binding motif for AMOT130 in the 
cytoplasmic tail of the BMPR2-LF and vice versa for the BMPR2-LF in 
the N-terminal tail of AMOT130, absent in AMOT80 (Ernkvist et al., 
2006). AMOT130 could not be immunoprecipitated with BMPR1s, 

which is in line with other proteins modulating BMP signaling, such 
as PI3K, c-Src, and IRS4 (Hiepen et al., 2014; Benn et al., 2015; 
Dorpholz et al., 2017). However, BMP6 exhibits high affinity for 
ALK2 binding, making it tempting to speculate that AMOT130 is 
associated to single BMPR2 molecules or BMPR2-ALK2 complexes 
only (Yadin et al., 2016).

We furthermore report colocalization and interaction of AMOT 
with SMAD1 (Figure 2, C–E). Here, we cannot assure any AMOT 
isoform specificity, as the utilized antibody recognizes both iso-
forms. Interactions of AMOT with either BMPR2 or SMAD1 were 
abolished by ligand addition. Considering the internalization dy-
namics of AMOT, this suggests that the interactions are decreased 
in the course of AMOT internalization. In contrast, association of 
AMOT to SMAD1 was increased after 15 min of BMP stimulation, 

FIGURE 6: AMOT drives apical SMAD signaling via endocytosis. (A) MCF7 cells were depleted of AMOT and 
stimulated with BMP6 at 37°C or at 4°C. Lysates were analyzed by Western blotting using the indicated antibodies. 
(B) MCF7 cells were starved and stimulated with BMP6 for the indicated time points. Lysates were analyzed by Western 
blotting using the indicated antibodies. (C) Experimental setup for apical–basal-specific BMP stimulation of MCF7 cells 
in specific transwell inserts. (D) MCF7 cells transfected with siRNA targeting AMOT (si-AMOT) or scr control (si-scr) were 
seeded into transwells and their TEER was measured. Data are presented as mean ± SEM of three independent 
experiments; **p < 0.01, ***p < 0.001, one-way ANOVA with Bonferroni post-hoc test. (E) MCF7 cells transfected with 
siRNA targeting AMOT (si-AMOT) or scr control (si-scr) were seeded until confluency in transwells depicted in C and 
stimulated specifically from the apical or basal side. Lysates were analyzed by Western blotting with the indicated 
antibodies. All blots are representive for each four independent experiments. (F) Target gene expression measured by 
qRT-PCR after 1 h of BMP6 stimulation in transwell experiment. After 1 h of stimulation, cells were lysed and RNA was 
extracted, reverse transcribed, and used for gene expression analysis of ID1 mRNA. Data are presented as mean fold 
induction (F.I.) ± SEM of four independent experiments; ***p < 0.001, two-way ANOVA with Bonferroni post-hoc test 
compared with si-scr stimulated apically or basally with BMP6.
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coinciding with the BMP-induced dephosphorylation of AMOT130 
at Ser-175. So far, only the specific AMOT130 upstream kinases 
LATS1/2 were investigated for Ser-175 phosphorylation and no de-
phosphorylation mechanisms are known (Dai et al., 2013). Within 
the BMP pathway, multiple phosphatases are described to counter-
balance critical phosphorylation events. These include PP2A, which 
directly interacts with the BMP receptor complex and causes de-
phosphorylation of R-SMADs (Bengtsson et al., 2009). It is not 
known in detail whether AMOT has to be phosphorylated at Ser-175 
to reach its transmembrane topology. Although it has been pub-
lished that pAMOT130 predominantly localizes at the PM, only ec-
topically expressed phosphomimetic or phosphoresistant AMOT130 
mutants were used to show this (Moleirinho et al., 2017). Experi-
ments investigating the lipid binding and tubulation function of 
AMOT did not consider the influence of putative PTMs (Heller et al., 
2010). It is also not clear whether AMOT needs to penetrate the PM 
to induce tubulation and subsequent endocytosis or whether PM-
association alone is sufficient. Hence, the question of cytoplasmic or 
transmembrane localization of AMOT still remains to be answered.

Beyond this, we also determined that AMOT depletion reduces 
SMAD1/5 phosphorylation in all cell systems used ranging from epi-
thelial and endothelial to mesenchymal precursor cells. This sug-
gests a general mechanism and confers AMOT an even more im-
portant function in BMP signaling. Further, the SMAD modulation 
was specific for BMP signaling, as we did not detect an effect of 
AMOT depletion on TGF–β-mediated SMAD2 phosphorylation. 
The observed decrease in SMAD1/5 phosphorylation affected all 
downstream signaling events, as it interfered with subsequent 
SMAD1–SMAD4 complex formation, translocation of SMADs to the 
nucleus, and target gene transcription.

In addition, we investigated whether AMOTL1 or AMOTL2 had 
similar effects on BMP-SMAD activation. Both proteins are structur-
ally similar to AMOT130 and localize in a comparable manner, al-
though they lack the Angiostatin-binding domain (Huang et al., 
2018). Only AMOTL1 depletion affected pSMAD1/5 levels in 
MCF7 cells and thereby resembled the effect of AMOT knock-
down. This can possibly be explained by the identical existence of 
XPXY motifs within AMOTL1 and AMOT, while AMOTL2 differs 

FIGURE 7: AMOT130 modulates BMP-SMAD signaling by enhanced trafficking at the apical membrane of polarized 
cells. AMOT130 associates to the BMP receptor complex and SMAD1. On BMP stimulation, AMOT130 is 
dephosphorylated and subsequently internalized. Increased trafficking of AMOT130 leads to more SMAD1/5 
phosphorylation and subsequently more SMAD1/SMAD4 complex formation. These complexes translocate to the 
nucleus and activate target gene transcription, e.g., ID1. As AMOT is predominantly expressed apically, it facilitates only 
apical BMP-SMAD signaling and thereby only a subpopulation of receptor complexes. The proposed transmembrane 
topology was proven by surface biotinylation assays (box) (Bratt et al., 2005).
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slightly (Huang et al., 2018). Further, AMOTL1 has similar effects on 
the paracellular permeability as AMOT, whereas AMOTL2 is appar-
ently more involved in the link between tight junctions and the 
actin cytoskeleton (Zheng et al., 2009; Hultin et al., 2014). Here, 
further experiments are necessary to explore whether AMOTL1 has 
a similar role as AMOT130 in BMP signaling.

These findings suggest the following model (Figure 7): AMOT130 
is expressed at the apical cell surface associating to BMPR2 in se-
rum-starved cells, potentially phosphorylated at Ser-175. During the 
first 15 min of BMP6 stimulation, AMOT130 becomes dephosphory-
lated at Ser-175 and concomitantly SMAD1 is recruited to the BMP 
receptor complex. At this stage, AMOT and SMAD1 still interact 
and this connection is lost within the next 15 min. After 30 min of 
BMP6 stimulation, dephosphorylated AMOT130 is internalized, 
thereby losing its association to BMPR2 and SMAD1. We have 
shown previously that roughly 40% of BMPR2 surface levels are in-
ternalized after 30 min of BMP stimulation, similar to those of TGF-β 
type II receptor endocytosis dynamics (Horbelt et al., 2010; Amsa-
lem et al., 2016). This suggests that BMPR2 is potentially internal-
ized together with AMOT130 in this period. SMAD1 is already phos-
phorylated after 30 min and translocates to the nucleus to activate 
target gene transcription.

As mentioned above, AMOT is predominantly expressed at the 
apical side of epithelial cells, demonstrated by confocal z-stacks. 
Since MCF7 cells are not a widely used model for epithelial polarity, 
the established apical-basal polarity was verified by the expression 
and apical localization of PKCzeta and tight junction integrity by ZO-
1, both accepted markers (Yonemura, 2014). We further measured 
the basal TEER of MCF7 cells within the transwell setup to check 
whether tight junctions were functional. The cells exhibited a basal 
TEER of roughly 400 Ω/cm2, which represents an intermediate level 
of resistance and demonstrates a sealed epithelial sheet according 
to the literature (Srinivasan et al., 2015; Etoc et al., 2016). Spatial 
compartmentalization is crucial to understand the manifold signal-
ing outcome induced by activated BMP receptors. BMPs are se-
creted as precursors into the extracellular space, where they be-
come cleaved and activated but at the same time bound by soluble 
antagonists to fine-tune their action. Once engaged into receptor 
complexes, it is the distinct localization of these BMP receptors, the 
constitution of their complexes, and their stability that have striking 
effects on downstream signaling outcome (Ramel and Hill, 2012). By 
these mechanisms BMP signaling can, for example, be elicited only 
at the leading edge of a migrating cell or specifically induce only 
SMAD or non-SMAD signaling depending on the PM side and com-
position it was activated in Guzman et al. (2012). Indeed, we have 
proven that AMOT regulates SMAD1/5 signaling in a spatially re-
stricted mode, only when the ligand was added to the apical side of 
polarized cells. This establishes AMOT as a very specific apical fine-
tuner of BMP-SMAD signaling and adds another layer of regulation 
to the complex signaling network. Interestingly, BMP stimulation 
elicited SMAD signaling from both apical and basolateral sides in 
MCF7 cells. This is in contrast to MDCK cells and human embryonic 
stem cells, in which it was shown SMAD1/5 activity is not induced 
when cells are stimulated from the apical side (Saitoh et al., 2013; 
Etoc et al., 2016). However, we demonstrate that the BMPR2 is not 
expressed exclusively basally but also in the apical cell compart-
ment in polarized MCF7 cells. This demonstrates that polarized ex-
pression of BMP receptors is highly context dependent.

Additionally, we showed that endocytosis was crucial for AMOT 
regulation, as SMAD1/5 phosphorylation was not affected by AMOT 
knockdown when endocytosis was blocked. A previous study by us 
already revealed that endocytosis is dispensable to initiate SMAD1/5 

phosphorylation but can enhance the signaling outcome (Paarmann 
et al., 2016). The same study determined that dynamin-dependent 
endocytosis affected steady-state levels of both type I and type II re-
ceptors but influenced the surface expression of only the type I re-
ceptors and not of BMPR2. This suggests that there are independent 
regulatory mechanisms modulating surface levels for each receptor 
type, probably including dynamin-independent mechanisms for 
BMPR2, such as actin-driven endocytosis (Johannes et al., 2015). It is 
tempting to speculate that actin-binding AMOT130 enhances traf-
ficking of the BMPR2 and thereby promotes the subsequent signal-
ing events. AMOT130 can induce strong F-actin bundling when over-
expressed and only if Ser-175 is not phosphorylated (Mana-Capelli 
et al., 2014). This would be in line with our data showing that 
AMOT130 is first dephosphorylated at Ser-175 and then internalized. 
With these experiments, we only begin to understand the molecular 
mechanism by which AMOT influences SMAD1/5 phosphorylation. 
Yet, AMOT has been described as a trafficking regulator for YAP and 
tight junction-associated proteins, a function that very likely could be 
assigned to BMP signaling components as well (Wells et al., 2006; 
Cox et al., 2015).

Taken together, our results describe AMOT130 as a novel, spa-
tially restricted BMP signaling regulator. We clearly demonstrate 
that AMOT130 specifically affects SMAD1/5 signaling at the apical 
side of polarized cells by enhanced trafficking (Figure 7). This pro-
vides new, valuable insights to the complex regulation of the BMP 
pathway, which will be beneficial to elucidate the role of AMOT in 
BMP-mediated processes such as cell differentiation, motility, and 
proliferation.

MATERIALS AND METHODS
Cell culture
HEK293T, MCF7, and C2C12 cells were grown in DMEM (Biochrom 
AG) supplemented with 10% fetal calf serum (FCS; Biochrom AG), 
2 mM l-glutamine, and penicillin (100 U/ml)/streptomycin (10 µg/ml) 
(PAA Laboratories) at 37°C and 10% (C2C12) or 5% CO2. Immortal-
ized human myoblasts were cultured in skeletal muscle growth 
medium (Provitro) supplemented with supplement mix (Provitro), 
50 ng/ml amphotericin, 50 µg/ml gentamicin, 10% FCS, 2 mM 
l-glutamine, and penicillin (100 U/ml)/streptomycin (10 µg/ml) at 
37°C and 5% CO2. hFOBs (1.19) were cultured in a 1:1 mixture of 
DMEM and Ham’s F12 medium supplemented with 10% FCS, 2 mM 
l-glutamine, penicillin (100 U/ml)/streptomycin (10 µg/ml), and 
0.3 mg/ml G418 (Biochrom AG) at 34°C with 5% CO2 to keep them 
in a proliferative state. HUVECs were a kind gift from M. Lorenz and 
V. Stangl (Charité Universitätsmedizin, Berlin, Germany) and cul-
tured on gelatin-coated tissue culture ware in M199 medium sup-
plemented with 20% FCS, 50 µg/ml endothelial cell growth supple-
ment (Corning), 25 µg/ml heparin, 2 mM l-glutamine, and penicillin 
(100 U/ml)/streptomycin (10 µg/ml) at 37°C and 5% CO2. HUVECs 
were used at passage 3 in all experiments. Unless stated otherwise, 
all cells were starved for 5 h prior to stimulation with their respective 
growth medium, without FCS supplement, containing 2 mM l-gluta-
mine and penicillin/streptomycin.

Cell transfection
HEK293T cells were transiently transfected with plasmids using 
polyethylenimine (Sigma-Aldrich). MCF7 cells were transiently trans-
fected using Lipofectamine2000 (Invitrogen) according to manufac-
turer’s instructions. Cells were cultured for 24 h before the experi-
mental procedure. For siRNA-mediated knockdown of AMOT, 
Lipofectamine RNAiMAX (Invitrogen) or Lipofectamine2000 
(HUVEC) was used according to manufacturer’s instructions. Cells 
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were cultured in antibiotic-free medium during transfection and in-
cubated for 48 h prior to subsequent assays. All siRNAs were ob-
tained from Dharmacon-Healthcare. ON-TARGET plus nontargeting 
siRNA (si-scr) was used as control (5′-UGGUUUACAUGUCGA-
CUAA-3′). Human AMOT siRNA (5′-GAAACAAGCUAGAGGG-
CGA-3′) and murine AMOT SMARTpool siRNA (L-058986-02) were 
used to deplete both isoforms of AMOT. Human AMOTL1 siRNA 
(5′-GGAAUGAUUUGAACUGAUA-3′) and human AMOTL2 siRNA 
(5′-GGUUCAUGUGCAUUGUUUA-3′) were used to deplete 
AMOTL1 and AMOTL2, respectively.

Plasmids
The full-length coding sequences of human AMOT130 and AMOT80 
were amplified from HEK293T cell cDNA and cloned into the 
pcDNA3.1 V5/His-TOPO vector (Life Technologies) according to 
manufacturer’s instructions with an N-terminal FLAG-tag. The 
AMOT130 insert was furthermore subjected to site-directed muta-
genesis and fused to an N-terminal GFP-Tag. Plasmids encoding 
human HA-BMPR2-LF, HA-ALK3, and HA-ALK6 were described pre-
viously (Gilboa et al., 2000).

Western blotting
Protein lysates were separated by SDS–PAGE and subsequently 
transferred on polyvinylidene difluoride (PVDF) membranes. After 
blocking for 1 h with 3% nonfat dry milk in TBS-T, membranes were 
incubated with primary antibodies overnight at 4°C. Membranes 
were then incubated with respective HRP-conjugated secondary an-
tibody and analyzed using WesternBright Quantum ECL HRP re-
agents (Advansta) and a Fusion-FX7 detection system (Vilber-Lour-
mat). Primary antibodies used were rabbit anti-GAPDH (2118S), 
rabbit anti-pSMAD1/5 (9516S), rabbit anti-SMAD1 (D59D7), rabbit 
anti–histone H3 (9715S), rabbit anti-pSMAD2 (3108S), and rabbit 
anti-SMAD2 (3122) obtained from Cell Signaling Technologies. 
Mouse anti-HA tag antibody (HA7) was purchased from Sigma-Al-
drich. Goat anti-AMOT (C18) and rabbit anti-ID1 (sc488) were pur-
chased from Santa Cruz Biotechnology. Rabbit anti-AMOT (A303-
305) was purchased from Bethyl Labs. Rabbit anti-pAMOT130 
(Ser174, ABS1045) was purchased from Merck Millipore. Rabbit anti-
AMOTL1 (HPA001196) was purchased from Atlas Antibodies, and 
rabbit anti-AMOTL2 (23351-1-AP) was purchased from Proteintech.

Coimmunoprecipitation studies
Immunoprecipitation of overexpressed proteins from HEK293T cells 
(24 h posttransfection) and endogenous proteins from MCF7 cells 
(48 h postseeding) was performed using a modified radio-immuno-
precipitation assay buffer (RIPA) freshly supplemented with inhibi-
tors (1 mM PMSF, 2 mM Na3VO4, 20 mM Na4P2O7, 50 mM NaF, 
complete protease inhibitor cocktails [Roche]) as previously de-
scribed (Benn et al., 2015). TCLs were taken before incubating the 
lysates with the indicated primary antibody (1–4 µg/lysate) overnight. 
Rabbit anti-AMOT (TLE) antibody, used for AMOT-BMPR2 interac-
tions, was kindly provided by Lars Holmgren (Karolinska Institutet, 
Stockholm, Sweden). Furthermore, mouse anti-HA tag (Sigma-
Aldrich), rabbit anti-SMAD1 (Cell Signaling Technologies), and rab-
bit anti-AMOT (BethylLabs) antibodies were used for pull down. 
Control samples were incubated with either isotype control antibod-
ies or recombinant protein A-Sepharose beads (GE Healthcare). Im-
munocomplexes were precipitated at 4°C for 2 h with recombinant 
protein A-Sepharose beads and subsequently washed 3–5× with 
fresh lysis buffer including inhibitors. Proteins were eluted with 2× 
Laemmli sample buffer and boiled for 10 min at 95°C prior to West-
ern blotting.

Cell surface biotinylation
Twenty-four hours posttransfection, HEK293T cells were starved and 
stimulated with BMP6 for the indicated time points. Cells were then 
incubated with 0.5 mg/ml EZ-Link Sulfo-NHS-SS-Biotin solution 
(Thermo Fisher Scientific) at 4°C followed by incubation with 50 mM 
Tris, pH 8.0. Lysis was performed with modified RIPA buffer and bio-
tinylated surface proteins were pulled down using streptavidin-cou-
pled Sepharose beads (GE Healthcare). Beads were washed with 
lysis buffer, eluted with 2× Laemmli buffer, and subjected to Western 
blotting. Control cells (–) were not incubated with Biotin but other-
wise treated the same.

Cell fractionation
For cell fractionation, MCF7 cells were first scraped in ice-cold phos-
phate-buffered saline and harvested by centrifugation posttreat-
ment. The NE-PER nuclear and cytoplasmic extraction reagents kit 
(Thermo Fisher Scientific) was used according to manufacturer’s in-
structions. Fractions were then analyzed by Western blotting.

In situ PLA
MCF7 cells were seeded in Nunc Lab-Tec II 16-well glass chamber 
slides (Thermo Fisher Scientific) and incubated for 48 h before se-
rum starvation followed by BMP stimulation for the indicated time 
points. Cells were then fixed using 4% paraformaldehyde and per-
meabilized with 0.5% Triton X-100. Subsequently, PLA was per-
formed using Duolink in situ proximity ligation (Sigma-Aldrich), as 
previously described (Thymiakou and Episkopou, 2011), using 
mouse anti-SMAD1 (sc7965; Santa Cruz Biotechnology), mouse 
anti-YAP/TAZ (sc101199; Santa Cruz Biotechnology), and rabbit 
anti-AMOT (Bethyl Labs) at a dilution of 1:200. Imaging occurred 
with an inverted epifluorescence Axiovert 200M microscope (Zeiss). 
The number of heteromers was quantified using BlobFinder image 
analysis software as previously described (Allalou and Wahlby, 
2009). At least 500 cells per experimental condition were quantified 
of each replicate and normalized to starved cells.

Quantitative Real-Time PCR
Total RNA extraction was performed using NucleoSpin RNA II isola-
tion kit (MACHEREY-NAGEL) according to manufacturer’s instruc-
tions; 0.5–1 µg of RNA was subjected to reverse transcription using 
MMLV reverse transcriptase (Promega) and random primers (Invitro-
gen). Gene expression was assessed by quantitative PCR utilizing 
StepOne Plus and SYBR Green PCR Master Mix (Applied Biosys-
tems) or Luna PCR Master Mix (New England Biolabs). Transcript 
expression levels were calculated as mean normalized expression 
ratios referred to housekeeping gene using the ΔΔCT method con-
sidering primer efficiency correction (Livak and Schmittgen, 2001; 
Pfaffl, 2001). All measurements were done in triplicate and CT val-
ues were determined with the StepOne Software version 2.2 (Ap-
plied Biosystems). The following human primer pairs were used for 
amplification: GAPDH (fwd: 5′-GAAGGTGAAGGTCGGAGTC-3′, 
rev: 5′-GAAGATGGTGATGGGATTTC-3′), ID1 (fwd: 5′-GCTGCTC-
TACGACATGAACG-3′, rev: 5′-CCAACTGAAGGTCCCTGATG-3′), 
JunB (fwd: 5′-TGGAACAGCCCTTCTACCAC-3′, rev: 5′-GGTTTCAG-
GAGTTTGTAGTC-3′), both isoforms of AMOT (fwd: 5′-GATTCTG-
GCTCTGGAAGCTG-3′, rev: 5′-CTGTTGTGTCCCTCTGAGCA-3′).

Immunofluorescence
MCF7 cells were fixed with 4% PFA, permeabilized with 0.5% Tri-
ton X-100, and subsequently blocked with 3% bovine serum albu-
min/2% normal goat serum solution before incubation with spe-
cific primary antibodies at 4°C overnight followed by Alexa Fluor 
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594–conjugated secondary antibody incubation. Nuclei were 
stained with 4′,6-diamidino-2-phenylindole (DAPI). Images were 
taken with an inverted confocal SP8 microscope (Leica) and ana-
lyzed with the LAS X software (Leica).

Live cell imaging of AMOT130-GFP
Living MCF7 cells were imaged in a Zeiss Axiovert 200M micro-
scope with a heating module with CO2 supply at 37°C and 5% CO2. 
To visualize internalization of AMOT130-GFP, cells were starved 5 h 
in medium without FCS supplement and then stimulated during im-
age acquisition with 10 nM BMP6. Videos were all taken with the 
same exposure time. Images at 0 and 60 min were quantified using 
ImageJ.

Apical-basal transwell assay
MCF7 cells were seeded into six-well plates, transfected for 24 h 
with respective siRNAs and then reseeded into 12-mm Transwell 
0.4-µm inserts (Corning). On confluency, cells were starved for 5 h 
with medium not containing FCS and subsequently stimulated with 
10 nM BMP6 only applied from either the apical or the basal side. 
Cells were lysed for either protein or RNA analysis. Protein lysates 
were subjected to Western blotting and analyzed for SMAD1/5 
phosphorylation. RNA lysates were subjected to quantitative real-
time PCR (qRT-PCR).

TEER measurement with ECIS
MCF7 cells were seeded into six-well plates, and AMOT was de-
pleted for 48 h. Cells were then seeded into 6.5-mm Transwell 0.4-µm 
inserts (Corning). After 48 h, inserts were introduced in the ECIS trans-
Filter Adapter and for data acquisition, a multiple frequency time 
course program was chosen, and data were recorded for 48 h. Analy-
sis of TEER data was evaluated with the ECIS software, and peak 
values for each corresponding condition were recorded for the graph.

Statistical analysis
Statistical analysis was performed with Prism Software (GraphPad) 
using either unpaired Student’s t test or one-way or two-way analysis 
of variance (ANOVA) with post-hoc Bonferroni test depending on 
the experiment; p < 0.05 was considered statistically significant.
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