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staining of Syntaxin 6 in migrated C2C12 cells revealed PCP with the trans-Golgi aligned 
towards the leading edge which was going hence with the direction of chemotaxis. In 
contrast, the Golgi were aligned randomly when cells were not stimulated or allowed to 
undergo BMP2-induced chemotaxis in the presence of PI103 (Figure 1B). 

Figure 1 BMP2 induces chemotaxis of multipotent mesenchymal C2C12 mouse 
myoblasts. (A) Trajectories of multipotent mouse mesenchymal C2C12 cells migrating in a 
2D chemotaxis chamber over period of 16 hours exposed to a linear BMP2 gradient 
compared to non-stimulated control or in the presence of the PI3K p110α selective inhibitor 
PI103 [8 nM]. The gradient was produced by application of BMP2 to the upper reservoir. It 
was allowed to generate a linear concentration profile with a max. concentration of ~10 nM 
reaching the cells on the edge of the observation area as described by the manufacturer. (B) 
Syntaxin 6 and DAPI stainings of C2C12 cells after BMP2-induced chemotaxis compared to 
non-stimulated control or PI103 [8 nM] pre-treatment. The location of the depicted cells 
within the chemotaxis chamber is indicated. Scale bar represents 20 µm. 

PI3K regulatory subunit p55�  interacts with BMPRII-LF and -SF 

To address the molecular mechanism of BMP-induced directional cell migration, we 
followed some promising hits from a proteomics-based mass spectrometry (MS) screen 
designed to identify novel BMPRII interacting proteins [20]. Among those proteins not 
published earlier was PI3K regulatory subunit p55γ (Figure 2A, p55γ specific peptides in 
yellow) which co-immunoprecipitated with GST-tagged BMPRII short form (SF). BMPRII 
exists in mouse myoblast C2C12 cells in two splice variants, the BMPRII-long form 
(BMPRII-LF) and BMPRII-SF [21] with BMPRII-LF to be abundant in most other cell types. 
To first investigate the interaction site for p55γ in BMPRII we performed co-
immunoprecipitation (Co-IP) studies in HEK293T cells upon overexpression of different 
BMPRII truncations (TCs) (Figure 2B) which lack parts of the C-terminal tail unique for 
BMPRII-LF. Upon p55γ precipitation we confirmed an interaction with wild type (wt) 
BMPRII-LF and all BMPRII truncations (TC3-8) as well as BMPRII-SF (Figure 2B lanes 1-
8). To validate the interaction of p55γ with both splice forms, we performed studies in C2C12 
cells by pull-down of either endogenous p55γ or endogenous p85α (for antibody validation 
see Additional file 2: Figure S1A). We then probed for co-precipitated endogenous BMPRII 
by use of a BMPRII-specific antibody recognising an extracellular epitope (Figure 2C). As 
shown in lanes 1�3, endogenous p55 γ, but not p85α, (lanes 4�6) co-immunoprecipitated with 
BMPRII-LF and BMPRII-SF, with the receptor association to p55γ increasing over time 
during BMP2 treatment. Furthermore, we detected the class Ia catalytic subunit p110α in 
p55γ precipitates suggesting that BMP2 activates PI3K heterodimers of p55γ and p110α 
(Figure 2C, lower panel lanes 1�3). Since Co-IP in C2C12 cells confir med an p55γ but not 
p85α interaction with BMPRII, we compared their respective co-localisation patterns in intact 
cells. For this, C2C12 cells were transiently transfected with HA-tagged BMPRII-LF and 
stained by use of antibodies binding to regulatory subunits and the HA-tag. Epifluorescence 
microscopy revealed strong co-localisation of p55γ, but only partial co-localisation of p85α, 
with BMPRII-LF within C2C12 cell protrusions (Figure 2D). Co-localisation was quantified 
defining a fixed region of interest (ROI). Mean Pearson�s-coefficient of three sets of 
independent experiments revealed 0.933 – 0.092 for co-localisation of p55γ and 0.741 – 
0.093 for p85α with BMPRII-LF (Additional file 2: Figure S1B). We then confirmed that 
p110α indeed specifically binds to BMPRII by precipitation of endogenous p110α which co-
immunoprecipitated BMPRII in a BMP2-dependent manner (Figure 2E, lane 4). Together, 





performing a p-Tyr pulldown upon BMP2 stimulation on BMPRII-LF-HA transfected 
HEK293T cells and subsequent blotting using anti- HA antibody also confirmed the tyrosine 
phosphorylation of BMPRII (Additional file 2: Figure S1D). The phospho-tyrosine 
specificity of the antibody was proven by Sodium-Orthovanadate treatment of cells and 
additionally by dephosphorylation using Antarctic Phosphatase treatment of the membrane 
after western blotting with pTyr antibody (Additional file 2: Figure S1E). To identify 
particular phosphorylated tyrosine residues on BMPRII respective mass spectrometry 
approaches have to be performed in the future. Together these results confirm that BMPRII is 
tyrosine phosphorylated in a BMP2-dependent manner and provides the required features to 
associate with p55� . 

BMPRII-kinase activity is dispensable but the presence of BMPRI enhances 
BMPRII-p55 �  interaction 

BMP receptor complexes comprising BMPRI and BMPRII oligomerise by different modes 
with the BMP induced signalling complex (BISC) to induce non-Smad signalling [24,25]. 
BISCs are formed through a BMP2-induced recruitment of BMPRII to ligand bound BMPRI 
and this is required for the induction of non-Smad pathways [25,26]. To investigate the 
contribution of BMPRII kinase activity in the BMPRII-p55�  complex, we first investigated 
the binding properties of flag-tagged p55�  to HA-tagged wild type (wt) BMPRII-LF 
compared to binding to a kinase-dead mutant (BMPRII-LF-K230R) [27]. Upon 
overexpression in HEK293T cells and precipitation of p55� , we detected both wt BMPRII-LF 
and BMPRII-LF-K230R in p55�  precipitates (Figure 3A, lanes 1–2). Intriguingly, we found 
the interaction of p55�  with wt BMPRII-LF and BMPRII-LF-K230R was further facilitated 
by concomitant overexpression of BMPRIb (Figure 3A, lanes 3–4). In contrast, BMPRIb 
alone or the corresponding BMPRI kinase-dead mutant (BMPRIb-K231R) did not co-
immunoprecipitate with p55�  (Additional file 3: Figure S2). These data prove that the kinase 
activity of BMPRII is dispensable for association with p55� , whereas the availability of 
BMPRI critically influences the interaction of p55�  to BMPRII. To elucidate further whether 
BMPRII-LF and BMPRII-LF-K230R are equally potent in activating signalling by PI3K, we 
expressed increasing amounts of each receptor in HEK293T cells followed by detection of 
phospho-Akt threonine 308 (Thr308). In the presence of BMP2, both wt BMPRII-LF and 
BMPRII-LF-K230R significantly promoted Akt phosphorylation at Thr308 as the amount of 
DNA transfected was increased (Figure 3B). As expected, expression of BMPRII-LF-K230R 
resulted in a dominant negative effect on the BMP2-induced Smad signalling, seen by a 
decreased Smad1/5/8 phosphorylation (Figure 3B, lanes 4–6). 

  





Figure 4 BMP2-induced PI3K signalling is specifically mediated via p55� . (A) Phospho-
kinetics of PI3K effector proteins in C2C12 upon 10 nM stimulation with BMP2 for the 
indicated time. Phosphorylation of PDK1 (Ser241), Akt (Thr308), and Akt (Ser473) was 
analysed. (B) BMP2-dependent tyrosine phosphorylation at the inter-SH2 domain of p55γ but 
not p85α. HEK293T cells were transfected with equal amounts of p55γ-flag and p85α-HA 
and stimulated with 10nM BMP2 for the indicated time. Upper panel depicts BMP2-
dependent phosphorylation of conserved Tyr458 of p85α (see arrowheads, double band at 
~100 kDa) corresponding to Tyr199 of p55γ (see arrowhead at ~55 kDa). The detected 
signals migrated accordingly to the signals of p85α-HA and p55γ-flag in the expression 
control (arrowheads, lower panel). (C) Knock-down of p55γ reduces BMP2-induced Akt-
Thr308 phosphorylation of C2C12 cells upon 60 minutes stimulation with BMP2. The 
relative phospho-Akt- Thr308 to GAPDH levels were determined. (D) Overexpression of 
p55γ-flag in C2C12 cells reduces BMP2-induced Akt-Thr308 phosphorylation upon 60 
minutes stimulation with BMP2. The relative phospho-Akt- Thr308 to GAPDH levels were 
determined. For experiments C and D: Error bars represent S.D. from 3 independent 
experiments. P-Values from one-way ANOVA with post-hoc Bonferroni-test are indicated. 
(see also Additional file 1: Figure S5). 

BMP2-induced PIP3 production is dependent on p55�  

We then analysed whether BMP2-induced PIP3 production requires p55γ by performing a 
PI3K activity assay. For this, C2C12 cells were stimulated with BMP2 following pull-down 
of p55γ or p85α. Subsequently, we analysed in vitro lipid kinase activity of precipitated 
complexes using a competitive ELISA system (Figure 5A). Precipitates of p55γ revealed 
increased PIP3 production after BMP2 stimulation for 15 minutes (lane 2) (decreased 
absorbance at 450 nm), which further increased at the 60 minute time-point (lanes 2�4). In 
contrast, pre-treatment with the PI3K inhibitor LY-294002 or pull-down of p85α gained PIP3 
levels comparable to levels in non-stimulated p55γ precipitates (Figure 5A, lanes 5�6). The 
pull-down of p85α only resulted in elevated PIP3 levels when cells were stimulated with 
insulin (100 nM). This further underlines the role of p85α in other pathways, but not BMP 
signalling (Figure 5A, lane 7). Pull-down controls for both regulatory subunits and the co-
immunoprecipitated p110α are shown (Figure 5A, lower panel). The potency of small 
molecule inhibitors in interfering with BMP2-induced PI3K signalling was tested by the 
application of LY-294002 (10 µM), the class Ia selective PI3K inhibitor PI103 (8 nM) or the 
BMPRI-kinase specific inhibitor LDN-193189 (0.5 µM) (Additional file 5: Figure S4A). 

  





Figure 7 BMP2-induced PI3K signalling is important for directional cell migration. (A ) 
C2C12 cell wound closure upon stimulation with 10 nM BMP2 for 14 hours compared to 
unstimulated control. Lipophilic carbocyanine-dye labelled cells (DiO) are presented in black 
pseudo-colour. Scale bar represents 200 � m. Left panel, effect of p55�  knock-down (si-p55� ) 
on C2C12 cell wound closure compared to scrambled transfected (si-scr) control. (B) Bar 
diagram depicting the intensity translocation values for 3 independent biological replicates 
for experiments shown in A using a selective mask filter (for detailed description see methods 
and supplementary materials and methods section). Error bars represent S.D. from 3 
independent experiments. P-Values from one-way ANOVA with post-hoc Bonferroni-test are 
indicated. (C) Trajectories visualising the migration of p55�  knock-down (red) and scrambled 
control (green) C2C12 cells during BMP2-induced wound closure over a period of 12 hours. 
Scale bar represents 100 � m. Left panel, equal amounts of si-p55�  (red) and si-scr (green) 
transfected cells were labelled with DiI or DiO respectively prior to mixing and seeding. Bar 
diagram (right panel) summarises the intensity translocation ratios of p55�  knock-down (red) 
compared to scrambled control (green) C2C12 cells of 19 replicates analysed with p < 0.005 
considered statistically significant. (D) Transwell assay of C2C12 cells, transfected with 
either si-p55�  or si-LL5�  compared to si-scr-transfected C2C12 cells. Cells migrated through 
an 8 � m porous filter upon stimulation with 10 nM BMP2 for 6 hours in the presence of 0.2% 
FCS. The number of cells migrated through the porous filter was counted. Bar diagram 
represents cell number counts per optical field. Error bars represent S.D. from 3 independent 
experiments. P-Values from one-way ANOVA with post-hoc Bonferroni-test are indicated. 
Error bars represent S.D. from 3 independent experiments. 

Collectively, our results demonstrate that the BMPRII-p55�  interaction is necessary for 
BMP2-induced class Ia PI3K activation via the BMPRII-p55�  interaction and PIP3 
production via p110�  activity at the leading edge cytocortex. Moreover, we showed that the 
BMP2-induced activation of PI3K is critically involved in actin reorganisation and 
lamellipodia formation due to the production of PIP3 and LL5�  recruitment. With LL5� , we 
found an important PIP3 effector and actin regulator through its well described role in 
tethering filamins to the cytocortex. p55� , p110�  and LL5� , therefore, critically influence 
BMP2-induced chemotaxis with p55�  being a novel and specific BMPRII interacting protein 
required for chemotactic mesenchymal progenitor cell responses to BMP2 (Figure 8). 

Figure 8 Scheme depicting BMP2-induced PI3K signalling via p55� /p110�  and cortical 
actin rearrangements via PIP3-LL5� -Filamins in mesenchymal progenitor cells. 
Gradients of BMP2 activate the BMP receptor complex and facilitate the association of 
BMPRII to regulatory subunit p55�  coupled to class Ia catalytic subunit p110� . The 
recruitment and activation of PI3K generates the membrane bound second messenger 
PtdIns(3,4,5)P3 (PIP3) at the leading edge of cells that are about to establish planar cell 
polarity (PCP). PIP3 recruits the PH-domain protein LL5� . LL5�  co-recruits and tethers the 
actin crosslinker filamin to the leading edge where it promotes actin polymerisation, 
crosslinking and subsequent initiation of lamellipodia formation, extension and protrusion. 
BMP2/Bone Morphogenetic Protein 2; BMPRI/Bone Morphogenetic Protein receptor type I; 
BMPRII/Bone Morphogenetic Protein receptor type II; pSmad1/phospho-Smad1; p55� /PI3K 
regulatory subunit p55 gamma; p110� /p110 catalytic subunit p110 alpha; 
PIP2/Phosphatidylinositol (4,5)-bisphosphate; PIP3/Phosphatidylinositol (3,4,5)-triphosphate; 
LL5� /Pleckstrin homology-like domain family B member 2; PH/Pleckstrin homology 
domain; F-actin/filamentous actin. 
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