
Abstract. CD105 (endoglin) is an important component of the
transforming growth factor-‚ (TGF-‚) receptor complex and is
highly expressed in endothelial cells in tissues undergoing
angiogenesis such as healing wounds, infarcts and in a wide range
of tumours. In an attempt to understand the molecular mechanism
by which CD105 exerts its effects on angiogenesis by modulating
TGF- ‚1 signalling, in this preliminary communication, CD105
transfected rat myoblasts were utilized as an in vitro model.
Overexpression of CD105 in these transfectants antagonised TGF-
‚1-mediated inhibition of cell proliferation and reduced TGF-‚1-
mediated p3TP-Lux (PAI-1 promoter) luciferase activity. It also
reduced (CAGA)12-Luc luciferase activity in response to TGF-‚1.
The CAGA sequence is specific for Smad3/4 binding, implying that
CD105 is involved in inhibition of TGF- ‚1/Smad3 signalling.
Furthermore, CD105 overexpression reduced serine
phosphorylation of Smad3 and inhibited subsequent nuclear
translocation of Smad3. CD105 resulted in high phosphorylation
of JNK1, which is able to activate c-Jun. c-Jun is known to inhibit
Smad3 transcriptional activity on CAGA sites, suggesting that
CD105 may also inhibit Smad3 signalling through JNK1. 

The transforming growth factor-‚ (TGF-‚) super family plays

a critical role in a wide range of biological processes including

tumorigenesis (1). TGF-‚s exert their function through

binding to their specific receptors, such as type I (T‚RI) and

type II (T‚RII), betaglycan and CD105 (endoglin) (2,3).

TGF-‚ binding to the constitutively phosphorylated T‚RII is

followed by recruitment of T‚RI into the complex,

phosphorylation of T‚RI and activation of Smad proteins,

which in turn transmit signals into the nucleus (4,5). 

CD105, a 180 kDa homodimeric membrane glycoprotein,

is highly expressed on angiogenic endothelial cells (6,7).

Knockout mice for TGF-‚1, T‚RII, CD105 and ALK1 die

in utero because of similar defects in vasculogenesis and

angiogenesis (8-11). In man, a mutation of CD105 gene leads

to hereditary haemorrhagic telangiectasia type I (12,13).

The inhibitory action of TGF-‚1 on proliferation of U-937

cells transfected with CD105 was blocked by CD105 (14).

Over-expression of CD105 in rat myoblasts led to a reduction

in TGF-‚-mediated cellular growth inhibition and

plasminogen activator inhibitor-1 (PAI-1) synthesis (15). The

functional analysis of two chimeric proteins containing

different combinations of CD105 and betaglycan domains

indicates that CD105 regulates TGF-‚ responses through its

extracellular domain (15). CD105 antagonises the inhibitory

signalling of TGF-‚1 in human vascular endothelial cells (16).

Taken together, it can be concluded that CD105 modulates

TGF-‚-induced cell proliferation and differentiation, but how

it regulates TGF-‚ signalling is not fully understood. 

In an attempt to examine the effect of CD105 on the TGF-‚-

Smad signalling pathway, L6 rat myoblasts stably transfected with

CD105 were utilized. Overexpression of CD105 in transfected

myoblasts antagonised their response to TGF-‚1 and led to a

reduction in (CAGA)12-Luc luciferase activity, which resulted

from decreased phosphorylation of Smad3 and its subsequent

nuclear translocation, implying that CD105 inhibits TGF-‚1/

Smad3 signalling. CD105 may also inhibit transcriptional activity

of Smad3 by increasing phosphorylation of JNK.

Materials and Methods

Plasmids. P3TP-lux and (CAGA)12MLP-Luc reporters were

generously provided by Dr. Kardassis (17,18). The details of FLAG-

tagged Smad3 expression construct, kindly donated by Drs. K.

Miyazono and T. Imamura, have been published (19). These plasmids

were first transformed into E.coli (XL1; Stratagene, CA, USA), then

Mini-prep and restriction enzyme digestion were performed to

identify the presence of the insert in the plasmids. Finally, a Midi-

prep was performed to obtain sufficient DNA for transfection. 
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Stable rat myoblast transfectants. L6E9 transfectants expressing

human CD105 (L-CD105) were established as described by

Letamendia et al. (15). Transfection with psV2neo alone yielded

CD105-negative mock transfectants. Mock and L-CD105

transfectants were cultured in DMEM (Sigma, Gillingham, UK)

containing 400Ìg/ml G418 (GIBCO) and 10% foetal calf serum

(FCS) (GIBCO, Paisley, UK). 

MTT assay for quantification of cell proliferation. A modified MTT [3-

(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide] assay to

measure mitochondria function was used. Rat myoblast transfectants

were plated in 24-well plates (1x104 cells/well) and incubated

overnight. The following day the medium was replaced with fresh

medium, with or without recombinant human TGF-‚1 (5ng/ml, R&D

Systems, Abingdon, UK) for the time intervals specified, after which

the medium was aspirated from the wells and 200Ìl of MTT reagent

(Sigma, 1mg/ml, dissolved in PBS pH 7.4) was added to each well. The

cells were incubated for 1h at 37ÆC and lysed using 200Ìl of dimethyl

sulfoxide (DMSO, BDH, Poole, England) followed by gentle shaking

for 20 min. A 200Ìl aliquot of each sample was transferred to 96-well

plates and read in an ELISA plate reader (Flow Laboratories Ltd,

Irvine, Ayshire, UK) at 570nm

Smad3 translocation assay. Rat myoblast transfectants (3x104/well) were

cultured in 8-well chamber slides (Lab Tek, Ringmer, UK) at 105

cells/ml (300ml/well) and incubated overnight. The following day the

medium was replaced with serum-free medium. The cells were

transfected using DMRIE-C reagent (Life Technologies, Paisley,

Scotland). Plasmid DNA was amplified in E.coli and purified according

to the method described. The mixture of 0.5mg FLAG-tagged Smad3

pcDNA3 plasmid DNA and 1ml DMRIE-C in 300ml serum-free

medium was incubated for 30min at room temperature (RT). After

washing the cells with serum-free DMEM medium once, a solution

containing lipid-DNA mixture was added to the cells and incubated at

37ÆC in a 5% CO2 incubator overnight. Then the medium was replaced

with fresh serum-free medium, enriched with TGF-‚1 (5ng/ml, R&D

systems) and incubated for 3h. After washing twice with phosphate-

buffered saline(PBS), the cells were fixed with cold methanol (BDH)

for 20 min, washed with PBS and then blocked with 10% rabbit serum

(Sigma) for 20min. The cells were incubated with primary anti-FLAG

M2 mAb (Sigma, F3165, 2Ìg/ml) for 60 min at RT. An equal volume

of non-immunised mouse serum (Sigma) was added to control cells.

After washing three times with PBS (each wash was for 5min), the cells

were incubated with a rabbit anti-mouse IgG conjugated with FITC

(fluorescein isothiocynate) (1:50 DAKO, Ely, UK) at RT for 45 min.

The cells were washed three times and then the stained preparations

were examined in a Leitz fluorescence microscope. 

Immunoprecipitation and immunoblotting. Transfected rat myoblasts

were seeded into 100-mm culture dishes (SLS, Manchester,UK). On

reaching ~90% confluence, the medium was replaced with serum-free

DMEM (Sigma) for 6h. The cells were cultured in the presence or

absence of TGF-‚1 (5ng/ml) for 3h in serum-free medium, washed with

cold PBS twice, followed by addition to each dish of 1ml ice-cold total

cell lysis buffer [containing 20mM Tris-HCl (BDH), pH7.5, 150mM

NaCl (BDH), 10% (v/v) glycerol (BDH), 1% Triton X-100 (BDH),

2mM EDTA, 100ÌM Na3VO4 (Sigma), 1mM PMSF (phenyl-

methylsulphonylfluoride: Sigma), 10Ìg/ml each of aprotinin (Sigma),

leupeptin (Sigma) and pepstatin (Sigma)]. Cell lysates were obtained

by scraping with a cell scraper. After incubation on ice for 20min, the

cell lysates were microfuged at 8000xg and 4ÆC. The protein

concentration in the supernatants were measured using a commercial

kit supplied by Bio-Rad (Hemel Hampstead, UK) and 500Ìg of total

protein were incubated with 20Ìl of protein G-Sepharose beads

(Amersham Pharmacia Biotech, Bucks, UK) at 4ÆC for 30 min. After

centrifugation for 5min at 2000xg, the supernatants were incubated

with 2Ìg of goat anti-Smad3 antibody (sc6202, Santa Cruz

Biotechnology, Inc., CA, USA) on a rotator overnight at 4ÆC followed

by incubation for 1h with protein G-Sepharose beads (10Ìl/tube)

(Amersham Pharmacia Biotech). After washing with total lysis buffer

four times, the immunocomplexes were eluted by boiling for 5 min in

sample buffer containing 10% 2-mercaptoethanol (Sigma) and then

subjected to SDS-PAGE. Proteins were electrotransferred onto PVDF

membrane (Millipore, Bedford, MA, USA). Following blocking with

5% (w/v) non-fat milk in 1xPBS and 0.1% Tween 20 for 2h at RT, the

blots were incubated with primary anti-phosphoserine mAb (0.5Ìg/ml,

Sigma, P3430,) overnight at 4ÆC on a shaker. After three washes with

PBS-Tween, the blots were incubated with secondary rabbit anti-mouse

IgG conjugated with HRP (1:1000 dilution, DAKO) for 1h at RT. The

blots were washed three times with PBS-Tween and subjected to

enhanced chemiluminescence (ECL, Amersham Pharmacia Biotech).

After being stripped with 2% 2-mercaptoethanol-PBS solution at RT

overnight, filters were then washed twice with PBS-Tween solution.

The blots were blocked with 5% non-fat milk in PBS-Tween solution

for 2h at RT, then incubated with primary goat anti-Smad3 antibody

(0.5Ìg/ml, sc6202, Santa Cruz) at 4ÆC on a shaker overnight. After

washing three times with PBS-Tween solution, the blots were incubated

with secondary rabbit anti-goat IgG conjugated with HRP (1:2000

dilution, DAKO) for 1h at RT on a shaker, then subjected to ECL. 

For CD105 Western blot analysis, 50Ìg total protein was directly

added to sample buffer without 2-mercaptoethanol. Anti-CD105 mAb,

E9 (20) was used as the primary antibody (0.5Ìg/ml), and rabbit anti-

mouse IgG conjugated with HRP (DAKO) as the secondary Ab, at a

dilution of 1:2000. For Western blot analysis of p-JNK, anti-p-JNK

mAb (Sc6254, 0.2Ìg/ml, Santa Cruz ) was used as primary Ab, and

rabbit anti-mouse IgG conjugated with HRP (DAKO) was employed

as secondary Ab (at 1:2000 dilution). For loading control, after

stripping with 2% 2-mercaptoethanol-PBS solution overnight, the blot

was re-stained with rabbit anti-total-JNK Ab (Sc571, 0.2Ìg/ml, Santa

Cruz) as primary Ab, goat anti-rabbit IgG conjugated with HRP

(DAKO) was employed as secondary Ab (at 1:2000 dilution).

Transient transfection and luciferase assays. Cells were seeded at a

density of 2 x 105 per 2 ml of growth medium, supplemented with 10%

FCS into 6-well tissue culture plates. The cells were transfected using

DMRIE-C reagent (Life Technologies, Inc.). Plasmid DNA was

amplified in E. coli and purified according to a standard protocol

(Qiagen, Crawley, UK). Solutions A and B were prepared prior to

transfection: solution A: 2Ìg of p3TP-lux or (CAGA)12-Luc plasmid

DNA with 0.75mg of ‚-gal plasmid (a ‚-galactosidase expression vector

driven by CMV promoter) DNA was diluted into 500ml serum-free

medium. Solution B: 4Ìl of DMRIE-C reagent was diluted into 500Ìl

serum-free medium. Equal volumes of solutions A and B (lipid-DNA

complex solution) were thoroughly mixed by gently pipetting and

incubated at RT for 30 min. The cells were washed once with 2 ml of

serum-free medium that was then removed, followed by addition of 1

ml of the lipid-DNA complex solution to the cells. The cells were

incubated at 37ÆC overnight, then the medium was replaced with fresh

medium and cultured in the presence or absence of TGF-‚1 (5ng/ml)

for 24h. The cells cultured in the absence of TGF-‚1 were used as
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controls. The cells were washed twice with cold PBS and 200Ìl of

reporter lysis buffer was added to each well. The cell lysates, obtained

by scraping with a cell scraper, were incubated on ice for 20min and

centrifuged at 8000xg and 4ÆC. The supernatants were removed and

luciferase activity was determined using the luciferase assay system

(Promega Southampton, UK) while ‚-gal activity was quantified using

the ‚-gal detection kit (Promega). The values for luciferase activity

were normalised to those for ‚-gal activity. 

Results

CD105 expression in rat myoblast transfectants interfered with their
response to TGF-‚. Western blot analysis showed that one band

corresponding to approximately 180kDa was present in CD105

transfectants, but none in the mock transfectants (Figure 1 A).

The MTT assay was used to quantify the proliferative response

of the two transfectants to TGF-‚1 over various time periods.

Overexpression of CD105 significantly blunted the inhibitory

effect of TGF-‚. In fact, at all time points, extending up to 72 h,

a lesser degree of inhibition was observed in CD105

transfectants compared with the mock transfectants (p<0.01)

(Figure 1B). The plasmid p3TP-Lux is a widely used artificial

promoter construct which had been designed to have maximal

response to TGF-‚1 (21). Treatment of mock cells with TGF-

‚1 significantly increased p3TP-Lux luciferase activity (5.29 ±

0.20 fold, p<0.01), but the increase was significantly lower in

CD105 transfectants  (3.57 ± 0.65 fold; p<0.01) compared with

TGF-‚1-treated mock cells (Figure 1C).

CD105 interfered with TGF-‚ signalling through the Smad
pathway. In an attempt to ascertain whether the Smad

signalling pathway is affected by overexpression of CD105,

(CAGA)12-Luc plasmid DNA was transiently transfected into

mock and CD105 transfectants. Treatment of mock cells with

TGF-‚1 for 24h significantly increased (CAGA)12-Luc

luciferase activity (73.00 ± 7.60 fold, p<0.01), whereas the
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All experiments in Figures 1-3 were performed at least three times with
similar results. The bar charts were prepared from pooled data which were
analysed by one-way ANOVA followed by Duncan’s test. Horizontal bars
represent S.D and * p≤0.01
Figure 1. A. Western blot analysis shows that CD105 tranfectants
displayed a band corresponding to 180 kDa. Mock cells were negative for
CD105. Actin was used as a control for loading. B. Overexpression of
CD105 protects rat myoblasts from TGF-‚-induced growth inhibition. The
absorbance values for mock transfectants were significantly lower than
CD105 transfectants after incubation with TGF-‚1 for identical time
intervals (viz 24,48,72h). C. TGF-‚1 induced p3TP-Lux luciferase activity
in CD105-transfected rat myoblasts. Treatment of mock cells and CD105
transfectants with TGF-‚1 significantly increased p3TP-Lux luciferase
activity (p<0.01); but the activity was significantly higher in mock cells
compared with CD105 transfectants (p<0.01). D. The effect of CD105 on
(CAGA)12-Luc luciferase activity in rat myoblasts in response to TGF-‚1.
Treatment of mock cells with TGF-‚1 increased (CAGA)12-Luc luciferase
activity by a significantly greater amount than in TGF-‚1-treated CD105
transfectants (p<0.01).
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Figure 2. A. Immunoprecipitation (IP) and immunoblotting showed that CD105 interfered with phosphorylation of Smad3 in response to TGF-‚1.  (i)
In mock cells, phosphorylation of Smad3 was significantly increased after treatment with TGF-‚1 by a greater amount than the response observed in
CD105-transfected cells. (ii) The same information is shown as a bar-chart. For comparison purposes, the values of cells not treated with TGF-‚1 were
arbitrarily set as 1, and then their values in response to TGF-‚1 were obtained. In the presence of TGF-‚1, the increase in phosphorylation of Smad3 in
CD105 transfectants is significantly lower than the increase in mock cells (p<0.01).
B. Immunofluorescence showing that CD105 overexpression interfered with Smad3 translocation into the nucleus in response to TGF-‚1. In TGF-‚1
untreated mock (i) and CD105 transfectants (iii), most fluorescence staining for Smad3 was in the cytoplasm; nuclei were negative. Treatment of mock
cells with TGF-‚1 for 3h showed that almost all of the Smad3 fluorescence was now located in the nucleus (ii) whereas, in CD105 transfectants, a
significantly higher intensity of Smad3 fluorescence remained in the cytoplasm (iv).
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Figure 3. A. Western blot analysis showing phosphorylation of JNK1 induced by TGF-‚1 in mock rat myoblast transfectants. (i) Only cells treated with
TGF-‚1 showed phosphorylation of JNK1. For instance, after treatment with TGF-‚1 for 5min, the cells showed phosphorylation of JNK1 which was
maximal at 1h. The cells still maintained a medium level of phosphorylation of JNK1 at 12h after incubation with TGF-‚1. (ii) This bar chart shows the
signal intensity (ratio of p-JNK/total-JNK intensity obtained by film scan) from three separate experiments. Cells treated with TGF-‚1 were significantly
different from untreated controls (p<0.01) at all time points. 4-beta–phorbol 12-myristate 13-acetate (PMA) is a positive control.
B. Western blot analysis showed no additive effect between CD105 and TGF-‚1 on phosphorylation of JNK1.  (i) Mock cells in the absence of TGF-‚1
did not show any phosphorylation of JNK1, but CD105 transfectants did. After treatment with TGF-‚1 for 1h, phosphorylation of JNK1 was induced in
mock cells, whereas it was decreased in CD105 transfectants. (ii) This bar chart depicts the signal intensity as a ratio of p-JNK/total-JNK intensity
obtained by film scan. 



increase was significantly lower in CD105-transfected rat

myoblasts (30.98 ± 6.30 fold) compared with TGF-‚1-treated

mock cells (p<0.01) (Figure 1D).

CD105 interfered with TGF-‚-induced phosphorylation and
nuclear translocation of smad. From Figure 2A it is apparent

that, in mock cells, phosphorylation of Smad3 was

significantly increased after 3-h treatment with TGF-‚1 and

that the increase was greater than in the CD105-transfected

cells. These results suggest that overexpression of CD105 in

rat myoblasts interferes with the phosphorylation of Smad3. 

Smad3 and Smad4 are predominantly located in the

cytoplasm. Upon activation of TGF-‚ receptors, phosphory-

lated Smad3 forms a heteromeric complex with Smad4 and

then translocates into the nucleus (4). The translocation of

Smad3 depends on the phosphorylation state of its C-terminal

domain, SSXS motif. This nuclear translocation of Smad3, upon

receptor-mediated phosphorylation, is a central event in TGF-

‚ signalling (4,5). Therefore, in an attempt to identify the

possible modulation of phosphorylation by CD105,

measurement was undertaken of the nuclear translocation of

Smad3 in transfectants in response to TGF-‚1. Treatment of

mock cells with TGF-‚1 for 3h led to almost total translocation

of Smad3 to the nucleus (Figure 2B i and ii). However, in

CD105 transfectants, a significant amount of Smad3 remained

in the cytoplasm (Figure 2B iii and iv).

Overexpression of CD105 in rat myoblasts led to phosphorylation
of JNK1, but the addition of TGF-‚1 had no additive effect on
phosphorylation. JNK is an important signalling pathway

downstream of TGF-‚ receptors in several different cell types

(22,23). Whether phosphorylation of JNK1 is mediated by

TGF-‚1 in CD105-transfected rat myoblasts was investigated

here using an anti-phospho-JNK1 antibody. In mock cells

obvious phosphorylation of JNK1 was observed only following

treatment with TGF-‚1. Phosphorylation was apparent after

5 min, gradually increased, was maximal at 1 h and was main-

tained for 12 h (Figure 3A). In the absence of TGF-‚1, in

CD105 transfectants there was a high level of phosphorylation

of JNK1 which did not increase on addition of TGF-‚1 i.e.
addition of TGF-‚1 had no additive effect (Figure 3B). After

phosphorylation, JNK translocates into the nucleus and

activates c-Jun (24). Phosphorylated c-Jun is able to reduce

the transcriptional activity of Smad3, the suggestion being that

CD105 can also inhibit TGF-‚/Smad3 signalling through the

JNK/c-Jun pathway (25).

Discussion

Overexpression of CD105 in rat myoblasts interfered with

Smad3 phosphorylation and its translocation into the nucleus

in response to TGF-‚1. CD105 overexpression also resulted

in phosphorylation of JNK1, which we believe may inhibit

TGF-‚1/Smad3 signalling through c-Jun. Although the

heteromeric association between CD105 and signalling

receptors has been suggested by co-immunoprecipitation

experiments (26), how CD105 exerts its function in the TGF-

‚/Smads signalling pathway is unclear. Since CD105 increases

binding of TGF-‚1 to T‚RI and T‚RII (14,15), it excludes

the possibility that the loss of some TGF-‚ response in

CD105 transfectants results from reduced ligand binding

(14). During TGF-‚-mediated Smad signal transduction, the

most important event is the phosphorylation of Smad2 and

Smad3 by T‚RI (4,5). The present results have shown that

overexpression of CD105 in transfectants led to a reduction

in (CAGA)12-Luc luciferase activity compared with mock

cells. The CAGA sequence is a Smad binding site specific for

Smad3 and Smad4. In contrast, Smad2 can neither trans-

activate nor bind to this sequence (18). Two possibilities may

underlie the lowering of (CAGA)12-Luc luciferase activity by

CD105: i) decreased nuclear accumulation of Smad3/Smad4,

which in turn might result from either the reduction in Smad3

phosphorylation in its C-terminal region SSXS motif, or from

phosphorylation in the linker region of Smad3, which causes

export of Smad3 and Smad4; and/or ii) the interaction of

transcription factors such as AP1 with Smad3/Smad4 within

the nucleus (27), that affects Smad3/Smad4 binding affinity

to CAGA box containing genes. The extracellular domain of

CD105 plays a major role in regulating TGF-‚ signalling (15).

With regard to the present results, phosphorylation of JNK1

induced by overexpression of CD105 may also inhibit TGF-‚

signalling through the transcription factor, c-Jun. Indeed our

immunoprecipitation results have shown that overexpression

of CD105 in rat myoblasts inhibits phosphorylation of Smad3.

This conclusion has been supported by the translocation

assays for Smad3, wherein, following the treatment of mock

cells with TGF-‚1, most of the Smad3 was translocated into

the nucleus, but in CD105 transfectants, significant amounts

were retained within the cytoplasm. 

Smad3 and Smad4 are mainly located in the cytoplasm.

Upon TGF-‚1-mediated receptor activation, phosphorylated

Smad3 forms a heteromeric complex with Smad4 and then the

complex translocates into the nucleus (4). Phosphorylation of

the Smad3 C-terminal domain SSXS motif is a crucial event in

TGF-‚ signalling (4,5). Therefore it is possible that the

reduction in the translocation of Smad3 results from the

lowering of phosphorylation of Smad3 by T‚RI owing to the

overexpression of CD105. How CD105 interacts with T‚RI or

T‚RII is not fully understood. Recently, it was observed that

T‚RII interacts with the amino acid region 437-558 of the

extracellular domain of CD105, whereas T‚RI interacts both

with this and with the protein region located between amino

acid 437 and the N-terminus. Both T‚RI and T‚RII interact

with the cytoplasmic domain of CD105 (28). Furthermore,

these authors noted that overexpression of CD105 reduced
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phosphorylation of T‚RII, but enhanced phosphorylation of

T‚RI. Our results on the inhibitory activity of CD105 on TGF-‚

signalling are supported by previous reports. Letamendia et al.
(15) had used rat myoblasts to demonstrate the inhibitory role

of CD105 on TGF-‚1-induced PAI-1 synthesis and promoter

activity. Furthermore, inhibition of TGF-‚1-mediated synthesis

and secretion of collagen 1·2 (COL1A2) by CD105 in a mouse

fibroblast cell line has been reported (29). Both PAI-1 and

COL1A2 gene promoters possess a Smad3/4 specific binding

site which is necessary for their gene regulation (25,30). The

observation that overexpression of CD105 in NIH3T3 cells led

to a reduction in the TGF-‚1-induced promoter activity of

connective tissue growth factor (CTGF) supports our results

(31). Induction of CTGF by TGF- ‚1 has been shown to be

Smad3/4-dependent, but independent of Smad2 (32). It is also

relevant to mention here that the anti-fibrotic drug,

halofuginone, inhibits TGF-‚1 induced Smad3 phosphorylation

and its nuclear translocation, but has no effect on Smad2 (33).

These authors found that inhibition of TGF-‚1 signalling was

not dependent on the expression of T‚RI or T‚RII, but

occurred by an unknown mechanism. Another recent study has

reported that in transiently CD105-transfected COS-7 cells,

there was up-regulation of Smad2, but not of Smad3 (28).

These somewhat differing responses regulating Smad activity

are difficult to reconcile. They may result from the involvement

of gene/species-specific, transcriptional components and CD105

might differentially regulate this transcriptional machinery while

modulating the responses of TGF- ‚. It is possible that CD105

may modulate TGF-‚1 signalling through an as yet unidentified

pathway.

TGF-‚ regulates the activation state of endothelium via a

fine balance between ALK5 (T‚RI) and ALK1 signalling

pathways (3). The TGF-‚/ALK1 pathway induces endothelial

cell migration and proliferation, whereas the TGF-‚/ALK5

pathway leads to their inhibition (3). These authors suggested

CD105 as a possible candidate for fine tuning TGF- ‚

responses. Our results on the inhibition of TGF-‚/Smad3

signalling mediated by CD105 are in keeping with their

suggestion, in that CD105 may promote the action of TGF-

‚1/ALK1/Smad5 signalling, leading to a transition of the effect

of TGF-‚1 from anti- to pro-angiogenesis. 

The precise molecular mechanism by which CD105 inhibits

TGF- ‚/Smad3 signalling is yet to be ascertained. Our

hypothesis is that CD105 may affect the autophosphorylation

of T‚RII through physical interaction, thereby regulating 

TGF-‚ signalling. T‚RII is responsible for initiation of multiple

TGF-‚ signalling pathways. T‚RII kinase is regulated intricately

by autophosphorylation on at least three serine residues,

Ser213, Ser409 and Ser416. Ser213 undergoes intra-molecular

autophosphorylation which is essential for the activation of

T‚RII kinase. However, the phosphorylation of Ser409 and

Ser416 is enhanced by receptor dimerization and can occur via
an intermolecular mechanism (34). Phosphorylation of Ser409

is essential for T‚RII kinase signalling, whilst phosphorylation

of Ser416 inhibits receptor function (34). CD105, by physical

interaction with T‚RII, may regulate the phosphorylation status

of Ser409 and/or Ser416 and thus cause inhibition of Smad3

signalling. This may explain the contradictory reports

concerning the action of CD105 on TGF-‚ signalling in

different cell types. For instance, CD105 mediates the TGF-‚

response in trophoblasts (35), but counteracts those in COS7,

rat myoblasts, endothelial cells and fibroblasts (14-16, 29).

One of the novel findings of this study was that

overexpression of CD105 in the absence of TGF-‚1 led to

phosphorylation of JNK1, and the addition of TGF-‚1 had no

additive effect. A number of reports indicate that the JNK

cascade is an important signalling pathway acting downstream

of the TGF-‚ receptor in some cell types (22,23,36). We found

that TGF-‚1 treatment leads to phosphorylation of JNK in rat

myoblasts. The activation of JNK by TGF-‚ occurs through

MEKK1 and MKK4 and, once phosphorylated by MKK4, JNK

is able to phosphorylate c-Jun, thereby increasing its

transcriptional activity (24). Phosphorylated c-Jun forms

homodimers with members of the Jun family or heterodimers

with the fos family (24). These complexes bind to AP-1 sites

and control the expression of a number of genes, such as

Cdks/cyclin and c-Jun itself (37,38). JNK inhibits Smad3

signalling involving a functional interaction between Smad3 and

c-Jun, which represses transcriptional activation of Smad3 on

CAGA Smad3/Smad4 binding sites (25,39). Therefore TGF-‚1-

mediated phosphorylation of JNK1 through c-Jun forms a

negative feedback regulation which results in inhibition of TGF-

‚1/Smad3 signalling. The fact that CD105 expression led to

phosphorylation of JNK, even in the absence of TGF-‚,

suggests an alternative signalling pathway for CD105. This is

further supported by a recent study on the TGF-‚-independent

role of CD105 in survival signalling and apoptosis (40)

In summary, rat myoblasts expressing human CD105

exhibited a weakened response to TGF-‚1, compared with the

CD105-negative mock transfectants, suggesting that CD105 is

a negative regulator of TGF-‚1/Smad3 signalling in these

transfectants. The inhibition of TGF-‚1/Smad3 signalling by

CD105 resulted from a relatively lower level of phosphorylated

Smad3 and a subsequent reduction in nuclear translocation of

Smad3 in the CD105-expressing cells in response to TGF-‚1.

This inhibition was associated with a CD105-mediated

phosphorylation of JNK1. Taken together, these data

demonstrate that CD105 negatively regulates TGF-‚1

signalling in the rat myoblast transfectants b reducing

phosphorylation and nuclear translocation of Smad3, and likely

repressing Smad3 transcriptional activity through JNK1, as

illustrated diagrammatically in Figure 4.
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