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Integration of multiple signals into the canonical BMP/

Smad pathway poses a big challenge during the course of

embryogenesis and tissue homeostasis. Here, we show

that cyclic guanosine 30,50-monophosphate (cGMP)-depen-

dent kinase I (cGKI) modulates BMP receptors and Smads,

providing a novel mechanism enhancing BMP signalling.

cGKI, a key mediator of vasodilation and hypertension

diseases, interacts with and phosphorylates the BMP type

II receptor (BMPRII). In response to BMP-2, cGKI then

dissociates from the receptors, associates with activated

Smads, and undergoes nuclear translocation. In the nu-

cleus, cGKI binds with Smad1 and the general transcrip-

tion factor TFII-I to promoters of BMP target genes such as

Id1 to enhance transcriptional activation. Accordingly,

cGKI has a dual function in BMP signalling: (1) it mod-

ulates BMP receptor/Smad activity at the plasma mem-

brane and (2) after redistribution to the nucleus, it further

regulates transcription as a nuclear co-factor for Smads.

Consequently, cellular defects caused by mutations in

BMPRII, found in pulmonary arterial hypertension

patients, were compensated through cGKI, supporting

the positive action of cGKI on BMP-induced Smad signal-

ling downstream of the receptors.
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Introduction

Bone morphogenetic proteins (BMPs) regulate a plethora of

cellular processes in embryonic and mature tissue (Canalis

et al, 2003; Lories and Luyten, 2005; Schier and Talbot, 2005;

Varga and Wrana, 2005). BMP signalling is strictly regulated

at numerous steps, from ligand availability up to the nuclear

factors regulating the transcriptional response. The impor-

tance of this precise regulation is reflected by the appearance

of developmental disorders and dysfunctions in humans such

as bone and cartilage diseases or cancer, in which specific

components of the BMP pathway are defective (Waite and

Eng, 2003; Harradine and Akhurst, 2006; Hartung et al,

2006a, b).

BMPs signal through two specific transmembrane serine/

threonine kinase receptors, type I (BMPRI) and type II

(BMPRII). Before ligand binding, BMPRs are present at the

cell surface as a mixed population comprised of monomers,

homodimers and preassembled heteromeric complexes con-

taining both BMPRI and BMPRII (preformed complexes,

PFCs) (Gilboa et al, 2000). Ligand binding to PFCs triggers

phosphorylation of BMPRI by BMPRII and propagation of the

signal by phosphorylation and concomitant activation of

receptor-specific Smads the R-Smads1/5/8 (Nohe et al,

2002). The signal is then transduced through complex for-

mation between R-Smad1/5/8 and co-Smad4 and subsequent

translocation into the nucleus to regulate BMP-specific target

gene expression (Shi and Massague, 2003; Feng and Derynck,

2005). Non-Smad signalling, however, is initiated by binding

of BMP-2 to the high affinity receptor BMPRI, which subse-

quently recruites BMPRII to activate the MAPK pathways

(Nohe et al, 2002; Canalis et al, 2003).

BMP signalling is fine tuned at multiple levels, depending

on environmental inputs and developmental stage. Ligand

accessibility is modulated by antagonists, and receptor acti-

vation is controlled by co-receptors, by localization to distinct

membrane microdomains, by endocytosis and by receptor-

associated proteins (Satow et al, 2006; Hartung et al,

2006a, b). Recently, we showed that BMP R-Smads are phos-

phorylated, while the activated BMP receptor complex is still

at the plasma membrane. The release of Smads from the

receptors to translocate into the nucleus requires clathrin-

mediated endocytosis of the receptors (Hartung et al, 2006a).

Nucleo-cytoplasmic shuttling of Smads is also tightly regu-

lated by the phosphorylation status of R-Smads (Schmierer

and Hill, 2007). Thus, phosphorylation of Smad1 in the linker

region counteracts Smad1 function, and R-Smad linker phos-

phorylation by MAPKs (e.g. extracellular signal-regulated

kinase) inhibits their nuclear translocation (Kretzschmar

et al, 1997; Sapkota et al, 2007). On the other hand, linker

phosphorylation by glycogen-synthase kinase 3 targets

Smad1 for proteasomal degradation (Fuentealba et al,

2007). Moreover, several studies suggested a dynamic inter-

play between MAPKs and phosphatases that affects R-Smads.

For instance, the phosphatase PP2A as well as small

C-terminal phosphatases dephosphorylate both the C-term-

inal SXS motif and the linker region of Smad1 to modulate

BMP signalling (Knockaert et al, 2006; Sapkota et al, 2006;

Bengtsson et al, 2009). Finally, nuclear BMP signalling
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depends on interaction of Smads with proteins of the nuclear

envelope such as MAN1 (Osada et al, 2003) and on recruit-

ment of and cooperation with specific transcriptional factors

(Feng and Derynck, 2005) to control Smad nucleo-cytoplas-

mic shuttling, activity status and DNA binding. Together,

these mechanisms generate feedback loops and, in crosstalk

with other pathways, regulate multiple steps in BMP signal-

ling and prevent its deregulation.

BMPRII not only initiates BMP signalling, but also cross-

talks with diverse signalling pathways. For instance, Foletta

and co-workers have shown that a key regulator for actin

dynamics, LIM kinase I, is inhibited by interaction with the

BMPRII-tail, leading to dysregulation of actin depolymeriza-

tion (Foletta et al, 2003). Mutations in BMPRII were impli-

cated in the development of the vascular disease pulmonary

arterial hypertension (PAH) (Lane et al, 2000; Thomson et al,

2000; Machado et al, 2001), and several proteins that bind to

the BMPRII-tail, such as Tctex-1 and Tribbles-like protein 3

(Trb-3), were shown to interfere with the pathogenesis of

PAH (Machado et al, 2003; Chan et al, 2007). Nevertheless,

the role of BMPRII and its crosstalk mechanisms during

specific BMP responses are still unclear.

Using a proteomics-based approach (Hassel et al, 2004),

we identified cyclic guanosine 30,50-monophosphate (cGMP)-

dependent kinase I (cGKI) as a binding partner of BMPRII. So

far, no function has been assigned to cGKI in BMP signalling.

cGKI (PKGI) is a soluble cytoplasmic serine/threonine kinase

and one of the major mediators of nitric oxide (NO)/cGMP-

triggered signal transduction. It has important functions in

many physiological processes such as vascular tone control,

platelet activation and synaptic plasticity. It is highly

expressed in vascular smooth muscle cells (VSMCs) and

regulates gene expression, cell morphology and cell prolifera-

tion. Interestingly, alterations in cGKI expression and activity

are involved in the pathogenesis of hypertension, athero-

sclerosis, restenosis and hyperlipemia (Schlossmann et al,

2005; Feil et al, 2005a, b).

cGKI has three functional domains: the N-terminal leucine

zipper, the cGMP-binding region and the C-terminal kinase

domain. The N terminus exhibits an a and b isoform-specific

autoinhibitory/pseudo-substrate site, which blocks the cata-

lytic centre in the inactive state (Orstavik et al, 1997; Francis

et al, 2002). In addition, the N terminus mediates homodi-

merization through a leucine/isoleucine zipper motif and

subcellular targeting. It includes autophosphorylation sites

involved in the control of the basal activity of cGKI (Smith

et al, 1996; Chu et al, 1998; Richie-Jannetta et al, 2003). The

regulatory domain comprises two tandem cGMP-binding

sites. cGMP binding induces a conformational change, where-

by the catalytic centre in the C-terminal kinase domain is

released allowing subsequent phosphorylation of substrates

(Zhao et al, 1997; Wall et al, 2003; Feil et al, 2005b).

Here, we show that cGKI interacts with and phosphory-

lates BMPRII. On BMP-2 stimulation, cGKI is released from

the receptor to bind R-Smads and the co-Smad4. The cGKI/

Smad complexes then translocate into the nucleus, recruit

TFII-I, and bind to the promoter of the BMP target gene Id1.

These findings show a novel dual role for cGKI in BMP

signalling: (1) regulation of BMP receptor and R-Smad activa-

tion at the plasma membrane and (2) regulation of the

expression of BMP target genes in the nucleus. Our studies

provide the first evidence for crosstalk between the cGMP/

cGKI and BMP signalling pathways. Importantly, this cross-

talk is physiologically relevant, as we show that cGKI can

compensate for the aberrant cellular responses to BMP

caused by mutations in BMPRII found in PAH patients.

Results

cGKI isoforms interact with BMPRII

In a proteomics-based screen for BMPRII interactors, we

identified several BMPRII-associated proteins (Hassel et al,

2004). Among these interactors not published earlier was

cGKI (Supplementary Figure S1). To confirm this interaction

in cells, we used co-immunoprecipitation of endogenous

proteins in C2C12 cells. As shown in Figure 1A, cGKI

co-precipitated with BMPRII as well as BMPRI (data not

shown). After knockdown of endogenous BMPRII, BMPRIa

did not co-precipitate with cGKI indicating that binding of

cGKI to the receptor complex is mediated through BMPRII

(Supplementary Figure S2). To investigate whether the cel-

lular localization of cGKI depends on BMPRII, we performed

confocal immunofluorescence microscopy in C2C12 cells

stably expressing HA-BMPRII (Hassel et al, 2003). After anti-

body-mediated patching of HA-BMPRII at the cell surface

(Gilboa et al, 2000), endogenous cGKI was partially

co-localized with HA-BMPRII patches at the cell surface

(data not shown). There are two cGKI alternatively spliced

cGKI isoforms, a and b, which differ in their N termini (Feil

et al, 2005b) (see Supplementary Figure S1). Both isoforms

are expressed in C2C12 cells (Casteel et al, 2002); however,

the peptides identified in our screen by mass spectrometry

(Supplementary Figure S1) did not allow to differentiate

between the isoforms (Hassel et al, 2004). cGKIa and b
were therefore analysed for co-immunoprecipitation with

HA-BMPRII in transiently transfected HEK293T cells. Both

cGKI isoforms co-precipitated with HA-BMPRII, with a some-

what higher efficiency for the a isoform (Figure 1B). It is not

clear whether this reflects a higher affinity to BMPRII or is

merely due to stickiness of the cGKIa leucine zipper. For

further experiments, we used either cGKIa or b.
There are two naturally occurring splice variants of

BMPRII. The short form (BMPRII-SF) lacks the long cytoplas-

mic tail, which is unique to BMPRII among mammalian TGFb
superfamily receptors (Rosenzweig et al, 1995). To map the

BMPRII site that interacts with cGKI, we performed pull-

down experiments in C2C12 cells overexpressing cGKI, using

recombinant GST–BMPRII-tail or GST–BMPRII-SF fusion pro-

teins or GST alone as bait (Figure 1C, Supplementary Figure

S3). We observed that cGKI co-precipitates only with BMPRII-

tail region (Figure 1C, upper panel, lanes 3 and 4). To

investigate whether the interaction between cGKI and

BMPRII is direct, we performed in vitro binding assays

using recombinant proteins (GST–BMPRII cytoplasmic

domains and MBP-cGKI; Figure 1D; Supplementary Figure S2).

Recombinant cGKI bound to the BMPRII-tail (Figure 1D,

upper panel, lane 6), but not to BMPRII-SF (Figure 1D,

upper panel, lane 5). Yet, when we co-expressed BMPRII-

SF, BMPRII-LF or BMPRII truncation mutants with cGKI in

HEK293T cells, cGKI was immunoprecipitated with BMPRII-

SF (Supplementary Figure S4). However, this is caused by

ligand independent dimers of BMPRII-SF and BMPRII-LF

(Gilboa et al, 2000). This notion is supported by the finding

that the shortest truncation mutant BMPRII-TC1, which lacks
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the kinase domain and tail region and is defective in its ability

to dimerize with full-length BMPRII (Gilboa et al, 2000),

failed to interact with cGKI (Supplementary Figure S4).

cGKI transphosphorylates BMPRII

Little is known on the regulation of BMPRII phosphorylation.

The BMPRII-associated receptor tyrosine kinase c-Kit shows

dual kinase activity and phosphorylates BMPRII at serine 757

in the tail region and thus modulates BMPRII-dependent BMP

signalling (Hassel et al, 2006). As cGKI is a kinase, we

examined whether it can phosphorylate BMPRII in vitro.

The assay used recombinant cGKI in the presence of

(g-32P)-ATP, using GST–BMPRII-tail as substrate (Figure 2A;

Supplementary Figure S3). Interestingly, BMPRII-tail, which

binds cGKI (Figure 1D), was also phosphorylated by activated

cGKI (Figure 2A, upper panel, lane 3). However, cGKI did not

phosphorylate BMPRII-SF, as shown with a kinase-deficient

BMPRII-SF mutant (BMPRII-SF-K230R (Nohe et al, 2002)) to

circumvent concomitant autophosphorylation of the receptor

(Supplementary Figure S5). In turn, BMPRII is implicated in

regulatory phosphorylation of interaction partners such as

Tctex-1 (Machado et al, 2003). In the context of this study,

BMPRII kinase did not phosphorylate cGKI (Supplementary

Figure S5 and data not shown).

The phosphorylation of BMPRII by cGKI was next analysed

by in vivo phosphorylation assays in C2C12 cells. Vasodilator-

stimulated phosphoprotein (VASP) phosphorylation was used

in initial studies to analyse cGKI activation (Ruth et al, 1991;

Butt et al, 1994; Smolenski et al, 1998; Casteel et al, 2002)

(Supplementary Figure S6). Cells transfected with either cGKI

or empty vector were stimulated with 8-Br-cGMP before lysis

(Figure 2B). Endogenous BMPRII was immunoprecipitated

and examined by immunoblot with an antibody specific for

substrates phosphorylated by arginine-dependent kinases

like cGKs and the cAMP-dependent kinase (PKA). Substrate

specificity of this antibody was validated by measuring

transphosphorylation of cGKI on recombinant BMPRII-tail,

followed by the anti-cGKI substrate antibody (data not

shown). Taken together, we conclude that cGKI phosphory-

lates BMPRII in vitro and in vivo.

cGKI dissociates from BMPRII in response to BMP-2

To investigate the cellular localization of cGKI after BMP-2

stimulation, we stained cGKI by immunofluorescence in

C2C12 cells (Figure 3A) and HEK293T cells (data not

shown). Consistent with published data, endogenous cGKI

displayed a pancellular distribution in unstimulated C2C12

cells and other cell lines, whereas 8-Br-cGMP stimulation

induced its nuclear translocation (Gudi et al, 1997; Casteel

et al, 2002) (Figure 3A). Surprisingly, stimulation with BMP-2

also redistributed cGKI to the nucleus (Figure 3A), indicating

its dissociation from the receptor complex.

Figure 1 cGKI isoforms associate with BMPRII. (A) Endogenous complexes of cGKI and the BMP type II receptor in C2C12 cells were analysed
by immunoprecipitation using a-BMPRII antibody and subsequent immunoblotting with a-cGKI antibody. Ab, antibody; IB, immunoblotting;
IP, immunoprecipitation. (B) cGKI was immunoprecipitated from HEK293T cells transfected with HA-BMPRII and cGKIa or b or empty vector.
BMPRII in a-cGKI immunoprecipitates was detected with a-HA antibody. Lysates were controlled for protein expression. (C) GST–BMPRII-SF,
GST–BMPRII-tail or GST alone immobilized to glutathione sepharose beads were incubated with C2C12 lysates expressing cGKI. Purified
protein complexes and cGKI expression were examined by immunoblotting with a-cGKI antibody, BMPRII fusion proteins with a-GSTantibody.
PD, pull-down. (D) MBP-cGKI was analysed for in vitro binding to GST–BMPRII-SF or GST–BMPRII-tail, immobilized to glutathione sepharose
beads. Precipitates were checked by a-MBP and a-GST immunoblotting. To control input of MBP and MBP-cGKI, immunoblotting with a-MBP
antibody was performed on a separate gel. Asterisks mark degradation products of MBP-cGKI.
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To test this possibility, HEK293Tcells were transfected with

cGKI and HA-BMPRII, stimulated with BMP-2, and subjected

to immunoprecipitation experiments to explore the

cGKI-BMPRII association (Figure 3B). In agreement with

the immunofluorescence data, stimulation with BMP-2

drastically reduced cGKI-BMPRII interactions.

cGKI translocates into the nucleus together with

activated Smads

The BMP-dependent dissociation of cGKI from BMPRII and

subsequent nuclear translocation of cGKI closely mirrors the

route and dynamics of Smads acting as intracellular BMP

signal transducers. Therefore, we asked whether cGKI might

bind to BMP R-Smads and/or co-Smad4. Transfected

HEK293T cells (stimulated with BMP-2 or untreated) were

analysed by co-immunoprecipitation to explore cGKI/Smad

complexes (Figure 4A). Smad1 (Figure 4A, panel a, lanes 1

and 2) and Smad5 (Figure 4A, panel a, lanes 3 and 4)

associated with cGKI already in the absence of ligand.

However, complex formation was markedly enhanced on

stimulation with BMP-2 (Figure 4A, panel a, lanes 2 and 4).

Furthermore, cGKI exhibited BMP-dependent interaction with

activated Smad1 and Smad5, which are C-terminally phos-

phorylated in response to BMP-2 (Figure 4A, panel b, lanes 2

and 4). Moreover, cGKI interacted with Smad4 in a BMP-2-

dependent manner (Figure 4B, upper panel, lanes 2 and 3), in

accord with their association into mutual complexes before

nuclear translocation (Shi and Massague, 2003).

To further study the subcellular distribution of endogenous

cGKI and Smads under physiological conditions, C2C12 cells

were stimulated with BMP-2 (10, 30 and 60 min) and exam-

ined by immunofluorescence microscopy. In the absence of

ligand, the proteins were pancellularly distributed

(Figure 4C). On BMP-2 stimulation, cGKI (Figure 4C, panels

Figure 2 cGKI phosphorylates BMPRII. (A) GST–BMPRII-tail immobilized to glutathione sepharose beads was subjected to in vitro kinase
assay with unactivated or 8-Br-cGMP-stimulated cGKI. Incorporated 32P was detected by autoradiography. Input of the fusion protein was
visualized by immunoblotting using a-GST antibody. (B) C2C12 cells transfected with cGKI or empty vector were stimulated with 8-Br-cGMP
for 30 min and subjected to immunoprecipitation using a-BMPRII antibody. Phosphorylation of immunoprecipitated endogenous BMPRII
through cGKI was analysed using a phospho-cGK/PKA substrate-specific antibody. Pellets and lysates were examined with a-BMPRII or a-cGKI
antibodies. Intensities of pBMPRII and BMPRII bands were measured with ImageJ, and the ratio of the intensities (pBMPRII/BMPRII) from two
independent experiments (mean±s.d.) is depicted as relative BMPRII phosphorylation.

Figure 3 cGKI detaches from BMPRII in a BMP-2-dependent manner. (A) Immunofluorescence staining of endogenous cGKI in C2C12 cells
after stimulation with 8-Br-cGMP or BMP-2 for 30 min. DNA was stained using Hoechst dye. Bar, 20 mm. (B) HEK293T cells co-transfected with
HA-BMPRII and cGKI or empty vector were starved and stimulated with BMP-2 for 10 min or left untreated. cGKI was immunoprecipitated and
both precipitates and lysates were analysed by immunoblotting with a-HA and a-cGKI antibodies. A full-colour version of this figure is
available at The EMBO Journal Online.
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b and e), Smad1 (Figure 4C, panel a) and Smad4 (Figure 4C,

panel d) accumulated in the nucleus at rather similar rates.

Moreover, cGKI partly co-localized with both proteins in the

cytoplasm as well as in the nucleus of BMP-2-treated cells

(Figure 4C, panels c and f). Most of the cGKI and R-Smad/

Smad4 complexes were found in the nucleus 30 min after

stimulation with BMP-2 (Figure 4C). After 60 min, cGKI,

Smad1 and Smad4 started to redistribute into the cytoplasm

(Figure 4C). To support these data, we further examined

cGKI/Smad complexes by fractionation studies on C2C12

cells. cGKI associated with Smad1 and co-Smad4 in the

cytoplasm and more pronounced in the nucleus of BMP-2-

treated cells (Supplementary Figure S7).

Taken together, our data suggest that BMP-2 stimulation not

only triggers dissociation of cGKI from the BMP receptors but

also induces binding of cGKI to activated Smads and subse-

quent translocation of cGKI/Smad complexes into the nucleus.

Downregulation of endogenous cGKI inhibits BMP-2

signalling

To investigate the impact of endogenous cGKI on BMP

signalling, we used short hairpin RNA (sh-RNA) to down-

regulate both cGKI isoforms in C2C12 cells (Figure 5A).

Downregulation of cGKI caused a strong reduction of BMP-

2-mediated C-terminal phosphorylation of Smad1/5/8

(Figure 5B, lanes 2 and 4). Consistent with this, overexpres-

sion of wild-type cGKI enhanced Smad phosphorylation 2–3-

fold, whereas kinase-inactive cGKI-D516A had no effect

(Supplementary Figure S8); this suggests that the kinase

activity of cGKI is necessary to enhance C-terminal phosphor-

ylation of Smads. Consistent with the results depicted in

Figure 5B, knockdown of both cGKI isoforms abolished

efficient nuclear translocation of Smad1 (Figure 5C).

Accordingly, Smad1/Smad4 complex formation was reduced

in cells expressing sh-cGKI relative to cells transfected with a

non-targeting sh-RNA (sh-nt) (data not shown).

To analyse the functional consequences of cGKI knock-

down on the expression of Smad-dependent BMP-2 target

genes, we used a luciferase reporter gene under the control

of the BMP response element (BRE) from the murine Id1

promoter (Korchynskyi and ten Dijke, 2002). Knockdown

of endogenous cGKI using sh-cGKI attenuated BRE reporter

gene activity in response to BMP-2 by a factor of 2 relative to

control cells (Figure 5D, lanes 2 and 4). In agreement with

this result, overexpression of wild-type cGKI increased BRE

reporter activity (see Figure 7A), whereas the kinase-inactive

Figure 4 cGKI binds to activated Smad complexes and undergoes nuclear translocation. (A) HEK293T cells co-transfected with Smad1 or FLAG-
Smad5 and cGKI were starved and stimulated with BMP-2 for 30 min or left untreated. cGKI immunoprecipitates were subjected to immunoblotting
using a-Smad1/5, a-pSmad1/5/8 and a-cGKI antibodies (panels a–c; in panel a, lanes 3 and 4 were exposed for shorter periods than lanes 1 and 2).
Levels of pSmad1/5/8, total Smad and cGKI were detected in lysate controls (panels d–f). (B) As in (A), except that HEK293T cells were
co-transfected with FLAG-Smad4 and cGKI or empty vector and Smad4 was assayed for interaction with cGKI. (C) C2C12 cells treated with BMP-2
(10, 30 and 60 min) or without ligand (�) were co-stained for intracellular Smad1 (panels a–c) or Smad4 (panels d–f) and cGKI, respectively, using
specific antibodies. Panel sets c and f monitor co-localization by merging the respective upper two panels. Bar, 20mm.
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mutant cGKI-D516A failed to do so (data not shown).

Interestingly, cGKI expression had no effect on BMP-2-in-

duced MAPK p38 activation and on the induction of alkaline

phosphatase in C2C12 cells (data not shown).

We conclude that knockdown of endogenous cGKI strongly

reduces the BMP-mediated C-terminal phosphorylation of

R-Smads, their nuclear translocation and Smad-dependent

transcription of distinct target genes, suggesting that cGKI

has an activating role in BMP signalling.

Nuclear role of cGKI in BMP signalling

As BMP-2 stimulation induced nuclear translocation of cGKI

and cGKI knockdown downregulated BMP-2-induced tran-

scriptional response, we further investigated the nuclear

function of cGKI. On nuclear entry, Smads associate with

co-factors to assemble transcriptionally active complexes at

promoter regions of specific target genes (Ogata et al, 1993;

Feng and Derynck, 2005). In this context, we used endogen-

ous chromatin immunoprecipitation (ChIP) assays with

either untreated or BMP-2- and/or 8-Br-cGMP-stimulated

C2C12 cells to explore whether cGKI is a component of

Smad-containing nuclear transcription complexes associated

with specific sequences in the Id1 promoter. Binding of

Smad1 to the Id1 promoter was undetectable in unstimulated

cells (Figure 6A, left, panel a, lane 4), and increasing

significantly after BMP-2 stimulation (Lopez-Rovira et al,

2002) (Figure 6A, left, panel b, lane 4). Interestingly, cGKI

also bound to this Id1 promoter site on stimulation with BMP-

2 (Figure 6A, left, panel b, lane 5), but 8-Br-cGMP alone failed

to induce such binding or to enhance the stimulation by BMP-

2 (panels c and d, lane 5). This implies that it is the BMP-2

rather than the cGMP signal that directs cGKI binding to the

Id1 promoter. Similar results were observed in HEK293T cells

(data not shown). To further substantiate that cGKI and

Smad1 bind to the Id1 promoter in a common complex, we

carried out two-step ChIP experiments (Figure 6A, right).

These experiments showed that Smad1 and cGKI indeed

complex at the Id1 promoter, both in BMP-2- and BMP-2/8-

Br-cGMP-treated C2C12 cells (Figure 6A, right, panels b and

c, lanes 12 and 13). This suggests that the BMP/Smad-

dependent modulation of gene transcription through cGKI

requires the localization of the kinase to the nuclear target

gene. This is the first demonstration for signal-dependent and

site-specific association of a cGK with DNA.

To obtain further insight into the molecular mechanisms

by which cGKI regulates BMP/Smad target genes, the invol-

vement of the general transcription factor TFII-I, which

interacts with and is phosphorylated by cGKIb (Casteel

et al, 2002), was analysed. This interaction was shown to

increase the transactivation potential of TFII-I. Furthermore,

TFII-I was reported to interact with TGFb Smads. Therefore,

we checked whether TFII-I affects BMP signalling. Co-immu-

noprecipitation studies in C2C12 cells revealed binding of

endogenous TFII-I to cGKI, as well as to Smad1 and Smad4

(Figure 6B, panel a). The TFII-I double band represents two

splice variants, b and D (Hakre et al, 2006) (Figure 6B, panel a).

Interestingly, a slower migrating form of TFII-I co-precipitated

with Smad1 and Smad4 (Figure 6B, panel a, lanes 4 and 5). It

is not yet clear whether Smad complexes interact preferen-

tially with modified TFII-I, or whether the modification

occurs as a consequence of TFII-I interaction with cGKI/

Smad complexes and subsequent phosphorylation by cGKI.

Isoform-specific conformation as well as serum starvation,

but also growth factor stimulation, regulates the subcellular

localization of TFII-I (Hakre et al, 2006). Immuno-

fluorescence microscopy in C2C12 cells using a-pan-TFII-I

Figure 5 Silencing of endogenous cGKI attenuates BMP signalling. (A) cGKI knockdown using a specific sh-RNA (sh-cGKI) for both isoforms
compared with a non-targeting sh-RNA (sh-nt) was validated in C2C12 cells by immunoblotting with an a-cGKI antibody. a-b-Tubulin was used
as loading control. (B) C2C12 cells transfected with sh-nt or sh-cGKI were incubated with or without BMP-2 for 30 min and subjected to Smad
phosphorylation assay using a-pSmad1/5/8, a-Smad1 and a-b-Actin immunoblotting. (C) BMP-2-induced nuclear translocation of endogenous
Smad1 was examined by immunofluorescence microscopy in sh-nt/GFP- or sh-cGKI/GFP-transfected C2C12 cells. Quantification was done by
determining the respective number of cells with BMP-2-induced nuclear Smad1 from all GFP-positive cells. The results are mean±s.d. of two
experiments. Arrow marks transfected and arrowhead non-transfected cells. Bar, 20mm. (D) C2C12 cells co-transfected with BRE-luc, RL-TK
and sh-nt or sh-cGKI were stimulated with BMP-2 for 24 h or left untreated. BRE-driven luciferase activity was measured (Hartung et al,
2006a, b). The results are mean±s.d. of duplicate measurements and represent one out of three independent experiments. A full-colour version
of this figure is available at The EMBO Journal Online.
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Figure 6 cGKI’s nuclear function in BMP signalling. (A) C2C12 cells were stimulated with BMP-2 and/or 8-Br-cGMP for 4 h or left
unstimulated. Endogenous ChIPs of a specific Id1 promoter fragment was performed using a-Smad1 and a-cGKI antibodies (left). Complex
formation of Smad1 and cGKI at the Id1 promoter was analysed by two-step ChIP using a-Smad1 and a-cGKI antibodies in different order
(right). As a control, ChIP experiments were performed with IgG or antibody was omitted. (B) Endogenous protein complexes from C2C12 cells
containing TFII-I and cGKI, Smad1 or Smad4 were analysed by co-immunoprecipitation with a-cGKI, a-Smad1 or a-Smad4 antibodies.
Immunoblotting was performed with the indicated antibodies. (C, D) As in (A), except that the Id1 promoter was assayed for (C) Smad1/TFII-I
or (D) cGKI/TFII-I complex formation by one-step and two-step ChIP with the indicated antibodies. (E) C2C12 cells were co-transfected with
BRE-luc, RL-TK and the indicated constructs, stimulated with BMP-2 for 24 h of left untreated, and luciferase activities were measured. Fold
changes in BRE reporter activities relative to the BMP-2-treated empty vector control from two independent experiments (mean±s.d.) are
shown. *Po0.05; **Po0.01. (F) C2C12 cells transfected with cGKI, cGKI-K407A/R409A or empty vector were subjected to Smad
phosphorylation assay and analysed by immunoblotting with a-pSmad1/5/8 and a-cGKI antibodies. a-Smad1 was used as a loading control.
Intensities of pSmad1/5/8 and Smad1 bands were measured with ImageJ, and the ratio of the intensities (pSmad/Smad) is shown as relative
Smad phosphorylation.

cGKI promotes Smad signalling
R Schwappacher et al

&2009 European Molecular Biology Organization The EMBO Journal VOL 28 | NO 11 | 2009 1543



antibody located TFII-I predominantly in the nucleus

independent of BMP-2 treatment (Supplementary Figure

S9). In response to BMP-2, Smad1 co-localized with TFII-I

in the nucleus (Supplementary Figure S9). As co-localization

in a large compartment does not necessarily imply associa-

tion, we validated by co-immunoprecipitation that TFII-I/

Smad1 binding is induced by BMP-2 (Supplementary Figure

S10). These observations suggest BMP-2-induced association

of Smad1 and TFII-I in the nucleus. To investigate whether

TFII-I is associated with cGKI/Smad1 complexes at the Id1

promoter, we extended the ChIP and two-step ChIP experi-

ments using a-TFII-I and a-Smad1 or a-cGKI antibodies.

Indeed, TFII-I bound to the Id1 promoter and formed a

complex with Smad1 and cGKI at this promoter only in

BMP-2- or BMP-2/8-Br-cGMP-treated C2C12 cells (Figure 6C

and D and data not shown). Therefore, we propose that cGKI

and TFII-I in association with Smad1 has an important

function in the regulation of the Id1 promoter.

To test this hypothesis, we measured the effect of TFII-I on

BRE reporter gene activity by co-expressing Smad1 and cGKI

variants in C2C12 cells (Figure 6E). The BMP-2-induced

reporter gene activity was enhanced in cells overexpressing

TFII-I and Smad1 as compared with cells transfected with

Smad1 alone (Figure 6E, lanes 2 and 3). Coexpression with

wild-type cGKI on top of TFII-I/Smad1 added an incremental

increase (Figure 6E, lanes 3 and 4). Interestingly, coexpres-

sion of a cGKI mutant (cGKI-K407A/R409A (Gudi et al,

1997)), defective in nuclear translocation due to mutations

in the nuclear localization sequence (NLS), completely

reversed the stimulatory TFII-I effect on BRE activity

(Figure 6E, lanes 3 and 5). However, this mutant still

interacted with BMPRII (data not shown), and increased

Smad1/5/8 C-terminal phosphorylation to the same extent

as wild-type cGKI (Figure 6F). We conclude that nuclear

translocation of cGKI is crucial for its ability to enhance

BMP-2-induced, Smad-dependent transcription. Further-

more, the transcription factor TFII-I seems to be involved,

and its effect depends on the presence of cGKI in the nucleus.

cGKI rescues cellular responses arising from BMPRII

mutants that cause PAH

PAH is a vascular disease characterized by narrowing of the

pulmonary artery caused by vasoconstriction and vascular

remodelling through proliferation of VSMCs and endothelial

cells (Puri et al, 2007). Genetic studies on PAH (idiopathic

and familial) have revealed heterozygous germline

mutations in BMPRII (Waite and Eng, 2003). NO, cGMP

and cGKs have been implicated in many physiological

processes such as vasodilation, cardiac contractility and

remodelling of VSMCs. Mice deficient in cGKI show impaired

NO/cGMP-dependent dilations of arteries (Hofmann et al,

2006). The fact that specific mutations in BMPRII cause PAH

suggested that proteins associated with this receptor might

have an important function in PAH and related diseases

(Foletta et al, 2003; Machado et al, 2003; Zakrzewicz et al,

2007).

To explore whether the crosstalk between cGKI and

BMPRII can modify the role of BMPRII in PAH, we studied

the effect of cGKI on the defective BMP signalling mediated

by the mutant BMPRII-Q657ins16. This loss-of-function

BMPRII-tail mutant was identified in patients with idiopathic

PAH (Thomson et al, 2000). BMPRII-Q657ins16 was much

less effective in inducing BMP signalling than wild-type

BMPRII (Figure 7A, lanes 2, 4 and 6). Coexpression of cGKI

with wild-type BMPRII further enhanced signalling

(Figure 7A, lanes 2, 4 and 5). Interestingly, despite BMPRII-

Q657ins16 failed to induce BMP signalling, cGKI coexpres-

sion with this mutant receptor upregulated the reporter gene

response, raising its signalling to the same level induced by

wild-type BMPRII expression alone (Figure 7A, lanes 2, 4, 6

and 7).

Similar results were obtained with other PAH BMPRII-tail

mutants, such as BMPRII-N764ins47 (Machado et al, 2001)

and BMPRII-A796ins7 (Thomson et al, 2000). All the PAH

mutants showed reduced BMP-2 responsiveness of BRE tran-

scriptional activation, which was rescued by cGKI coexpres-

sion (Figure 7B). Notably, the incremental increase in the

response to BMP-2 in cells expressing the BMPRII PAH

mutants was similar to or even higher than in cells expressing

wild-type BMPRII (Figure 7B). Both PAH-BMPRII-tail mutants

BMPRII-Q567ins16 and BMPRII-N764ins47 are still compe-

tent in binding cGKI (Figure 7C).

In addition to these results, we have investigated the effect

of cGKI on BMPRII PAH mutants under more physiological

conditions. We transfected human aortic smooth muscle cells

with BMPRII-Q657ins16 and/or cGKI or empty vector and

stimulated the cells with platelet-derived growth factor

(PDGF) or serum. Measurement of the proliferation rates

resulted in a reduced proliferation of cGKI-transfected cells

(�18%) compared with control cells, whereas transfection of

the PAH receptor mutant increased cell proliferation

(þ 11%). Intriguingly, coexpression of cGKI to BMPRII-

Q657ins16 lead to a repressed cell growth indicating that

the proproliferative effect of the PAH mutant on VSMCs could

be compensated for by coexpression of cGKI.

Taken together, our data show that cGKI has an important

function in stimulating BMPRII signalling and might be

involved in the pathogenesis of PAH in patients with muta-

tions in BMPRII.

Discussion

The importance of stringent control of BMP signalling is

highlighted by the diseases involving dysfunctions of this

pathway, including developmental disorders, fibrosis, cancer

and vascular diseases (Waite and Eng, 2003). Indeed, BMP

signalling is controlled at multiple levels, including extracel-

lular cues, interactions of BMP receptors at the plasma

membrane and intracellular events (Hartung et al, 2006b).

Here, we show that the cytoplasmic cGKI enhances Smad

signalling at different levels of the BMP pathway. It specifi-

cally interacts with BMPRII, phosphorylates the receptor

and concomitantly regulates Smad phosphorylation. Further-

more, it translocates with activated R-Smad/co-Smad com-

plexes to the nucleus, and binds together with Smads and

TFII-I to the promoter of the target gene Id1 to upregulate its

transcription. The model in Figure 8 illustrates this dynamic

regulation of BMP signalling by cGKI.

cGKI, an additional kinase at the BMP receptor complex

cGKI is a serine/threonine kinase, which in the inactive form

is blocked by its own pseudo-substrate domain (Francis et al,

2002). Activation of the kinase is achieved by binding of

cGMP and subsequent release of the pseudo-substrate.
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Interestingly, binding of cGKI to BMPRII does not require

cGMP, but phosphorylation of BMPRII in the tail domain

requires activation of the kinase by cGMP. This suggests that

cGKI can bind to the receptor before its activation. As the

tyrosine kinase receptor c-Kit (Hassel et al, 2006), cGKI is a

BMPRII-associated kinase, which phosphorylates the recep-

tor at the tail region.

The canonical Smad pathway is initiated by BMP binding

to BMPRII/BMPRI PFCs (Nohe et al, 2002). Recently, it was

shown that the phosphatase Dullard dephosphorylates

BMPRIa and inhibits BMP-mediated Smad signalling (Satow

et al, 2006). Here, we suggest that cGKI binds BMPRII (and

through an indirect mechanism BMPRIa) to support BMP/

Smad signalling, most likely by stabilizing the PFCs. Silencing

of cGKI using RNAi lead to downregulation of BMPRII-

mediated transphosphorylation of BMPRIa at the GS-box

(data not shown), supporting a phosphorylation-mediated

action of cGKI on the receptor complex.

Taken together, our data suggest that cGKI binds BMPRII in

PFCs, phosphorylates BMPRII in the tail region and thereby

modulates both BMPRII and BMPRI activities. This leads to

enhanced phosphorylation of BMP R-Smads at their C

termini, increasing Smad signalling responses.

BMP-mediated piggyback traffic of cGKI and Smads

from the receptors to the target genes

Chan and co-workers recently showed that the interaction of

BMPRII-tail with Trb-3 enhances BMP/Smad signalling by

inducing Smurf1 degradation. On ligand stimulation, Trb3

dissociates from the BMPRII-tail (Chan et al, 2007). This

raised the possibility that ligand-induced conformational

changes within the receptor complex result in conformations

that favour or disfavour specific protein–protein interactions.

In accord with this notion, we observed here that cGKI

dissociates from the receptor after stimulation with BMP-2.

This may occur after a conformational change of the receptor

complex induced by BMP-2 binding, which triggers transpho-

sphorylation of BMPRI by BMPRII (Shi and Massague, 2003),

or following endocytosis of the receptors, which has been

shown to be important for the release of activated R-Smads

from the receptor complex (Hartung et al, 2006a).

Subsequent to stimulation with BMP-2, cGKI interacts with

activated Smad complexes in the cytoplasm and in the

nucleus. As both the association of cGKI with BMPRII and

with Smads is regulated by BMP-2, we suggest a sequential

binding mechanism where cGKI changes its binding partner.

Initially, cGKI binds to BMPRII. After ligand binding to the

Figure 7 cGKI counteracts cellular effects caused by BMPRII PAH mutants. (A) C2C12 cells were co-transfected with luciferase reporters and
HA-tagged BMPRII or MYC-tagged mutant BMPRII-Q567ins16 (causing idiopathic PAH) and/or cGKI or empty vector. Cells were stimulated
with BMP-2 for 24 h or left untreated. Fold changes in BRE reporter activities were normalized to the non-treated empty vector control
(mean±s.d.). Data are representative for three independent experiments. cGKI expression was controlled by immunoblotting with a-cGKI
antibody. *Po0.05; **Po0.01. (B) Graph shows the reporter gene activities on BMPRII mutant and cGKI coexpression relative to the activity
measured for wild-type BMPRII and cGKI. The protein effects were calculated separately to clarify their impact on the overall BRE reporter
signal (BMPRII variant effect, light grey fraction; cGKI effect, white fraction). (C) BMPRII mutants were immunoprecipitated using a-BMPRII
antibody from transfected HEK293T cells with either cGKI or empty vector and BMPRII, BMPRII-Q567ins16 or BMPRII-N746ins47.
Immunoprecipitated complexes and lysates were analysed by a-BMPRII and a-cGKI antibodies. (D) Human aortic smooth muscle cells were
transfected with MYC-BMPRII-Q567ins16 and/or cGKI or empty vector and stimulated with PDGF or serum for 24 h. The PDGF- or serum-
induced proliferation was measured. Fold changes relative to stimulated, empty vector-transfected cells of two independent experiments are
shown (mean±s.d.). **Po0.01.
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BMP receptors, BMP R-Smads get phosphorylated. cGKI then

associates with the activated Smad proteins, and moves with

them to the nucleus.

Smad nucleo-cytoplasmic shuttling dynamics were mainly

described for co-Smad4 and the TGFb R-Smad, Smad2. After

being activated, Smads preferentially stay in the nucleus,

where they are inactivated by phosphatases such as PPM1A

(Lin et al, 2006), which allows their release to the cytoplasm.

New signals reactivate cytoplasmic Smad2 to dynamically

maintain nuclear accumulation (Schmierer and Hill, 2007;

Schmierer et al, 2008). Corresponding studies on Smad1 and

Smad5, the BMP R-Smads, are lacking. Here, we show that on

BMP-2 stimulation, cGKI leaves the receptor complex piggy-

backed on activated R-Smads. It will be interesting to inves-

tigate the impact of this association on the dynamics of the

nucleo-cytoplasmic shuttling of Smad1 or Smad5.

cGMP-induced nuclear translocation of cGKI is mediated

by an NLS inside the kinase domain and requires active

transport (Gudi et al, 1997). One target gene regulated by

activated cGKI is c-fos. The c-fos promoter is induced by

cGMP-dependent redistribution of cGKI to the nucleus and

by cGKI-mediated phosphorylation of the cAMP-response

element binding protein (Gudi et al, 1997, 2000). It is

suggested that cell type-specific anchoring proteins regulate

the redistribution of cGKI to the nucleus (Casteel et al, 2002).

Smads might represent such novel anchoring proteins, which

make cGKI responsive to BMP-2-induced nuclear transloca-

tion. Thus, BMP-2 is a novel stimulus, uncoupled from cGMP,

for the subcellular distribution of cGKI. This opens new

avenues for cGKI biological functions. In addition, cGKI

represents a novel BMP signalling molecule, which follows

a route reminiscent of Smad signalling: from interaction with

BMP receptors, through release from the receptors after BMP-

2 stimulation, culminating in effects on the transcriptional

control of BMP target genes.

Interactions of cGKI in the nucleus

cGKI is a known regulator of transcription factors (Bois et al,

2005; Pilz and Broderick, 2005). Casteel and co-workers

showed an interaction of cGKIb with TFII-I (Casteel et al,

2002), a general transcription factor binding to Inr elements

and upstream regulatory sites primarily in TATA-box-less

promoters (Roy, 2001). Phosphorylation of Ser371 and 743

in TFII-I is necessary for the induction of c-fos promoter

response (Casteel et al, 2002). Earlier studies reported that

both serines are phosphorylated after TGFb-1 stimulation and

are important for Smad3/TFII-I complex formation and TGFb-1-

dependent reporter gene response (Stasyk et al, 2005). TFII-I

also regulates TGFb-mediated induction of the goosecoid (gsc)

gene in P19 cells by interacting with Smad2 and by recruit-

ment to the gsc promoter after stimulation with TGFb (Ku

et al, 2005). Here, we show that TFII-I and cGKI

co-localize with Smad1 at the Id1 promoter after BMP-2

stimulation, suggesting that these proteins form a ternary

complex at the DNA. Furthermore, we took advantage of

cGKI-K407A/R409A, a cGKI mutant defective in cGMP-

mediated nuclear translocation (Gudi et al, 1997). Although

this mutant still interacts with BMPRII and enhances Smad

phosphorylation, there is no upregulation of BRE reporter

gene activity (data not shown), concomitant with its defec-

tive nuclear translocation. Interestingly, expression of TFII-I

stimulates BMP signalling similar to wild-type cGKI, whereas

the cGKI NLS mutant significantly represses the activating

effect of TFII-I. This suggests that the presence of TFII-I in the

nucleus is not sufficient to induce Smad signalling; cGKI

redistribution to the nucleus on BMP-2 stimulation is also

required to enable the TFII-I effect on Smad target gene

activation. Only then the transcriptional complex at the

promoter site of Smad target genes is complete and most

efficient.

cGMP/cGKI and BMP signalling in hypertension disease

PAH is characterized by thickening of pulmonary arteries due

to abnormal proliferation and apoptosis of cells and remodel-

ling of the small arteries. Accompanied with vasoconstric-

tion, PAH patients suffer from elevated pressure in the

pulmonary artery and heart failure (Puri et al, 2007). PAH

(idiopathic and familial) has been shown to be associated

with heterozygous germline mutations in BMPRII (Waite and

Eng, 2003). Smooth muscle-specific expression of mutant

BMPRII in transgenic mice results in increased thickness of

pulmonary arteries and increased muscularization of small

pulmonary arteries. This suggests that loss of BMPRII func-

tion in smooth muscle cells is sufficient to cause a PAH

phenotype (West et al, 2004). Crosstalk to other signalling

pathways increases the complexity of BMP signalling. Thus,

crosstalk mechanisms involving BMPRII are assumed to

influence pulmonary hypertension diseases (Foletta et al,

2003; Machado et al, 2003; Chan et al, 2007). For instance,

the BMPRII-associated receptor for activated C-kinase 1

(Rack-1) appears to be important for the pathology of

hypertension diseases. Rack-1 binding to PAH BMPRII mu-

Figure 8 Model depicting the dual role of cGKI in BMP signalling
pathway cGKI regulates BMP signalling through (light blue) mod-
ulation of BMP receptors at the cell surface and enhancement of R-
Smad phosphorylation and thus Smad activation. After BMP-2-
induced association with activated Smad complexes and shuttling
into the nucleus, cGKI (dark blue) further controls Smad-mediated
transcriptional activation as a nuclear co-factor for Smads, which at
least recruits TFII-I. For details, see text.

cGKI promotes Smad signalling
R Schwappacher et al

The EMBO Journal VOL 28 | NO 11 | 2009 &2009 European Molecular Biology Organization1546



tants is weaker, enhances the antiproliferative BMP signalling

and is thus a negative regulator of cell proliferation

(Zakrzewicz et al, 2007). cGKI, characterized here mainly

as a modulator of BMP signalling in the myoblastic C2C12

cells, is itself a key regulator of vasodilation (Hofmann et al,

2006). Its potential relevance to PAH is underlined by the

involvement of increased cGMP levels in muscle relaxation;

the PDE5 inhibitor Sildenafil, used to treat PAH patients,

supports pulmonary vasodilation (Ghofrani et al, 2006;

Hemnes and Champion, 2006). Importantly, the overexpres-

sion of cGKI restores normal BMP responsiveness in cells

expressing signalling deficient PAH mutant receptors such as

the mutant BMPRII-Q657ins16 (Thomson et al, 2000), sug-

gesting that cGKI is able to overcome deficient BMP signalling

in cells expressing PAH mutants of BMPRII.

A multiplicity of studies describe an antiproliferative role

of the cGMP/cGKI pathway in VSMC differentiation in cell

culture, although the overall mechanisms involved in growth

and proliferation of VSMCs are still controversial (Lincoln

et al, 2006). We have found an antiproliferative action of

overexpressed cGKI in aortic VSMCs, which moreover over-

wrote the proproliferative effect of PAH mutant receptors

such as BMPRII-Q657ins16. Further studies should be direc-

ted to determine the detailed mechanism underlying the

cooperation between cGMP/cGKI signalling and BMPRII in

PAH and related diseases. The modulation of BMP receptor

and Smad activity might represent a cGKI-dependent regula-

tory mechanism in addition to earlierdescribed mechanisms,

such as transcriptional control of specific genes through

cGMP/cGKI in the vascular system (Pilz and Broderick,

2005).

In summary, we propose that the ability of cGKI to

compensate for deficient BMP signalling by PAH BMPRII

mutants is due to cGKI-induced enhancement of Smad phos-

phorylation, acting downstream of the receptors. The cGKI

and BMP pathways have been ascribed high importance in

hypertension diseases, but they were each considered sepa-

rately. The present studies provide novel evidence that these

pathways are integrated. Thus, the crosstalk between cGKI

and BMP signalling not only expands the functional flexibility

of the cGMP/cGKI pathway, but also opens new prospects for

the investigation of BMP/cGKI/Smad signalling pathways

and for the development of new treatments to vascular

diseases.

Materials and methods

Cell culture and transfection
HEK293T and C2C12 cells (both from ATCC) were cultivated in
Dulbecco’s modified eagle medium (DMEM) supplemented with
10% (v/v) FBS and 100 U/ml penicillin and 100 mg/ml streptomy-
cin. Human aortic VSMCs were obtained from U Rauch (Charite,
Berlin, Germany) and cultivated in medium 231 with 5% (v/v) of
the smooth muscle growth supplement SMGS (both Cascade
Biologics). HEK293T cells were transfected with polyethylenimine
(PEI) (Roth). For transfection of C2C12 cells, PEI or Lipofectamine
2000 (Invitrogen) were used according to manufacturer’s instruc-
tions. VSMCs were transfected with Fugene HD (Roche Diagnos-
tics). Cells were assayed 24–48 h after transfection.

Immunoprecipitation
C2C12 cells or transfected HEK293T cells were either lysed directly
or starved for 3 h in DMEM/0.5% (v/v) FBS and stimulated with
10 nM BMP-2 (W. Sebald, University of Wuerzburg, Wuerzburg,
Germany) for 10–30 min. Cell lysis was carried out using lysis buffer

(1% (v/v) Triton X-100, 150 mM NaCl, 20 mM Tris/HCl pH 7.5,
COMPLETEs EDTA-free protease inhibitors (Roche Diagnostics),
1 mM phenylmethylsulfonylfluoride) and immunoprecipitation was
performed with 0.5–1mg of antibody overnight under rotation at
41C. After intense washing, precipitated proteins were separated by
SDS–PAGE, transferred to 0.2mm nitrocellulose membrane and
analysed by immunoblotting.

Pull-down for in vivo and in vitro binding
For in vivo binding, C2C12 cells expressing cGKI were lysed in lysis
buffer. A measure of 1mg of GST, GST–BMPRII-SF or GST–BMPRII-
tail bound to glutathione sepharose were incubated with cell lysate
overnight at 41C. For in vitro binding, 1 mg of GST, GST–BMPRII-SF
or GST–BMPRII-tail bound to glutathione sepharose were incubated
for 1 h at 41C with 1 mg of MBP or MBP-cGKI in 50ml of binding
buffer (0.1% (v/v) Nonidet P-40, 150 mM NaCl, 20 mM Tris–HCl,
pH 7.5, 1 mM EDTA, 0.5 mM dithiothreithol, 0.1% bovine serum
albumine, 10% (v/v) glycerol, COMPLETEs EDTA-free protease
inhibitors, 1 mM phenylmethylsulfonylfluoride). After intense
washing, BMPRII-bound protein was isolated on glutathione
sepharose beads, eluted in SDS sample buffer and examined by
SDS–PAGE and immunoblot.

In vitro kinase assay
Recombinant BMPRII cytoplasmic domains and cGKI (Promega)
were supplemented with 25ml kinase buffer (150 mM NaCl, 20 mM
Hepes pH 7.4, 75 mM MgCl2, 500 mM ATP, 1 mM dithiothreithol),
either with or without 25mM 8-Br-cGMP (Biolog). Phosphorylation
was initiated by addition of 1mCi of (g-32P)ATP (Hartmann
Analytics) and samples were incubated for 30 min at 301C.
Phosphorylated proteins, separated on SDS–PAGE and transferred
to nitrocellulose membrane, were detected using X-ray films.
Protein loading was determined by subsequent immunoblotting.

In vivo kinase assay
Transfected C2C12 cells, starved for 3 h and stimulated with 1mM
8-Br-cGMP for 30 min, were lysed in lysis buffer containing
phosphatase inhibitors. Cleared lysates were subjected to immuno-
precipitation with a-BMPRII antibody (N-terminal) for BMPRII
protein enrichment. After SDS–PAGE and immunoblotting, samples
were probed with a-pcGK substrate antibody. BMPRII phosphoryla-
tion was quantified relative to BMPRII protein amount using
ImageJ (Wayne Rasband (National Institutes of Health, NIH);
http://rsb.info.nih.gov/ij).

Immunofluorescence microscopy
C2C12 cells were starved for 3 h and incubated with or without
10 nM BMP-2 and/or 1 mM 8-Br-cGMP for 30 min. Immunofluores-
cence staining and microscopy were performed as described
(Bengtsson and Wilson, 2006) using specific primary antibodies
(a-cGKI (C-terminal) antibody (Stressgen), a-Smad1 and a-Smad4
antibodies (Santa Cruz Biotechnology) and a-TFII-I antibody
(BD Biosciences)), and fluorescent dye-coupled secondary anti-
bodies (goat a-mouse IgG (HþL), conjugated to Alexa Fluor 594 or
488 or goat a-rabbit IgG (HþL), conjugated to Alexa Fluor 594
(Invitrogen)). After mounting the slides (Fluoromount G; Southern
Biotech), cells were viewed using a fluorescence microscope
(Axiovert 200; Zeiss) equipped with a camera (Axiocam HRM;
Zeiss) and a PlanApochromat 63/1.4 oil objective (Zeiss). Images
were analysed using Axiovision (Zeiss) and Photoshop software
(Adobe).

Chromatin immunoprecipitation
ChIP was performed as described earlier (Weiske and Huber, 2006)
with minor modifications. Briefly, C2C12 cells were grown to a
confluence of 80–90% (10 cm dish). After stimulation with 10 nM
BMP and/or 1mM 8-Br-cGMP for 4 h, cells were washed with PBS,
fixed with 2 mM disuccinimidyl-glutarate and cross-linked with 1%
(v/v) formaldehyde and samples were subjected to immunopreci-
pitation with 2.5–5mg of a specific antibody (a-Smad1 (Santa Cruz
Biotechnology), a-cGKI (C-terminal) antibody (Stressgen) or a-TFII-
I antibody (BD Biosciences)). For two-step ChIP, immunocomplexes
of the first ChIP were eluted by adding 100ml 10 mM dithiothreithol
(30 min, 371C) and diluted in ChIP dilution buffer followed by
incubation with second-step antibody. ChIP and two-step ChIP were
performed in the same way. For subsequent PCR analysis, extracted
DNA was used as a template to amplify an Id1 promoter fragment
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using specific oligodeoxynucleotides (50-GGAGCGGAGAATGCTC
CAG-30 (forward), 50-GAAGGCCTCCGAGCAAGC-30 (reverse)). PCR
products were separated on 8% polyacrylamide gels and analysed
under UV light.

Other assays
For analysing Smad phosphorylation, transfected C2C12 cells were
treated (10 nM BMP-2) and examined as described (Hartung et al,
2006a). Quantification was done using ImageJ (Wayne Rasband,
NIH). Analysis of Smad-dependent target gene transcription in
C2C12 cells was performed as described (Hartung et al, 2006a). For
investigation of VASP phosphorylation, C2C12 cells were starved for
24 h, stimulated with 1 or 100mM 8-Br-cGMP (as indicated) for
30 min and analysed as described for Smad phosphorylation assay.
For studying the effect of cGKI knockdown, C2C12 cells were
transfected with sh-cGKI or sh-nt, and 48 h after transfection, cells
were subjected to immunoblotting, Smad phosphorylation assay,
immunofluorescence (on coexpression of GFP), immunoprecipita-
tion or BRE luciferase reporter gene assay (Hartung et al, 2006a).
To analyse cell proliferation, human aortic smooth muscle cells
were used. Transfected cells were starved for 24 h and stimulated
either with 20 nM PDGF-BB or with 10% of the smooth muscle
growth supplement SMGS for 24 h. Proliferation was measured with
the CellTiter 96s AQueous One Solution Cell Proliferation Assay
(Promega) according to manufacturer’s instructions.

Data presentation and statistical analysis
Immunoblots, autoradiographs and PCRs are shown from repre-
sentative experiments that were reproduced at least three times
with similar results. Pictures were processed with Photoshop
software (Adobe). The means of indicated groups were compared
using two-tailed Student’s t test. P-values of o0.05 and o0.01 were
considered to indicate statistical significance.

Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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