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Activin A Suppresses Osteoblast Mineralization
Capacity by Altering Extracellular Matrix (ECM)
Composition and Impairing Matrix Vesicle (MV)

Production*s
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and Johannes P. T. M. van Leeuwent]]

During bone formation, osteoblasts deposit an extracel-
lular matrix (ECM) that is mineralized via a process involv-
ing production and secretion of highly specialized matrix
vesicles (MVs). Activin A, a transforming growth factor-g
(TGF-B) superfamily member, was previously shown to
have inhibitory effects in human bone formation models
through unclear mechanisms. We investigated these
mechanisms elicited by activin A during in vitro osteo-
genic differentiation of human mesenchymal stem cells
(hMSC). Activin A inhibition of ECM mineralization coin-
cided with a strong decline in alkaline phosphatase (ALP")
activity in extracellular compartments, ECM and matrix
vesicles. SILAC-based quantitative proteomics disclosed
intricate protein composition alterations in the activin A
ECM, including changed expression of collagen XIl, os-
teonectin and several cytoskeleton-binding proteins.
Moreover, in activin A osteoblasts matrix vesicle produc-
tion was deficient containing very low expression of an-
nexin proteins. ECM enhanced human mesenchymal stem
cell osteogenic development and mineralization. This os-
teogenic enhancement was significantly decreased when
human mesenchymal stem cells were cultured on ECM
produced under activin A treatment. These findings dem-
onstrate that activin A targets the ECM maturation phase
of osteoblast differentiation resulting ultimately in the in-
hibition of mineralization. ECM proteins modulated by ac-
tivin A are not only determinant for bone mineralization
but also possess osteoinductive properties that are rele-
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The quality of bone tissue is determined by the balanced
action of the anabolic bone cells, the osteoblasts, and their
catabolic counterparts, the osteoclasts. This process of bone
remodeling occurs throughout life and can be influenced by a
wide variety of molecules, having ultimately an impact on the
quality of bone (1, 2). Activins and inhibins are members of the
TGF-B superfamily with predominant antagonistic effects in
their classically known target tissues, such as in gonadotropin
producing cells in the pituitary and their role in reproduction
(8, 4). Like other TGF-B member, activins elicit biological
responses by binding to type | and Il serine/threonine kinase
receptors at the cell surface. Upon ligand binding, signaling is
further transduced in the cytoplasm by phosphorylated Smad
protein complexes that once in the nucleus regulate gene
expression. This signaling pathway is highly complex because
of crosstalk between different ligands (Activins, BMPs,
TGF-p) binding to multiple serine/threonine kinase receptors
that activate different Smad proteins signaling to the nucleus.
Activin is known to signal using type Il receptors ACVR2A or
ACVR2B and the type | receptor ACVRIB (shared with BMPs)
activating Smad?2 and 3 proteins (shared with TGF-p). Inhibins
exert their inhibitory effects on activin by competitive binding
to the activin receptors in the presence of betaglycan. This
signaling regulates a wide array of biological activities from
cell proliferation, differentiation to tumor development and
endocrine signaling (5, 6) in many cell lineages like hemato-
poietic (7, 8) and monocyte/macrophage (9, 10). Several con-
sequences of these reproductive hormones, especially those
of activin A, are also described in relation to bone metabolism.
Activin A is present in bone tissue (11, 12) affecting both
osteoclasts and osteoblasts. While having a consistent pro-
osteoclastogenic effect (9, 13), the activin A impact on osteo-
blast differentiation is more controversial (see (14) for review)
Several reports support a stimulatory effect of activin A on
osteoblast differentiation and mineralization in vitro and in vivo
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(9, 15, 16). On the other hand, two different studies, using rat
and human bone formation models, have demonstrated that
activin A treatment has a coherent inhibitory influence on
osteogenesis leading to significant reduction of the mineral-
ization capacity (11, 17). These opposing effects of activin A
on osteoblastogenesis may simply reflect species differences,
however, it may be also driven by heterogeneity of the used
cell model or the stage of osteoblast differentiation (14). Nev-
ertheless, a negative role of activin A in bone formation is also
supported by other in vivo studies in mice and primates in
which blockage of activin signaling resulted in increased bone
mass (18, 19). Moreover, transgenic mice overexpressing hu-
man inhibin A showed increased bone formation (20).

The extracellular compartment is crucial for bone because it
determines most of the bone quality properties (21, 22), in-
cluding its strength, stability, and integrity. Interestingly, a
mature extracellular matrix (ECM) is characterized by the ca-
pacity to mineralize even in the absence of further osteoblast
activity (11, 23). This biomineralization process is complex
and not fully elucidated but it is thought to be started within
MVs (24). Osteoblasts in bone and other cells in mineralization
competent tissues, such as cartilage (25), tendon (26), teeth
(27), and calcifying vasculature (28) produce and release from
their plasma membrane these vesicles with diameters ranging
between 50 and 200 nm. It is inside these membrane-enclosed
particles that first crystals of mineral are formed and grow,
before the vesicle membrane is permeated and the mineral
crystallization advances into the ECM (29, 30). In this context,
proteins that can mobilize calcium and inorganic phosphate (Pi),
the backbone of the hydroxyapatite crystals present in bone,
are of utmost importance. P, donor proteins found in MVs in-
clude alkaline phosphatase (ALP) and inorganic pyrophospha-
tases (31) whereas the annexin family of proteins is postulated
to be crucial for calcium influx into the vesicles (32-34).

In this study we investigated the inhibitory effect of activin
A on human mesenchymal stem cells (hMSC) derived osteo-
blast differentiation and mineralization. We have previously
shown that in human osteoblast cultures activin A influences
the expression of many ECM genes altering ECM maturity
(11). Thus, we focused our analysis on extracellular environ-
ment changes, namely the ECM and matrix vesicles (MVs).
The characterization of these compartments was done using
the state-of-the-art quantitative proteomics tools including
SILAC metabolic labeling and mass spectrometry. Further-
more, the importance of ECM composition for osteoblast
differentiation was also determined.

EXPERIMENTAL PROCEDURES

Cell Culture—Human bone marrow-derived mesenchymal stem
cells (h(MSC; PT-2501, Lonza, Walkersville, MD) from two different
donors, at passages 4 and 5, were cultured as described previously
(11) in 12-well (3.8 cm?) plates (Greiner bio-one, Frickenhausen, Ger-
many), 75 or 175 cm? flasks (Greiner bio-one). The hMSC culture
medium was freshly supplemented with 100 nm dexamethasone
(DEX, Sigma) and 10 mm B-glycerophosphate (Sigma, St. Louis, MO)

for the osteogenic (vehicle) condition. Activin A condition contained
an extra supplement of 25 ng/ml of activin A (R&D Systems, Minne-
apolis, MN). For quantitative mass spectrometry analysis, h(MSC were
cultured similarly in the presence of SILAC medium: arginine- and
lysine-free Dulbecco’s modified Eagle’s medium (DMEM)/F12-Flex
supplemented with 10% dialyzed fetal bovine serum (FBS), 4 mm
L-glutamine, penicillin-streptomycin, 4.5 g/L glucose, 20 mm HEPES
(Sigma), 1.8 mm CaCl,.2H,0 (Sigma), pH 7.5. Cells were expanded in
both light medium, supplemented with normal L-lysine HCL
(*2Cq,"*N,-Lys) and L-arginine ('2Cg4,'*N,-Arg), and heavy medium,
containing heavy isotopes of the same amino acids ('3Cg,"*N,-Lys
and 'Cg,"°N,-Arg). Complete incorporation of the amino acid iso-
topes occurred within 3 weeks of cell culture in SILAC medium
(supplemental Fig. S1). Vehicle and activin A treated cells were cul-
tured in light and heavy isotope medium reciprocally allowing an
optimal differentiation of artifacts and contaminants from biological
variation (35). All SILAC reagents were purchased from Invitrogen
(Carlsbad, CA) unless stated otherwise.

Devitalization of Cell Cultures—Cell devitalization was performed
as described previously (11) using cells cultured in 12-well plates.
Briefly, just before the onset of mineralization cell cultures were
washed twice in PBS (Invitrogen, Carlsbad, CA), air dried and frozen
at —20°C for at least 24 h. The stage just before the onset of
mineralization is the period preceding the detection of significant
mineral deposition in culture, occurring between day 10 and 12 or day
15 and 17, depending on the hMSC donor. Next, the devitalized
cultures containing an acellular 2D ECM synthesized during vehicle
(vehicle ECM) or activin A stimulus (activin A ECM) were incubated in
osteogenic medium only (+ medium). In another set of experiments,
the devitalized cultures were incubated with freshly seeded undiffer-
entiated hMSC in osteogenic medium (+hMSC) without further addi-
tion of activin A. In parallel, as a control for these experiments, hMSC
in osteogenic medium were seeded on standard plastic plates (plas-
tic). All experiments were followed further until mineralization. At the
end of the cultures we performed mineralization assays.

Alkaline Phosphatase Activity, Protein, and Mineralization Assays—
ALP activity and calcium content in cell extracts or isolated MVs were
determined as described previously (36). Briefly, ALP activity was
assayed by determining the release of paranitrophenol from parani-
trophenylphosphate (20 mm diethanolamine buffer supplemented
with 1 mm MgCl, at pH 9.8) in the cell lysates and in MVs for 10 and
70 min at 37 °C respectively. Adsorption was measured at 405 nm.
For calcium measurements, cell lysates were incubated overnight in
0.24 M HCI at 4 °C. Calcium content was colorimetrically determined
with a calcium assay kit (Sigma) according to the manufacturer’s
instructions. For mineralization staining, cell cultures were fixed for 60
min with 70% ethanol on ice. After fixation, cells were washed twice
with PBS and stained for 10 min with Alizarin Red solution (saturated
Alizarin Red in demineralized water was titrated to pH 4.2 using 0.5%
ammonium hydroxide). For protein concentration measurements, a
BCA kit (Pierce Biotechnology, Rockford, IL, USA) was used following
the manufacturer’s instructions.

Extracellular Matrix Isolation—The ECM isolation method was
adapted from (37). To extract proteins from the ECM, vehicle and
activin A treated hMSC were cultured in 175 cm? flasks. After remov-
ing the medium, cells were washed three times in PBS and incubated
in collagenase/dispase (1 mg/ml; Roche, Mannheim, Germany) for 90
min at 37 °C. After centrifugation at 500 X g for 10 min, to remove
cells, the supernatant containing the ECM protein extract was ob-
tained and stored at —80 °C until analysis.

Matrix Vesicle Isolation—MVs were isolated from the medium of 75
or 175 cm? culture flasks for subsequent FACS or proteomics anal-
ysis respectively, as described previously (38). Briefly, the culture
medium was first centrifuged at 20,000 X g for 30 min at 4 °C, to
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remove cell debris. The supernatant was collected and further cen-
trifuged at 100,000 X g for 60 min at 4 °C. After discarding the
supernatant, the pellet containing MVs was dissolved in PBS. All
ultracentrifugation steps were performed on an Ultracentrifuge L-70
(Beckmann Coulter).

Quantitative Mass Spectrometry Analysis—Protein extracts from
SILAC cultures were mixed in a 1:1 ratio of the light (Vehicle or activin
A) and heavy (Vehicle or activin A) condition for both the ECM and
MVs isolated. The combined light:heavy samples were resolved by
one-dimensional SDS-PAGE (NUPAGE 4-12% Bis-Tris Gel, Invitro-
gen) in duplicate. Protein bands were visualized with Coomassie
staining (Bio-safe Coomassie, Bio-Rad, Hercules, CA). SDS-PAGE
gel lanes were cut into 2-mm slices using an automatic gel slicer and
subjected to in-gel reduction with dithiothreitol, alkylation with iodo-
acetamide and digestion with trypsin (Promega, sequencing grade),
essentially as described by Wilm et al. (39). Nanoflow LC-MS/MS was
performed on an 1100 series capillary LC system (Agilent Technolo-
gies) coupled to an LTQ-Orbitrap XL mass spectrometer (Thermo)
operating in positive mode and equipped with a nanospray source.
Peptide mixtures were trapped on a ReproSil C18 reversed phase
column (Dr Maisch GmbH; column dimensions 1.5 cm X 100 wm,
packed in-house) at a flow rate of 8 ul/min. Peptide separation was
performed on ReproSil C18 reversed phase column (Dr Maisch
GmbH; column dimensions 15 cm X 50 um, packed in-house) using
a linear gradient from 0 to 80% B (A = 0.1% formic acid; B = 80%
(v/v) acetonitrile, 0.1% formic acid) in 120 min and at a constant flow
rate of 200 nl/min using a splitter. The column eluent was directly
sprayed into the ESI source of the mass spectrometer. Mass spectra
were acquired in continuum mode; fragmentation of the peptides was
performed in data-dependent mode. Data analysis was performed
either by using the Mascot search algorithm or the MaxQuant suite.
For Mascot searches, peak lists were automatically created from raw
data files using the Mascot Distiller software (version 2.2; Matrix-
Science). The Mascot search algorithm (version 2.2, MatrixScience)
was used for searching against the International Protein Index (IPI)
database (IPI human release 06/11/2009, version 3.66). The peptide
tolerance was typically set to 10 ppm and the fragment ion toler-
ance to 0.8 Da. A maximum number of 2 missed cleavages by trypsin
were allowed and carbamidomethylated cysteine and oxidized me-
thionine were set as fixed and variable modifications, respectively.
The Mascot score cut-off value for a positive protein hit was set to 65.
Individual peptide MS/MS spectra with Mascot scores below 35 were
checked manually and either interpreted as valid identifications or
discarded. For quantitative analysis, the mass spectrometric raw data
from MaxQuant software suite (version 1.1.1.25) was used (40). A
false discovery rate (FDR) of 0.01 for proteins and peptides and a
minimum peptide length of six amino acids were required. The mass
accuracy of the precursor ions was improved by the time-dependent
recalibration algorithm of MaxQuant. The Andromeda search engine
was used to search the MS/MS spectra against the IPI human data-
base concatenated with the reversed versions of all sequences. A
maximum of two missed cleavages were allowed. The fragment mass
tolerance was set to 0.6 Da. Enzyme specificity was set to trypsin.
Further modifications were cysteine carbamidomethylation (fixed) as
well as protein N-terminal acetylation, methionine oxidation and lysine
ubiquitination (variable). Only proteins identified with at least two
peptides and two quantification events were considered for analysis.
MaxQuant automatically quantified SILAC peptides and proteins. SI-
LAC protein ratios were calculated as the median of all peptide ratios
assigned to the protein. In addition a posterior error probability for
each MS/MS spectrum below or equal to 0.1 was required. In case
the identified peptides of two proteins were the same or the identified
peptides of one protein included all peptides of another protein, these
proteins were combined by MaxQuant and reported as one protein

group. Before statistical analysis, known contaminants (keratins and
abundant proteins from bovine serum) and reverse hits were removed
(41).

Flow Cytometry Analysis and Western Blot—The number of cell-
secreted MVs and ALP+ MVs was determined by flow cytometry as
described elsewhere (42). Briefly, 12.5 ul of freshly isolated MVs were
incubated for 20 min in the dark with 12.5 ul ELF-97 staining solution
(0.2 m ELF-97 (Invitrogen) in 1.1 m acetic acid, 0.011 m NaNO,, pH
8.0). ELF-97 is a phosphatase substrate, which at pH 8 detects
alkaline phosphatase. As negative control, the ELF-97 staining solu-
tion was replaced by PBS (unstained MV) and MVs were replaced by
PBS or culture medium processed as described for MV isolation.
Gating for ALP+ population was set using the unstained MV samples.
For each of these mixes 125 ul PBS were added. Vesicles were
measured in a Becton Dickinson FACS-Canto (BD Bioscience) for
diffraction of light in a right angle, side scatter (SSC) measuring
granularity, and for ELF-97 fluorescence signal, AmCyan-A channel
(488 nm). For Western blotting experiments MVs isolated from con-
ditioned medium of vehicle and activin A treated cultures were
loaded, separated by SDS-PAGE, and transferred onto a nitrocellu-
lose membrane (Hybond-ECL, Amersham Biosciences, Buckingham-
shire, U.K.). As a negative control vesicles isolated from plain medium
were used. After blocking nonspecific signal with 5% BSA in TBS/
0.1% Tween-20, the membrane was incubated with antibodies
against Annexin A2 (1:1000, rabbit polyclonal to ANXA2, Abcam, Cat.
Ab41803). Membranes were probed with secondary antibody, goat
antirabbit IgG conjugated with IRDye 800CW (1:5000, LI-COR, Cat.
926-32211). Immunoreactive bands were visualized using the
LI-COR Infrared Imaging System according to the manufacturer’s
instructions (Odyssey Lincoln, NE).

Gene Ontology Analysis—Gene Ontology (GO) analyses were ob-
tained using DAVID Bioinformatics Resources 6.7 (43, 44). Only sig-
nificantly (p < 0.05) enriched terms in comparison to whole genome
background (DAVID default) were selected.

Statistical Analysis—All experiments were repeated at least three
times. Values are mean = S.D. and significance was calculated using
a Student’s t test.

RESULTS

Activin A Alters the Mineralization Competence of the
ECM—Activin A signaling was previously shown to inhibit
mineralization of human osteoblast cultures by altering the
ECM maturity (11). The results from our current study corrob-
orate this data. Activin A treatment resulted in decreased ALP
activity followed by impaired mineral deposition in culture
(Fig. 1A) but it did not alter the total number of cells in culture
when compared with vehicle treated cultures (data not
shown). The maturity of the ECM produced under the activin
A stimulus was tested by evaluating whether mineralization
could occur in the absence of living cells in acellular 2D ECMs.
To this end, vehicle and activin A treated osteoblast cultures
were devitalized just before the onset of mineralization (Fig.
1B; scheme), withdrawing living cells but keeping the ECM
built up to that moment intact (11). We observed that supple-
mentation of medium to the ECM was enough to induce
mineralization of vehicle ECM (Fig. 1B). In contrast, ECM
synthesized under activin A treatment failed to become min-
eralized (Fig. 1B). To evaluate the extracellular effects of ac-
tivin A during osteoblast differentiation, we isolated ECM as
well as MVs from vehicle and activin A osteoblast cultures.
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Activin A Significantly Reduces ALP Activity in ECM and in
MVs—ECM and MVs from osteoblast cultures at the onset of
mineralization were initially accessed for ALP activity. We
observed that ALP activity was significantly reduced in ECM
and MVs of activin A treated osteoblasts when compared with
their vehicle-treated counterparts (Fig. 2). This result sup-
ported further the concept that activin A has a significant
impact on the osteoblast extracellular milieu. Thus, we set out
to analyze and compare the ECM and MVs proteome from
vehicle and activin A treated cultures using a quantitative
SILAC-based mass spectrometry approach.

Activin A Induces Changes in ECM Composition and
Strongly Reduces the Expression of MVs Markers—The anal-

ysis of the ECM resulted in the identification of 293 proteins
(supplemental Table S1). We used Gene Ontology (GO) an-
notation enrichment analysis to categorize the identified pro-
teins for their cellular localization (Fig. 3). The GO term ECM
(GO:0044420) was found to be 3.7-fold enriched validating
the ECM isolation method. Other over-represented protein
groups included proteins associated with membrane struc-
tures, like organelle envelope proteins (4.8-fold; GO:0031967)
or in close proximity to the membrane, like cell leading edge
(4.3-fold; GO:0031252) and cell surface (3.9-fold; GO:
0009986) proteins. Interestingly, also vesicle proteins (GO:
0031982) were identified to be 4.3-fold over-represented in
the ECM samples.
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Fic. 3. Over-represented cellular compartment annotations for the 293 proteins identified in the ECM. Numbers in front of the bars
indicate fold-enrichment level. Numbers within bars indicate proteins identified as belonging to each cellular compartment term and within
brackets those that were found to be up-/down-regulated in activin A condition in the ECM. Only significantly (p < 0.05) enriched gene ontology

terms were considered for analysis.

In quantitative terms mass spectrometry analyses resulted
in identification of 104 proteins over 1.5-fold regulated follow-
ing activin A treatment. More than half of these proteins, 74
proteins, were down-regulated by activin A whereas only 30
proteins were up-regulated. The 10 strongest up and down-
regulated proteins are shown in Table I. Collagen, type XII,
alpha 1 (COL12A1) was the most up-regulated ECM protein
(2.7-fold). Osteonectin (ON), fibronectin 1 (FN1) and fibrillin-1
(FBN) were also up-regulated by more than 1.9-fold (Table I).
The strongest down-regulated proteins include enzymes par-
ticipating in carbohydrate catabolism such as UDP-glucose
pyrophosphorylase 2 (UGP2; 0.28-fold), phosphoglucomu-
tase 1 (PGM1; 0.30-fold) and phosphogluconate dehydrogen-
ase (PGD; 0.37-fold; Table I).

In MVs we have identified 27 proteins (supplemental Table
2). In total, 12 proteins were =1.5-fold regulated by activin A
(Table 1I). Of those 12, only two proteins were increased by
activin A, hyaluronan binding protein CRTL1 (1.76-fold) and
bone proteoglycan Il (DCN; 1.51-fold). Among the 10 down-
regulated proteins, five were calcium-dependent phospho-
lipid binding proteins known as annexins. Despite markedly
down-regulated in MVs (<0.25-fold; Table Il), annexins were
unchanged in the ECM. This MV specific modulation and the
fact that these proteins are known to be present and func-
tional in MVs (32-34) led us to consider that activin A cultures
had severely altered or even compromised MV production.

Activin A Treated Cells Have Impaired MV Biogenesis at the
Onset of Mineralization—To address the hypothesis that MV
production is suppressed in osteoblasts following activin
treatment, we isolated and counted MV number in vehicle and
activin A treated osteoblast cultures. Number of total MVs and
ALP positive MVs (ALP+ MVs) was determined using FACS.
The production of MVs, total and ALP+, did not differ be-
tween vehicle and activin A conditions before the onset of
mineralization (Fig. 4A). However, at the onset of mineraliza-
tion the production of ALP+ MVs in vehicle osteoblasts in-
creased sharply whereas in activin A condition this was sig-

nificantly suppressed (Fig. 4A). At the onset of mineralization,
only 8% of the total MVs were ALP+ in the activin A condition
compared with the 72% in the vehicle condition (Fig. 4A and
4B). Immunodetection of annexin 2 in MVs (Fig. 5) confirmed
the results obtained by quantitative proteomics and indicates
that the differences measured are MV-specific and not de-
rived from serum microvesicles. In summary, our results indi-
cate a bimodal effect of activin A by changing the ECM
composition and suppressing the provision of the bio-miner-
alization initiators, the MVs.

Activin A ECM is Capable of Signaling to Osteoprogenitor
Cells Modulating Their Mineralization—Next, we investigated
further the impact of ECM composition in osteogenesis. For
these experiments, vehicle and activin A treated cultures were
devitalized just before the onset of mineralization similar as
shown in Fig. 1B. However, this time besides only osteogenic
medium we also seeded undifferentiated hMSCs in osteo-
genic medium on top of vehicle and activin A ECMs. In parallel
as control cultures, hMSC in osteogenic medium were also
seeded on plastic in standard culture plates (experimental
scheme in Fig. 6A). Seeding of hMSC onto an existing ECM
enhanced and anticipated the mineralization (Fig. 6B, vehicle
or activin A ECM compared with plastic plates), now occurring
already after 6-8 days instead of the 14 days for control
cultures on plastic (Fig. 1A). Despite significantly less miner-
alized than hMSC on vehicle ECM this was also observed
when hMSC were seeded on an activin A ECM, which was
unable to mineralize in absence of hMSC (Fig. 6B).

Altogether, these results demonstrate that the osteoblast
ECM contains potent signaling clues to osteoprogenitor cells.
In this respect, the altered composition of activin A ECM did
not represent a complete block for mineralization by osteo-
progenitor cells.

DISCUSSION

We have previously shown that human osteoblast mineral-
ization is strongly inhibited in the presence of activin A and
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TABLE |

Proteins regulated by activin A signaling in the ECM. ECM was isolated at the onset of mineralization from SILAC labeled cultures and
protein regulation was determined by mass spectrometry measurements. Ratios are averages of reciprocal SILAC experiments. A =
Activin A; V = Vehicle. # peptides = minimum number of unique peptides identified for the protein. Ratio count = number of SILAC
pairs used for quantitation. From the 293 proteins identified in the ECM 104 were found to be over 1.5-fold regulated but only
the 20 strongest regulated proteins are shown (see supplementary Table 1 for the complete list of proteins identified and respective

regulation)
. . - Gene . . .
# Protein name IPI identifier Ratio A/V  # Peptides Ratio count
symbol
>1.5-fold UP-regulated by activin A
1 Collagen alpha-1(Xll) chain IPI00329573  COL12A1 2.66 52 89
2 Developmentally-regulated endothelial cell locus IPI00306046  DEL1 2.29 11 16
1 protein
3 CFR-1 IP100414717  CFR1 2.24 10 11
4 Basement-membrane protein 40 IPI00014572  ON 2.20 2 4
5 FN1 protein IP100845263  FN1 2.11 23 57
6 Breast epithelial antigen BA46 IPI00966900 MFGES8 2.07 2 26
7 cDNA FLJ58980, highly similar to Sideroflexin-3 IPI00871988 hCG_24661 2.01 2 3
8 130 kDa leucine-rich protein IPI00783271  LRP130 2.00 6 12
9  Fibrillin-1 IP100328113  FBN 1.97 13 19
10 CD49 antigen-like family member E IPI00306604 FNRA 1.93 7 16
>1.5-fold DOWN-regulated by activin A
1 cDNA, FLJ95012, highly similar to Homo sapiens IPI00873223 UGP2 0.28 6 7
UDP-glucose pyrophosphorylase 2
2 Glucose phosphomutase 1 IPI00219526  PGM1 0.30 4 4
3 UDP-glucose 6-dehydrogenase IPI00031420 UGDH 0.30 2 3
4 70 kDa lamin IPI00021405 LMN1 0.31 6 9
5 Collapsin response mediator protein 2 IPI00257508 CRMP2 0.31 5 6
6 Cell migration-inducing gene 10 protein IPI00169383  MIG10 0.34 12 22
7 Triosephosphate isomerase IP100465028 hCG_25936 0.34 6 9
8 Calgizzarin IPI00013895  MLN70 0.34 2 3
9 BPG-dependent PGAM 1 IP100549725 CDABP0006 0.35 5 5
10 6-phosphogluconate dehydrogenase, IP100219525 PGD 0.37 5 4
decarboxylating
TABLE Il

Proteins regulated by activin A signaling in MVs. MV samples were isolated at the onset of mineralization from SILAC labeled cultures and
protein regulation was determined by mass spectrometry measurements. Ratios are averages of reciprocal SILAC experiments. A = Activin A;
V = Vehicle. # peptides = minimum number of unique peptides identified for the protein. Ratio count = number of SILAC pairs used for
quantitation. From the 27 proteins identified in MVs 12 were found to be over 1.5-fold regulated (see supplementary Table 2 for the complete

list of proteins identified and respective regulation)

# Protein name IPI identifier Gene symbol Ratio A/V # Peptides Ratio count
>1.5-fold UP-regulated by activin A

1 Cartilage-linking protein 1 IP100023601 CRTL1 1.76 4 4

2 Bone proteoglycan I IPI00012119 DCN 1.51 4 6
>1.5-fold DOWN-regulated by activin A

1 Annexin A1 IPI00218918 ANX1 0.11 10 10

2 Anchorin ClI IP100329801 ANX5 0.14 12 13

3 35-beta calcimedin IPI00793199 ANX4 0.15 2 3

4 67 kDa calelectrin IPI00221226 ANX6 0.23 20 38

5 Annexin A2 IPI00418169 ANX2 0.24 16 30

6 L-Lactate dehydrogenase IP100947127 LDHA 0.36 3 4

7 18 kDa phosphoprotein IPI00012011 CFL 0.39 3 3

8 Alanyl aminopeptidase IP100221224 ANPEP 0.46 9 12

9 Lung resistance-related IPI00000105 LRP 0.50 4 3

protein
10 Cytotactin IPI00031008 HXB 0.60 7 7
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Fic. 4. Activin A effect in osteoblast MV production. A, Number of MVs and ALP+ MVs secreted by vehicle and activin A treated cultures
before and at the onset of mineralization. B, FACS plots used to calculate the number of MVs in vehicle and activin A samples, before and at the
onset of mineralization (four leftmost panels). A histogram with the distribution of the ALP+ MV population before mineralization (n = 9) and at the
onset of mineralization (n = 3) for vehicle and activin A cultures is also shown (right panel). The gating was set using ELF-97 unstained MV samples
(bottom left panel). Other negative controls are shown for PBS and culture medium (bottom middle and bottom right panel respectively). SSC-A
is the side scatter-area and AmCyan-A is the channel detecting fluorescence signal from stained vesicles. * p < 0.05; ** p < 0.01.

that these cells are particularly sensitive to this hormone at activin A suppression of osteoblast mineralization. We dem-
stages preceding the onset of mineralization (11). In this study  onstrate that activation of activin A signaling during bone
we provide evidence for changes in protein production during  formation has detrimental effects on the ECM production and
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Fic. 5. Immunodetection of annexin 2 in MVs. MV preparations
from vehicle (Veh.) and activin A (Act.) cultures, before and at the
onset of mineralization, were probed for annexin 2 expression.
Med. = control sample prepared following the MV preparation pro-
tocol from plain medium is also shown.
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Fic. 6. Effect of the ECM in osteoprogenitor cell mineralization.
A, Vehicle and activin A treated cultures were devitalized just before
the onset of mineralization. The remaining ECMs were cultured with
osteogenic medium (+ medium) and undifferentiated hMSC in osteo-
genic medium (+ hMSC). In parallel, hMSCs were also seeded di-
rectly on standard plastic cultures plates. B, Calcium content was
assayed at the end of culture (n = 3). Value means + S.D. **p < 0.01;
** p < 0.001.

maturation phase. Furthermore, negative effects of activin A
are extensible to the mineralization phase by impairing MV
production.

Activin A effect on the ECM proteome was predominantly
suppressive, with two-times more down-regulated than up-
regulated proteins. Among the latter we identified collagen
Xl alpha-1 (COL12A1; IPI00329573), osteonectin (ON;
IP100014572), fibronectin (FN1; 1PI00845263), and fibrillin-1
(FBN; IP100328113). All these proteins have been directly

implicated in osteoblast differentiation and bone formation
(45-48). For example, ON deficiency is responsible for com-
promised osteoblast differentiation and decreased bone for-
mation (45, 49). Activin A modulation of ON gene expression
in osteoblasts (11) and other tissues (50) is consistent with the
ON protein regulation we observed despite failing to explain
the inhibitory effects of activin A in osteoblast differentiation
and mineralization. The complexity of activin A signaling is
probably the reason behind these conflicting observations
with other proteins overruling ON action during osteoblast
differentiation. One of these proteins is fibrillin-1 (FBN). Mu-
tations in the FBN gene are responsible for an increased
skeletal size phenotype (51). FBN is a structural component of
the ECM thought to regulate osteoblast maturation with its
ability to sequester and control latent TGF-B8 and BMP bio-
availability (48, 52). Being both TGF-B8 and BMP potent os-
teogenic factors (53, 54), elevated levels of FBN in the activin
A ECM is likely to be determinant for the inhibition of osteo-
blast differentiation and mineralization observed in activin A.

Linking ECM proteins down-regulated by activin A to bone-
related functions was more difficult than for those up-regu-
lated. Many of the proteins inhibited by activin were cytoskel-
eton-binding proteins (e.g. WDR1, IPI00873622; PLS3,
IP100216694; TPM3, IPI00218319) and proteins involved in
carbohydrate metabolism (UGDH, IPI00031420; MIG10,
IP100169383; LDHA, IP100947127). The detection of proteins
that bind to the cytoskeleton is possibly related to the ECM
control of cytoskeleton mechanisms (55) recently recognized
as important during osteoblast differentiation (56, 57). On the
other hand, the detection of glucose metabolism proteins in
the ECM is more enigmatic but corroborated in the osteoblast
ECM proteome listed by Xiao et al. (58). Moreover, several
other studies indicate the existence of extracellular glycolytic
enzymes contained within different types of secreted vesicles
(59, 60) including MVs (58). Despite disclosing an extracellular
location for these proteins, their function outside the cell
remains unknown. Nevertheless, the fact that they are down-
regulated by activin A identifies them as potential modulators
of bone formation.

ECM preparations contained various intracellular proteins
and we cannot exclude that these represent contamination
from cells. Despite not being able to exclude this hypothesis,
we believe our extraction method is adequate because we
find ECM proteins to be highly enriched (Fig. 3). Other hypoth-
esis for the detection of intracellular proteins in the ECM could
be the presence of MVs bound to the ECM (37, 61). Proteins
of vesicle origin were enriched in our ECM extracts (Fig. 3).
Due to their composition and intracellular origin, MVs repre-
sent a likely explanation to the increased numbers intracellular
but also of the membrane-related proteins identified.

In general, activin A effect on the ECM proteome was vast
with many proteins being targeted. The fact that no single
protein was strikingly altered highlights the importance of
considering ECM as an integrated compartment. In other
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words, the function of ECM is determined by the combination
of all proteins present rather than individual proteins. Investi-
gating the functions and interactions of these proteins during
osteoblast differentiation is of significance to understand and
identify therapeutic targets for bone formation. The more so
considering that several proteins we identified have not yet
been linked to bone.

Osteoblasts under the influence of activin A secreted sig-
nificantly less MVs containing an altered protein composition.
In terms of protein identifications the MV proteome was more
limited than that of the ECM. This can be attributed to the
relatively low abundance of MVs produced by osteoblasts
and the lower complexity of the MV proteome in comparison
to that of ECM. Nevertheless, in contrast to the ECM pro-
teome, the MV proteome comprised more pronounced differ-
ences between activin A and vehicle cultures. Proteome anal-
ysis showed only two proteins as being more than 1.5-fold
up-regulated by activin A in MVs, bone proteoglycan Il
(DCN; IPI00012119) and cartilage-linking protein 1 (CRTL1;
IP100023601) proteoglycans that bind to type I collagen fibrils
(62) and hyaluronic acid (63) respectively. Increased expres-
sion of proteoglycans within MVs fit with the negative role of
activin A in osteoblast mineralization. The negative charge of
their glycosaminoglycan chains is able to compete with phos-
phate for hydroxyapatite crystallization inhibiting mineral
growth (64, 65). DCN, for example is confined to the uncalci-
fied osteoid area being removed from the ECM so calcifica-
tion can take place (66).

Among the most down-regulated proteins in MVs, we found
proteins directly associated with their mineralization compe-
tences. Annexin family members (I, Il, IV, V and V) were the
most noticeable, proteins usually high abundant in MVs where
they act as calcium channels (32-34). Interestingly, annexins
appear to be specifically regulated within MVs because no
differences were found in the activin A ECM relative to its
vehicle counterpart. MV biogenesis is still controversial (61)
but the fact we detected proteins modulated within these
vesicles that were not altered in the ECM is coherent with a
selective and tightly regulated MV formation process.

Before onset of mineralization, the ECM produced by vehi-
cle osteoblast cultures was mature enough to mineralize in-
dependently of further cellular activity. A possible explanation
for this is the presence of MVs already attached to the fibrillar
collagenous matrix (29), something corroborated by the de-
tection of vesicle proteins in the ECM (Fig. 3). These MVs
would allow mineral crystals to grow and propagate further to
the ECM without additional osteoblast interference. The fact
that activin A osteoblasts had impaired MV biogenesis ex-
plains the inability of activin A ECM to mineralize.

Osteoblast differentiation is a sequential order of interde-
pendent events (67) thus the MV impairment is likely to be
determined by a primary effect on the previous phase of ECM
maturation. Furthermore, we believe that this effect on the
ECM is unlikely to be because of a delay in osteoblast differ-

entiation because differentiation marker genes remain un-
changed by activin signaling in this bone formation model
(11). Devitalization experiments in which acellular 2D ECMs
were cultured with osteoprogenitor cells provided more infor-
mation about maturity of the activin A ECM. Despite less
effectively than vehicle, activin A ECM was found capable of
enhancing osteoprogenitor cell mineralization, suggesting
that activin A ECM still retained, albeit diminished compared
with control ECM, capacity to enhance osteoblast differenti-
ation. Because of its inability to support the late stages of
mineralization we hypothesize that activin A ECM specifically
stimulates the early stages of osteogenesis. Interestingly, col-
lagen and FN1 are two proteins up-regulated in activin A ECM
that fit particularly well in this role. Culture plates coated with
collagen or FN1 have been shown to enhance osteoblast
differentiation (68, 69).

In summary, we demonstrated that activin A is a strong
modulator of the extracellular microenvironment of osteo-
blasts by (1) changing the ECM composition and maturity and
(2) impairing production of MVs responsible for the start of
bio-mineralization. This supports the concept that osteoblast
differentiation is a synergistic process, with disruption of a
specific stage (ECM maturation) having consequences for
down-stream events (MVs biogenesis) and end point pheno-
type (mineralization). Furthermore, ECMs produced by osteo-
blasts were found to contain potent osteoinductive properties
of particular interest for regenerative medicine. Proteins iden-
tified in the ECM to be regulated by activin A constitute
potential targets to modulate mineralization and bone tissue
quality.
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