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Endoglin, a transmembrane glycoprotein that acts as a transform-
ing growth factor-b (TGF-b) coreceptor, is downregulated in
PC3-M metastatic prostate cancer cells. When restored, endoglin
expression in PC3-M cells inhibits cell migration in vitro and
attenuates the tumorigenicity of PC3-M cells in SCID mice,
though the mechanism of endoglin regulation of migration in
prostate cancer cells is not known. The current study indicates
that endoglin is phosphorylated on cytosolic domain threonine
residues by the TGF-b type I receptors ALK2 and ALK5 in pros-
tate cancer cells. Importantly, in the presence of constitutively
active ALK2, endoglin did not inhibit cell migration, suggesting
that endoglin phosphorylation regulated PC3-M cell migration.
Therefore, our results suggest that endoglin phosphorylation
is a mechanism with relevant functional consequences in pros-
tate cancer cells. These data demonstrate for the first time that
TGF-b receptor-mediated phosphorylation of endoglin is a Smad-
independent mechanism involved in the regulation of prostate
cancer cell migration.

Introduction

Growth factors from the transforming growth factor-b (TGF-b) family
play a critical role in prostate cancer progression (1,2). This family
includes the TGF-bs, the bone morphogenetic proteins (BMPs), acti-
vin A (ActA) and the anti-Mullerian hormone (AMH). These ligands
specifically bind and activate different complexes of TGF-b type I and
type II receptors, which then activate the signaling pathway mediated
by the Smad proteins: TGF-bs activate Smad2 and 3, whereas BMPs
activate Smad1, 5 and 8. Once phosphorylated, these Smads interact
with Smad4 and translocate to the nucleus where they regulate gene
expression (3). In addition, TGF-b receptors can activate Smad-in-
dependent signaling pathways (4), thus highlighting the potential for
multiple pathway responses to individual TGF-b ligands.

Signaling by the TGF-b family factors is modulated by additional
accessory proteins. Endoglin is a transmembrane protein that acts as
a TGF-b coreceptor. The predominant L- or long isoform of endoglin,
L-endoglin, contains a large extracellular domain, a transmembrane
domain and a 47 amino acid cytosolic domain (CD) (5–7). Endoglin
interacts with the TGF-b type II receptor TbRII, and the TGF-b type I
receptors ALK1 and ALK5, and it binds TGF-b1 and 3, ActA and
BMP2 and 7 (7). Endoglin is implicated in the endothelial cell re-
sponse to TGF-b-related ligands (8) and is required for vascular de-

velopment (9–11). Recent studies support the view that endoglin
regulates diverse tissue properties, including endothelial cell-
dependent regulation of vascular smooth muscle cell recruitment
and differentiation (12), maintenance of vascular smooth muscle cell
myogenic potential (13) and the epithelial–mesenchymal transforma-
tion during cardiac valve formation (14). Endoglin may also function
as a regulator of the cell–extracellular microenvironment interaction.
ALK1, the type I receptor specifically expressed in endothelial cells,
phosphorylates endoglin on CD threonine residues (15). The func-
tional consequences of endoglin phosphorylation include prevention
of the ALK1-induced cell growth arrest and upregulation of proteins
involved in cell–microenvironment interactions (15,16). Several stud-
ies show that endoglin is involved in regulating cell adhesion and
migration independently of canonical TGF-b family signaling, poten-
tially via interaction of its CD with multiple proteins (15,17–20). For
example, the endoglin CD specifically interacts with zyxin and zyxin-
related protein, two LIM domain proteins that regulate the dynamics
of the actin cytoskeleton (19,20). This interaction, therefore, may be
regulated by endoglin phosphorylation. These studies suggest a mech-
anism for the previously described inhibitory role of endoglin in cell
migration and detachment in a variety of cell types (15,20–22). From
these results, we propose that endoglin acts as a Smad-independent
target of TGF-b receptors that regulates cell adhesion and migration.

Endoglin has an emerging role as a regulatory protein in cancer
(23). Two independent groups reported a correlation between endo-
glin expression and inhibition of carcinogenesis. Quintanilla and cow-
orkers described that endoglin attenuates malignancy in an in vivo
model of mouse skin carcinogenesis (24). Liu et al. (25) found that
endoglin expression is downregulated in metastatic human prostate
cancer cells, which is associated with increased invasiveness. In these
cells, endoglin inhibits TGF-b-induced cell migration by switching
the ALK5-Smad3 response to ALK2-Smad1 (2). We now provide
evidence for a novel mechanism by which endoglin is a Smad-in-
dependent substrate for ALK2 and ALK5 that regulates cell migration
in prostate cancer cells.

Materials and methods

Plasmids and viral constructs

Human endoglin constructs cloned in the pWzl vector, constitutively active
(ca, Q207D) and kinase-dead (kd, K233R) ALK2 and caALK5 (T204D), were
described previously (2,15,20,26). kdALK5 was obtained by mutagenesis of
ALK5 in K232R using the Quickchange kit (Stratagene, La Jolla, CA) accord-
ing to the manufacturer’s instructions. The mutations were confirmed by
sequencing analysis.

Sequences targeted against human ALK2 (ACTCTACATGTGTGTGTGT)
and human ALK5 (AGACTTAATTTATGATATG) were cloned in pSilencer
5.1 (Ambion, Austin, TX). A control pSilencer vector containing a non-specific
sequence was purchased from the same company.

Cell culture and growth factor treatment and construction of retrovirus-
transduced cell lines

PC3 (American Type Culture Collection, Rockville, MD) and PC3-M cells
(27) were grown in RPMI medium with 10% fetal bovine serum and antibiotics
(Gibco, Carlsbad, CA). Retrovirus-transduced cell lines were constructed as
described previously (20). Normal human prostate epithelial cells (Clonetics,
Lonza, Walkersville, MD) were grown in prostate epithelial growth media
(Clonetics, Lonza). All cell lines were kept at 37�C with 5% CO2.

Human recombinant TGF-b1, BMP7, ActA or the AMH (R&D Systems,
Minneapolis, MN) was added to serum-starved subconfluent cell cultures at the
indicated final concentrations.

Luciferase assay

For luciferase reporter analysis of Smad activation, the cells were transfected
using Effectene (Qiagen, Valencia, CA). The BRE2 and CAGA luciferase
reporter constructs (28,29) were provided by Dr Peter ten Dijke (Leiden
University, Leiden, The Netherlands).

Abbreviations: ActA, activin A; AMH, anti-Mullerian hormone; BMP, bone
morphogenetic protein; ca, constitutively active; CD, cytosolic domain; FL,
full length; kd, kinase-dead; PDZ, PSD-95/discs large/zonula-occludens-1;
TGF-b, transforming growth factor-b.
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Immunoprecipitation and western blot analysis

Cells were transiently transfected with the indicated constructs using Effectene
(Qiagen) for 48 h or treated with different growth factors at the indicated
concentrations (R&D Systems). Endoglin immunoprecipitation and western
blot analysis were performed as described previously (15). Quantitation of
immunoblot data was performed essentially as described previously (20), ex-
cept that endoglin phosphorylation was normalized to total endoglin levels.

Reverse transcription–polymerase chain reaction analysis

Total RNA isolated with RNAeasy (Qiagen) was transcribed into complemen-
tary DNA with Superscript (Invitrogen, Carlsbad, CA). The oligonucleotide
pairs and polymerase chain reaction programs used to amplify fragments of
several different genes are summarized in supplementary Table 1 (available at
Carcinogenesis Online).

Migration assay

Cells were transfected transiently with the indicated constructs using Effec-
tene. Twenty-four hours later, the cells were seeded in 8 lm pore uncoated
inserts (Becton Dickinson, Franklin Lakes, NJ) in serum-free media, with or
without growth factors, and allowed to migrate toward media with 5% serum.
After 18 h, the inserts were fixed in methanol and stained with 4#,6-diamidino-
2-phenylindole (Sigma, St Louis, MO), and the number of migrated cells was
determined by fluorescence microscopy.

Tumorigenicity assay

Mice were maintained according to the National Institutes of Health standards
established in the ‘Guidelines for the Care and Use of Experimental Animals’.
Protocols and procedures were approved by the Institutional Animal Care and
Use Committee at the Maine Medical Center Research Institute. Suspensions of
1 � 106 cells were injected subcutaneously in both flanks of 7- to 10-week-old
female NOD-CB17-Prkdcscid-J mice (The Jackson Laboratories, Bar Harbor,
ME). The animals were periodically examined for the presence of tumors.

Tumor analysis

Mice were killed 19–22 days after inoculation. Tumors were harvested and
fixed in 4% paraformaldehyde. Hematoxylin and eosin and platelet endothelial
cell adhesion molecule staining were analyzed as described previously (13).
Ki67 was detected with an antibody from DakoCytomation (Glostrup,
Denmark). Terminal deoxynucleotidyl transferase-mediated dUTP nick end
labeling analysis was performed with a kit (Roche, Mannheim, Germany).

Results

Endoglin CD threonine residues are involved in the inhibition of PC3-M
cell migration and tumorigenicity

Endoglin function was previously studied in PC3 cells and their meta-
static derivatives, PC3-M (25). Compared with PC3-M cells, PC3 cells
are less invasive and metastatic (30) and have a lower propensity to
detach (27). Consistent with previously reported results (25), we de-
tected a low level of endoglin messenger RNA in PC3 cells, but we did
not detect endoglin messenger RNA in PC3-M cells (Figure 1A). The
protein levels were undetectable in both cell lines, as determined by
western blotting (Figure 1B). Using retroviral transduction, we gener-
ated stable polyclonal PC3-M cell populations expressing wild-type
L-endoglin (FL, full length) or the following CD mutations: DCD, a
CD deletion mutant; D5T, in which five threonine residues in the CD
are replaced by non-phosphorylatable residues; and DPDZ, a putative
PSD-95/discs large/zonula-occludens-1 (PDZ)-binding motif deletion
mutant (15). The resulting polyclonal cell populations expressed
equivalent levels of endoglin RNA (Figure 1A) and protein (Figure
1B), with the exception of D5T-endoglin-expressing cells. A control
cell line (PC3-M-C) was generated by transduction with the empty
retroviral vector. A subset of these constructs was used to generate
stable PC3-derived cells expressing FL and D5T-endoglin, as well as
a control cell line (Figures 1A and B). The endoglin protein levels
achieved by retroviral transduction in PC3-M-FL cells were higher
than the endogenous levels of endoglin expressed by human normal
prostate epithelial cells (Figure 1C). Although this is a limitation of
this experimental approach, we chose PC3-M cells as the primary
model for our studies because of the absence of endogenous endoglin
in the parental cell line. Therefore, in PC3-M-derived cells, the effect
of wild-type or mutated endoglin can be fully attributed to the expres-
sion of the transfected endoglin protein.

It was shown previously that endoglin inhibits migration and in-
vasion of PC3-M and PC3 cells (2,25). Endoglin’s inhibition of cell
migration was less pronounced in PC3 cells than in PC3-M cells,
probably due to endogenous endoglin expression in these cells. Im-
portantly, all the endoglin CD mutants tested showed a reduced
capacity to inhibit cell migration in these cell lines when compared
with wild-type endoglin (Figure 1D). To determine if this effect could
be attributed to a difference in cell proliferation, we analyzed whether
FL endoglin or the DCD deletion mutant affected PC3-M cell growth.
Neither wild-type nor mutated endoglin expression affected the
proliferation rate of these cells (supplementary Figure 1 is available
at Carcinogenesis Online). Therefore, our cell migration results
suggest that phosphorylation of threonine residues in an intact endo-
glin CD are necessary for endoglin-dependent inhibition of cell
migration.

To determine the influence of endoglin on tumor growth in vivo, we
injected PC3-M-control, FL and DCD endoglin-expressing cells sub-
cutaneously in SCID mice (Figure 1E). At the time of injection, all the
cell lines were growing exponentially and did not appear to be qui-
escent or detaching. The tumorigenicity of PC3-M-FL cells was sig-
nificantly delayed as compared with control and DCD cells
(P , 0.02, chi-square test). Tumor incidence was 87.5% for PC3-
M-FL cells versus 100% for PC3-M-control and DCD cells. This trend
was observed in three independent experiments. Western blot analysis
of the tumor-derived total protein lysates confirmed that endoglin
expression had not been gained in those derived from injection
of control cells nor lost in those derived from injection of FL- or
DCD-endoglin-expressing cells (Figure 1F). The average size of
PC3-M-FL-derived tumors was slightly smaller than PC3-M-control
and DCD-derived tumors, though this trend did not achieve statistical
significance (supplementary Table 2 is available at Carcinogenesis
Online). We did not find significant differences in the histology or
the vascularization pattern of the tumors. Moreover, the proliferation
and apoptotic rates of PC3-M-FL and DCD-derived tumors were
similar and not significantly different than the proliferation and apo-
ptotic rates of PC3-M-control-derived tumors (supplementary Table 2
is available at Carcinogenesis Online). Taken together, these results
suggest that endoglin attenuates the tumorigenicity of PC3-M cells in
SCID mice in an endoglin CD-dependent fashion.

Signaling through ALK2 and ALK5 leads to phosphorylation of
endoglin CD threonine residues in PC3 and PC3-M prostate cancer
cells

We hypothesized that endoglin is phosphorylated in PC3-M cells that
express ALK2 and ALK5 (2). Using specific luciferase reporter con-
structs, we confirmed that both caALK2 and caALK5 activate Smad
signaling independently of endoglin expression in PC3-M cells
(Figure 2A). Conversely, kinase-dead type I receptor mutants failed
to activate Smad signaling. Therefore, these constructs were used to
analyze endoglin phosphorylation in PC3-M-FL. caALK2 phosphor-
ylated endoglin on threonine but not on serine residues (Figure 2B).
Phosphorylation of stably expressed endoglin was attributable to
ALK2 because kdALK2 eliminated endoglin phosphorylation. In
these cells, caALK5 also phosphorylated endoglin on threonine res-
idues, with no effect on basal endoglin phosphorylation for kdALK5
(Figure 2B), though quantitative analysis of immunoblotting for en-
doglin phosphorylation, normalized to total endoglin levels, indicated
substantially stronger phosphorylation of endoglin by caALK5 in
PC3M-FL cells. The combinations caALK2/kdALK5 or caALK5/
kdALK2 did not lead to significant changes in endoglin phosphory-
lation when compared with the activated receptors alone. This result
suggests that ALK2 and ALK5 independently phosphorylate endoglin
(Figure 2B). The lack of detectable phosphorylation by caALK2 and
caALK5 on DCD and D5T-endoglin indicates that these kinases phos-
phorylate threonine residues from endoglin CD (Figure 2C). Further-
more, the result obtained with DPDZ-endoglin-expressing cells
suggests that an intact PDZ-binding motif is required for endoglin
phosphorylation (Figure 2C).
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To determine whether endoglin phosphorylation occurs in other
human prostate cancer cell lines, PC3-FL and PC3-D5T cells were
transfected with caALK2 or caALK5, and endoglin phosphorylation
was analyzed. Endoglin was basally phosphorylated on threonine
residues in PC3 cells (Figure 2D). Both caALK2 and caALK5 in-
duced threonine phosphorylation of FL endoglin. Consistent with
previous data, quantitation of endoglin phosphorylation relative to
total endoglin indicated stronger phosphorylation by caALK5 in
PC3 cells. The results obtained with D5T-endoglin-expressing PC3
cells suggest that ALK2 and ALK5 phosphorylate threonine residues
from endoglin’s CD in PC3 cells, as we have previously observed in
PC3-M cells (Figure 2D). Therefore, endoglin phosphorylation by
TGF-b receptors is not a cell line-restricted phenomenon.

TGF-b1 and BMP7 induce endoglin phosphorylation in PC3-M cells

Our next objective was to analyze the effect of TGF-b family ligands
on endoglin phosphorylation. TGF-b1 activates ALK5 and BMP7,

ActA and the AMH activate ALK2. The effect of these ligands on
Smad signaling in PC3-M cells was evaluated using luciferase report-
ers (Figure 3A). As expected, TGF-b1, BMP7 and ActA activated
Smad signaling. AMH did not activate Smad signaling, indicating
that PC3-M cells were not responsive to this growth factor.

The ligands TGF-b1 and, to a minor extent based on quantitation of
endoglin phosphorylation, relative to total endoglin levels, BMP7 in-
duced endoglin phosphorylation on threonine residues (Figure 3B).
Interestingly, TGF-b1 treatment also induced weak phosphorylation
of endoglin on serine residues, with quantitative phosphothreonine
increases equivalent to those seen above. kdALK5 completely
blocked TGF-b1-induced endoglin phosphorylation on threonine res-
idues, whereas the effect of kdALK2 on TGF-b1-induced endoglin
phosphorylation was partial (Figure 3C). Therefore, these data suggest
that both ALK2 and ALK5 are involved in endoglin phosphorylation
in response to TGF-b1 but that ALK5 is the main mediator of this
effect. The use of kd receptors indicated that BMP7-induced endoglin
phosphorylation depends only on ALK2 activity (Figure 3D).

Fig. 1. Endoglin expression affects cell migration and tumorigenicity in PC3-M cells. (A) Reverse transcription–polymerase chain reaction and (B) western blot
analysis of endoglin expression in PC3-M and PC3 cells. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (A) and b-actin (B): controls. (C): PC3-M- or
PC3-derived control cells. (C) Western blot analysis of endoglin expression in prostate epithelial cell (PrEC), PC3-M-C and FL cells. b-Actin: protein loading
control. In order to obtain a detectable endoglin signal in prostate epithelial cell, the film exposure was longer than in the films shown in panel (B). (D) The effect
of endoglin in the basal migration of PC3-M- and PC3-derived cells was determined as described in Material and Methods. Cells were allowed to migrate for 18 h.
Five different fields per sample (n 5 6) were quantified by microscopy. R.U., relative units. �P , 0.05; ��P , 0.005 (Student’s t-test), expressed relative
to PC3-M-FL or PC3-FL. (E) In total, 1 � 106 PC3-M-control, FL- or DCD-endoglin-expressing cells were injected subcutaneously in both flanks of SCID mice
(C and FL, n 5 10; DCD, n 5 6). The data sets were compared using the chi-square test. (F) Western blot analysis of endoglin expression in tumors harvested
19–22 days after inoculation. b-Actin: protein loading control. A minimum of three tumors per group were analyzed.
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TGF-b1 suppresses endoglin inhibition of cell migration through an
ALK2-dependent mechanism

Endoglin inhibits PC3-M cell migration by a CD-dependent mecha-
nism (Figure 1C). Therefore, we investigated whether endoglin phos-

phorylation could be involved in the regulation of PC3-M cell
migration. We tested the effect of caALK2 and caALK5 in PC3-M
cell migration. caALK2 stimulated cell migration of PC3-M-FL cells
and had no effect on PC3-M-control or DCD cell migration (Figure 4A).

Fig. 2. Endoglin phosphorylation by TGF-b type I receptors in prostate cancer cells. (A) PC3-M-control and FL cells were transfected with the BRE2 and CAGA
luciferase reporter constructs, which were specifically activated by Smad1, 5 and 8 or Smad2 and 3, respectively, and the different receptor constructs for 48 h. The
luciferase activities measured in duplicate samples were normalized and plotted (n 5 6). R.U., relative units. �P , 0.05 and ��P , 0.005 (Student’s t-test).
(B) PC3-M-FL cells were transfected with different combinations of caALK2 or caALK5, kdALK2 and kdALK5 or with an empty vector. Endoglin was
immunoprecipitated and western blot was performed with P-Thr, P-Ser or total endoglin-specific antibodies. Values indicated at bottom of panel: P-Thr relative
signal intensity increase compared with control. The band intensity values were quantified using ImageJ software (NIH Image), and P-Thr levels were normalized
to total endoglin levels. These measurements are representative of a minimum of three independent experiments. (C) Endoglin phosphorylation by caALK2 and
caALK5 in PC3-M-control, FL-, DCD-, D5T- and DPDZ-endoglin-expressing cells. (D) Endoglin phosphorylation by caALK2 and caALK5 in PC3 control,
FL- and D5T-endoglin-expressing cells.
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caALK5 strongly activated cell migration, independently of endoglin
expression (Figure 4B). Together, these results support the view that
ALK2 is the type I receptor involved in endoglin-dependent inhibition
of cell migration.

We described previously that endoglin effect in prostate cancer cell
migration is not restricted to PC3-M cells and can also be observed in
PC3 cells (2,25). Therefore, we analyzed the effect of caALK2 and
caALK5 expression on PC3-derived cell migration (Figure 4C). Sim-
ilar to PC3-M cells, basal cell migration was inhibited by endoglin in
a mechanism dependent on the five phosphorylatable threonine resi-

dues from the CD. caALK2 and caALK5 stimulated cell migration of
PC3-FL cells, but had no effect on PC3-control or D5T cell migration.
These results confirm that endoglin phosphorylation by ALK2 and
ALK5 in prostate cancer cells blocks its inhibitory effect in cell
migration.

Our previous RNA interference experiments showed that ALK2
signaling inhibits cell migration in PC3-M cells (2). To further in-
vestigate this apparent contradiction with the current data, we quan-
tified the migratory ability of PC3-M-FL-endoglin-expressing cells
transfected with small interfering ribonucleic acids against ALK2 or

Fig. 3. Endoglin phosphorylation by TGF-b family ligands in PC3-M cells. (A) PC3-M-FL cells were transfected with the BRE2 and CAGA luciferase reporters, and
24 h later they were treated for an additional 24 h with 5 ng/ml TGF-b, 50 ng/ml BMP7, 20 ng/ml ActA or 500 ng/ml AMH. The luciferase activities were measured
as described for Figure 2A (n 5 6). R.U., relative units. ��P , 0.005 (Student’s t-test). (B) Serum-starved PC3-M-FL cells were treated for 30 min with 5 ng/ml
TGF-b1, 50 ng/ml BMP7, 20 ng/ml ActA or 500 ng/ml AMH. Endoglin phosphorylation was analyzed as described for Figure 2B. (C and D) PC3-M-FL cells were
transfected with kdALK2 and/or kdALK5 or with an empty vector. Twenty-four hours later, they were serum-starved overnight. In total, 5 ng/ml TGF-b1 (C) or
50 ng/ml BMP7 (D) was added for 30 min, and endoglin phosphorylation was analyzed. Fold increases for P-Thr were determined as described above.
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ALK5 (Figure 4D and E). In agreement with our previous observa-
tions, small interfering ribonucleic acid-mediated suppression of
ALK2 stimulated cell migration of PC3-M-FL cells, whereas suppres-
sion of ALK5 had no significant effect. These results support the view
that TGF-b receptors have to be considered carefully because of their
potential promiscuity when forming complexes.

A limitation of the experimental approaches used above (mutant
receptor overexpression and small interfering ribonucleic acid
silencing) is that they constitute strong gain- and loss-of-function
manipulations of receptor function, respectively. Therefore, we also
analyzed the effect of TGF-b- and BMP-related ligands on PC3-M
cell migration. TGF-b1 did not significantly affect control or DCD
cell migration, but it stimulated migration of PC3-M-FL cells and
neutralized endoglin’s inhibitory effect in cell migration, similar to
caALK2 (Figure 5A). In contrast, BMP7 did not have a significant
effect on PC3-M-control, FL or DCD-cell migration (Figure 5B).

Together, these results point to TGF-b1 as the ligand involved in
endoglin regulation of PC3-M cell migration. kdALK2 and kdALK5
(alone or combined) blocked TGF-b1-induced PC3-M-FL cell migra-
tion, indicating that both type I receptors mediate this response
(Figure 5C).

Discussion

The alteration of the cellular response to TGF-b is a key step in the
development of prostate cancer (1,2,31,32). The loss of the cellular
response to specific BMPs is also implicated in prostate carcinogen-
esis (33–35). Although the Smad pathway is the canonical signaling
mechanism activated by these factors (3), the present study provides
evidence for a novel Smad-independent TGF-b effector that regulates
cell migration via phosphorylation of endoglin by ALK2. We pre-
viously demonstrated that ALK1 directly phosphorylates endoglin

Fig. 4. Effect of endoglin phosphorylation in prostate cancer cell migration. (A) Effect of caALK2 and kdALK2 or (B) caALK5 and kdALK5 in cell migration of
PC3-M-control, FL and DCD cells. Migration assays were performed as described previously. Five different fields per sample (n 5 6) were quantified by
microscopy. R.U., relative units. �P , 0.05 (Student’s t-test). (C) Effect of caALK2 and caALK5 in cell migration of PC3 control, FL and D5T cells. Migration
assays were performed as described previously. Five different fields per sample (n 5 6) were quantified by microscopy. R.U., relative units. �P , 0.05 (Student’s
t-test). (D) PC3-M-FL cells were transfected with small interfering ribonucleic acids (siRNAs) directed against ALK2, ALK5 or a scrambled sequence (control)
for 48 h. ALK2 and ALK5 expression was analyzed by reverse transcription–polymerase chain reaction. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH):
control. (E) PC3-M-FL cells were transfected with siRNAs directed against ALK2, ALK5 or a control scrambled sequence. Twenty-four hours after transfection,
they were allowed to migrate for 18 h. Cell migration assays were performed as described previously (n 5 6). R.U., relative units. �P , 0.05 (Student’s t-test).
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in human umbilical vein endothelial cells and, as a consequence, the
ALK1-dependent inhibition of cell adhesion and proliferation in these
cells is inhibited (15,16). We now show that endoglin is phosphory-
lated in prostate cancer cells and, as in endothelial cells, the phos-
phorylated residues are predominantly the five threonines in the CD.
Importantly, this finding confirms that endoglin phosphorylation is not
an isolated mechanism that operates only in endothelial cells but
supports the view that it is a more broadly significant mechanism
for the regulation of endoglin function.

Despite the foregoing similarities, we observed striking differen-
ces between endoglin phosphorylation in endothelial and prostate
cancer cells. First, detection of endoglin phosphorylation in prostate
cancer cell lines is much more technically demanding than for endo-
thelial cells (15), probably reflecting lower levels and higher rates of
turnover of phosphorylated endoglin serine and threonine residues in
non-endothelial cells. The lower levels of endoglin in PC3 cells also
suggests a closer stoichiometric relationship between endoglin in

TGF-b receptors in prostate cancer cells than is the case in endothe-
lial cells, where endoglin is probably in excess of TGF-b ligand and
receptor levels (6). Second, in prostate cancer cells, we did not detect
basal phosphorylation of endoglin on serine residues, suggesting that
the turnover of serine-linked phosphates is higher in these cells than in
endothelial cells. Third, different type I receptors phosphorylate en-
doglin in endothelial cells (ALK1) versus prostate cancer cells (ALK2
and ALK5). Finally, threonine phosphorylation of DPDZ-endoglin is
dramatically enhanced in endothelial cells (15), whereas it was virtu-
ally abolished for the same mutated protein in prostate cancer cells.
This result suggests that the PDZ-binding motif, which has been im-
plicated in endoglin interaction with other cellular proteins including
b-arrestin (18), is involved in cell type-specific processes.

In the present study, we determined that ALK2 and ALK5 phos-
phorylated endoglin in prostate cancer cells. Based on these results,
and on the described Smad specificities of ALK2 and ALK5 (3), we
propose that upon TGF-b1 stimulation ALK5 phosphorylates Smad2
and 3 with a negative impact on ALK2-Smad1, 5 and 8 signaling.
Therefore, our data suggest that ALK2 phosphorylates endoglin as
an alternative substrate, and upon BMP7 stimulation, ALK2 phos-
phorylates endoglin without a requirement for ALK5 participation
(depicted in Figure 6).

We demonstrate that endoglin phosphorylation affects prostate can-
cer cell migration. The results of our tumorigenicity experiments
suggest that endoglin attenuates the progression of prostate carcino-
genesis. Moreover, the tumorigenic potential of prostate cancer cells
expressing an endoglin mutant that cannot be phosphorylated was the
same as the tumorigenicity of endoglin-deficient cells. This result is
consistent with the observations of Perez-Gomez et al. (36). These
authors demonstrated that L-endoglin inhibits keratinocyte-induced
tumorigenicity in mice, whereas the short, S-endoglin isoform, which
lacks the L-endoglin isoform CD, does not inhibit tumorigenicity, thus
supporting the view that TGF-b receptor-dependent endoglin phos-
phorylation regulates tumorigenicity in vivo.

Another functional consequence of endoglin phosphorylation is
that phosphorylated endoglin no longer exerts its inhibitory effect
on prostate cancer cell migration (2,25). The present study supports
a role for endoglin as a novel element in TGF-b1-dependent regula-
tion of cancer cell migration. TGF-b1 stimulates cell migration via
ALK5/Smad2 and 3 (2). In addition, in response to TGF-b1, endoglin
is phosphorylated and its inhibitory effect in cell migration is blocked
(Figure 6).

This work advances the hypothesis that ALK2 plays a dual role in
prostate cancer cell migration depending on the available substrates for
its kinase activity. When ALK2 phosphorylates Smad1, the net result is
the inhibition of cell migration (2). However, when ALK2 phosphor-
ylates endoglin, cell migration is promoted. Thus, there is an implied
balance between endoglin expression levels and phosphorylation,
ALK2 activation and Smad1 availability, which may explain the differ-
ences between endoglin anti-invasive action in prostate cancer versus
the observation that endoglin expression on metastatic breast cancer

Fig. 5. Effect of TGF-b1 and BMP7 in PC3-M cell migration. (A and B)
PC3-M-FL cells in suspension in serum-free media were supplemented with
5 ng/ml TGF-b1 (A) or 50 ng/ml BMP7 (B). Cell migration assay was
performed as described previously (n 5 6). R.U., relative units. �P , 0.05
(Student’s t-test). (C) PC3-M-FL cells were transfected with kdALK2 and/or
kdALK5 or with an empty vector. Twenty-four hours later, they were
prepared as a cell suspension in serum-free media and supplemented with
5 ng/ml TGF-b1. Cell migration assay was performed as described
previously (n 5 6). R.U., relative units. �P , 0.05 (Student’s t-test).

Fig. 6. Proposed model for endoglin phosphorylation by TGF-b1 and BMP7
in prostate cancer cells and its effect in cell migration.
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cells promotes their invasive character (37). Therefore, additional
effects of local ligand activation and availability, receptor-substrate
affinities and potential interactions between the cells and the extracel-
lular matrix remain to be elucidated.

The present study describes for the first time that TGF-b receptor-
mediated phosphorylation of endoglin is a Smad-independent mech-
anism involved in the regulation of prostate cancer cell migration and
tumor progression. We are currently exploring novel animal models to
further examine how endoglin expression in tumor cells and their
microenvironment affects prostate cancer progression.

Supplementary material

Supplementary Figure 1 and Tables 1 and 2 can be found at http:
//carcin.oxfordjournals.org/
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