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Fibronectins containing extradomain A or B enhance
osteoblast differentiation via distinct integrins

Received for publication, May 27, 2016, and in revised form, March 10,2017 Published, Papers in Press,March 21,2017, DOI 10.1074/jbc.M116.739987
Carla Sens*®', Katrin Huck*®', Stefan Pettera®, Stephan Uebel*, Guido Wabnitz®, Markus Moser®,

and Inaam A. Nakchbandi**?

From the *Max-Planck Institute of Biochemistry, 82152 Martinsried and the ®Institute of Inmunology, University of Heidelberg,

69120 Heidelberg, Germany
Edited by Amanda J. Fosang

Fibronectin is a multidomain protein secreted by various cell
types. It forms a network of fibers within the extracellular
matrix and impacts intracellular processes by binding to various
molecules, primarily integrin receptors on the cells. Both the
presence of several isoforms and the ability of the various
domains and isoforms to bind to a variety of integrins result in a
wide range of effects. In vivo findings suggest that fibronectin
isoforms produced by the osteoblasts enhance their differentia-
tion. Here we report that the isoform characterized by the pres-
ence of extradomain A activates a4 f31 integrin and augments
osteoblast differentiation. In addition, the isoform containing
extradomain B enhances the binding of fibronectin through the
RGD sequence to 33-containing integrin, resulting in increased
mineralization by and differentiation of osteoblasts. Our study
thus reveals novel functions for two fibronectin isoforms and
the mediating receptors in osteoblast differentiation.

Osteoblasts represent a unique mammalian cell type. They
lay down an extracellular matrix that they subsequently miner-
alize to form bone. This function is tightly regulated through
various mechanisms, including interaction with a cytokine-rich
environment and the systemic regulation of osteoblasts by var-
ious hormones (1). The composition of the extracellular matrix
of bone may itself control functional aspects of the osteoblasts
(2, 3). This is achieved by binding to cell surface receptors on
the osteoblasts (4). A major type of cell surface receptors that
transfer signals from the matrix into the cell are the integrins,
which are heterodimeric transmembrane receptors, each con-
sisting of an « and a 3 subunit. Due to the presence of 18 dif-
ferent a and 8 different 3 subunits, 24 integrin pairs with varied
ligand-binding properties have been described in mice and
humans. Depending on the integrin member involved or the
ligand attached, diverse intracellular signals are activated,
leading to a large spectrum of different intracellular effects

(5).
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Fibronectin is a ubiquitous and large extracellular matrix
protein in bone that can bind to itself and to collagen to form a
network (6). It contains several domains that can become
ligated to various integrin dimers (7). In addition, several splice
variants have been described, and the possibility of posttrans-
lational modifications further increases the heterogeneity of
the binding receptors. The function of two alternatively spliced
extradomains A and B (EDA and EDB)? is still being investi-
gated. Interestingly, the EDA domain can directly bind to a4 31
or a9f1 integrin, and its presence enhances the binding of the
RGD sequence to a5B1 integrin, the classical fibronectin recep-
tor (8—-10). In contrast, EDB has not been studied as exten-
sively, but it was shown to require avf33 integrin to enhance
phagocytosis (11).

The circulating isoform of fibronectin, which lacks the EDA
and EDB domains, is produced by the liver. We had shown that
it improves the material properties of bone matrix but is unable
to affect osteoblast differentiation. In contrast, the osteoblasts
differentiate in response to the fibronectin that they themselves
produce (2). We have shown that the osteoblasts produce iso-
forms, in which we identified both extradomains: EDA and
EDB. The aim of this study was therefore to elucidate the effects
of the presence of EDA and EDB on osteoblasts and the recep-
tors mediating these effects. The ultimate goal is the discovery
of new strategies for osteoblast modulation.

Results

The presence of the extradomains A and B enhances
osteoblast differentiation

The two extradomains EDA and EDB are produced by osteo-
blasts (2). We therefore generated expression constructs con-
sisting of the whole fibronectin cDNA and including either the
EDA (FN-EDA) or the EDB domain (FN-EDB) (Fig. 14). As a
control, we used plasma fibronectin cDNA (FN), which lacks
both extradomains (12). All constructs used contain the vari-
able region (13).

To evaluate the effect of the presence of either the EDA or the
EDB domain on osteoblast differentiation, primary osteoblasts

3 The abbreviations used are: EDA and EDB, extradomain A and B, respec-
tively; FN, fibronectin; CT, control(s); rFN-EDA, rFN-EDB, and rFN, recombi-
nant FN-EDA, FN-EDB, and FN, respectively; MFI, mean fluorescence
intensity; KD, knockdown; gPCR, quantitative PCR; HPRT, hypoxanthine-
guanine phosphoribosyltransferase; pERK, pAKT, and pFAK, phospho-
rylated ERK, AKT, and FAK, respectively.
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isolated from the calvariae of newborn mice were transfected
with either FN-EDA, FN-EDB, or the control construct lacking
both domains (EN). To determine transfection efficiency, the
vector containing green fluorescent protein (GFP) was used.

Expression of GFP was detected in cultured cells, and a trans-
fection efficiency of 36% was confirmed by flow cytometry (Fig.
1B). The presence of either EDA or EDB domain augmented
mineralization by the osteoblasts, as determined by the nodule
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formation assay, whereby osteoblasts are cultured for 2-3
weeks in mineralizing medium and stained using the von Kossa
method. Enhanced osteoblast differentiation was determined
by increased alkaline phosphatase protein activity, a marker of
early osteoblast differentiation present in the cell lysates or
released in the medium, as well as higher osteocalcin mRNA
expression, a late marker of osteoblast differentiation (Fig. 1, C
and D). The amount of the relevant fibronectins released in the
medium was increased: total fibronectin for the FN construct in
comparison with non-transfected control (CT) cells as well as
EDA-containing fibronectin for the FN-EDA construct and
EDB-containing fibronectin for the FN-EDB construct, both in
comparison with the FN construct (Fig. 1E).

To examine this further, we deleted fibronectin in early osteo-
blasts. Newborn fibronectin floxed homozygous mice carrying a
CRE recombinase under the control of the osterix promoter active
in early osteoblasts (Osx-Cre/fibronectin*¢¥/floxed mjce = FN
cKO) were used to obtain primary calvarial osteoblasts lacking
fibronectin. These were compared with osteoblasts from lit-
termates not carrying osterix-Cre (CT) (14-16). We verified
deletion by measuring fibronectin in the conditioned
medium. Although the decrease is limited, it is expected, based
on the low expression of osterix in primary calvarial osteoblasts
(roughly 5-10% by flow cytometry based on fluorescent protein
expression in the promoter) (Fig. 1F) (17). Transfection of these
cells with either the FN-EDA or FN-EDB constructs enhanced
osteocalcin mRNA expression already 3 days after transfection
compared with the control fibronectin construct (FN), again
indicating boosted differentiation of osteoblasts in the presence
of EDA- or EDB-containing fibronectin, as was the case in wild-
type osteoblasts shown in Fig. 1, Cand D (Fig. 1G).

Next, we selectively silenced EDA- or EDB-containing fi-
bronectin in wild-type osteoblasts by transfection with siRNA
directed against the EDA or the EDB domain as described (18).
Three constructs were first tested for each, and the decrease in
the expression of the isoforms was confirmed in the condi-
tioned medium (Fig. 2A) (measured by ELISA using specific
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antibodies directed against the EDA or the EDB domain). Nod-
ule formation was diminished in all EDA siRNA and EDB
siRNA constructs (Fig. 2B). Repeat experiments using the first
siRNA constructs for each, EDA and EDB, were performed.
After 72 h in culture, protein levels were only diminished for
EDA-containing fibronectin if cells were treated with EDA
siRNA and for EDB-containing fibronectin if cells were treated
with EDB siRNA (Fig. 2C). Silencing either EDA- or EDB-con-
taining fibronectin confirmed suppression of osteoblast differ-
entiation in vitro (Fig. 2D), as evidenced by nodule formation,
alkaline phosphatase protein activity, or osteocalcin mRNA
expression in line with the stimulatory effect of either domain
on osteoblasts.

To determine whether the expression of both the EDA- and
the EDB-containing constructs at the same time will lead to
further enhancement of differentiation, we co-transfected both
and compared the nodules formed with FN-, EDA-, and EDB-
transfected cells. Evaluation of EDA- and EDB-containing
fibronectin in the medium showed an increase in their produc-
tion (significant at day 4 for EDA and at day 2 for EDB) (Fig. 34).
The combination of both, however, failed to further enhance
nodule formation beyond the increase achieved with the
expression of either EDA- or EDB-containing fibronectin alone
(Fig. 3B). In line with these findings, silencing both simultane-
ously using EDA siRNA together with EDB siRNA led to a
decrease in nodule formation, but the decrease was not more
pronounced than silencing each alone (Fig. 3, C and D). A sum-
mary of changes in the relevant fibronectin isoforms and the
consequences for mineralization is shown for overexpression
and knockdown (Tables 1 and 2). The failure of overexpression
of both or depletion of both isoforms in exerting additive effects
could be due to the limited overexpression and depletion
obtained when both isoforms were modulated simultaneously,
as shown in Fig. 3 (A-D) and summarized in Tables 1 and 2.
Thus, the presence of either domain, EDA or EDB, seems to
enhance osteoblast differentiation.

Figure 1. The expression of FN-EDA or FN-EDB in osteoblasts enhances their differentiation. A, the three constructs used for transfection containing EDA,
EDB, or neither. VR, the so-called variable region present in all constructs used. B, microscopic evaluation of cells confirms the expression of GFP, and flow
cytometry shows a transfection efficiency of 36%. Primary osteoblasts were transfected with a vector expressing GFP and evaluated after 2 days in culture (n =
18/9in 2 experiments). C, transfection of FN-EDA in wild-type osteoblasts enhances osteoblast function as shown by mineralization (quantification of von Kossa
stained area), alkaline phosphatase protein activity in cell lysates and conditioned medium, and osteocalcin mRNA expression (biological replicates of von
Kossa stain: n = 16/19 in 8 experiments; alkaline phosphatase in cell lysates: n = 16/19 in 8 experiments; alkaline phosphatase in medium: n = 16/7 in 5
experiments; and osteocalcin mRNA expression: n = 19/25 in 8 experiments). D, the expression of FN-EDB in differentiating primary osteoblasts (by transfec-
tion) induced mineralization, as shown by von Kossa staining, alkaline phosphatase activity, and osteocalcin mRNA expression (biological replicates of von
Kossa stain: n = 18/19 in 8 experiments; alkaline phosphatase in cell lysates: n = 19/20 in 8 experiments; alkaline phosphatase in medium: n = 16/9 in 5
experiments; and osteocalcin mRNA expression: n = 17/27 in 8 experiments). E, evaluation of conditioned medium from transfected cells confirmed increases
in various isoforms of fibronectin. Transfection of primary osteoblasts with a plasmid containing a fibronectin construct lacking both EDA and EDB domains
(FN) increased total fibronectin in conditioned medium over the duration of differentiation compared with non-transfected cells (CT). Transfection with a
plasmid containing EDA (FN-EDA) increased expression of EDA-containing fibronectin, whereas transfection with a plasmid containing EDB (FN-EDB) increased
expression of EDB-containing fibronectin compared with the FN construct. Following transfection, primary calvarial osteoblasts were cultured in
mineralizing conditions for 2 weeks in the presence of 10% FCS depleted of fibronectin, and differentiation was evaluated at the end of the experiments.
Fibronectin concentrations were evaluated by ELISA for total fibronectin, EDA-containing fibronectin (EDA), and EDB-containing fibronectin (EDB)
(biological replicates of total fibronectin ELISA: CT versus FN, n = 7-9/7-10 each time pointin 4 experiments; EDA ELISA:n = 8 -9 FN/8-10 EDA each time
point; and EDB ELISA: n = 6-10 FN/6-8 EDB each time point, both in 3 experiments). F, deletion of fibronectin in early osteoblasts using the osterix
promoter attached to Crein homozygous fibronectin floxed mice (FN cKO) results in diminished fibronectin release in the medium (biological replicates:
n = 12/12 in 3 experiments). G, transfection of FN-EDA and FN-EDB in fibronectin-depleted osteoblasts from FN cKO mice confirmed the increase in
osteocalcin mRNA expression 3 days after transfection (biological replicates: n = 4/4/4in 1 experiment). Freshly isolated newborn calvarial osteoblasts
were transiently transfected with the fibronectin constructs shown in A and differentiated for 2-3 weeks (or 3 days in the case of FN cKO osteoblasts
shown in F and G) in mineralizing medium, after which alkaline phosphatase enzymatic activity was assayed in medium and cell lysates. Wells were
stained using von Kossa staining, and quantification of the stained area was performed with the help of ImagelJ. Cell lysates were also obtained for
mRNA, and osteocalcin was determined by gPCR and normalized to HPRT. Results are expressed as mean = S.D. (error bars). Bars, 200 umin Band 1 mm
inCand D. *, p < 0.05; **, p < 0.01; ***, p < 0.005.
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Figure 2. Knockdown of EDA- or EDB-containing fibronectin diminishes osteoblast differentiation. A, a decrease in secreted EDA-containing fibronectin
is detected in EDA siRNA-transfected osteoblasts or EDB-containing fibronectin protein in EDB siRNA-transfected osteoblasts, respectively (biological repli-
catesof EDA:n = 21/14/22/10/10/13/18/10/16;EDB:n = 20/11/19/7/7/12/15/7/12, both in 4 experiments). B, suppressed differentiation of primary osteoblasts
transfected with EDA or EDB siRNAs (biological replicates of von Kossa stain: n = 15/8/18/5/5/8/13/5/9 in 4 experiments). Freshly isolated newborn calvarial
osteoblasts were transiently transfected with siRNAs directed against the EDA or EDB domain and differentiated for 2-3 weeks in mineralizing medium. At the
end of the experiments, wells were stained using von Kossa stain, and quantification of the stained area was performed with the help of Imagel. C, a decrease
in secreted EDA- or EDB-containing fibronectin protein is detected in EDA or EDB siRNA-transfected osteoblasts, respectively (biological replicates: n =
12/12/11-12in 3 experiments). D, suppressed differentiation of primary osteoblasts transfected with EDA or EDB siRNA (biological replicates of von Kossa stain,
alkaline phosphatase activity, and osteocalcin mRNA: n = 9/8/8 in 2 experiments). Freshly isolated newborn calvarial osteoblasts were transiently transfected
with siRNAs against the EDA or EDB domain and differentiated for 2-3 weeks in mineralizing medium, after which alkaline phosphatase enzymatic activity was
assayed in medium. Wells were stained using von Kossa staining, and quantification of the stained area was performed with the help of ImagelJ. Cell lysates
were also obtained for mRNA, and osteocalcin was determined by qPCR and normalized to HPRT. Results are expressed as mean = S.D. (error bars). Bars, 1 mm.
* p < 0.05;*, p<0.01.
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Figure 3. The expression of FN-EDA + FN-EDB together in osteoblasts enhances their differentiation. A, transfection with a plasmid containing the EDA
domain and a plasmid containing the EDB domain increased expression of EDA- and EDB-containing fibronectin. Fibronectin concentrations were evaluated
by ELISA for EDA-containing fibronectin (EDA) and EDB-containing fibronectin (EDB) (biological replicates of EDA:n = 8 -9 FN/4-6 EDA; EDB:n = 6-10 FN/5-6
EDB, each time point in 3 experiments). B, the expression of both FN-EDA and FN-EDB simultaneously increased nodule formation (biological replicates: n =
16/16/16/16 in 4 experiments). Following transfection, primary calvarial osteoblasts were cultured in mineralizing conditions with 10% FCS depleted of
fibronectin for 2 weeks, and differentiation was evaluated at the end of the experiments. Wells were stained using von Kossa staining, and quantification of the
stained area was performed with the help of ImageJ. Knockdown of both EDA- and EDB-containing fibronectin simultaneously diminishes osteoblast differ-
entiation. C, a decrease in secreted EDA- or EDB-containing fibronectin protein is detected in EDA + EDB siRNA-transfected osteoblasts (biological replicates
for EDA:n = 18/18; EDB: n = 25/17 in 4 experiments). D, suppressed differentiation of primary osteoblasts transfected with EDA + EDB siRNA (von Kossa: n =
12/12 in 2 experiments). Freshly isolated newborn calvarial osteoblasts were transiently transfected with siRNAs against the EDA and/or EDB domain and
differentiated for 2-3 weeks in mineralizing medium. Wells were stained using von Kossa staining, and quantification of the stained area was performed with
the help of Imagel. Results are expressed as mean = S.D. (error bars). Bars, 1 mm. *, p < 0.05; **, p < 0.01; ***, p < 0.005.

EDA- and EDB-containing fibronectin activate intracellular
molecules associated with integrin signaling

Because the presence of EDA in fibronectin can lead to the
activation of distinct integrins (8, 19 —21), we asked whether the
stimulatory effect of the presence of EDA on osteoblast dif-
ferentiation might be mediated through integrin signaling.
Indeed, transfection of osteoblasts with FN-EDA, FN-EDB, and

SASBMB

FN constructs followed by culture in fibronectin-depleted fetal
calf serum (FCS) for 2 days was associated with increased phos-
phorylation of FAK, AKT, and ERK, suggesting enhanced integ-
rin-mediated signaling (Fig. 4A) (5). Acute stimulation with
recombinant FN-EDA (rFN-EDA) or rFN-EDB also increased
phosphorylation of FAK, AKT, and ERK to a similar degree
compared with the control construct lacking both domains

J. Biol. Chem. (2017) 292(19) 7745-7760 7749
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Table 1

Summary of overexpression data for the various isoforms and the consequences for in vitro mineralization

Changes in the levels of the relevant fibronectin isoforms are summarized numerically on day 4 of overexpression together with the associated changes in mineralization at
the end of in vitro differentiation. (Summary of data presented in Figs. 1 (C—E) and 3 (4 and B).) Note that only EDB protein concentration in the conditioned medium in
the double transfection is not significantly increased at day 4, whereas all other values are.

Construct Comparison with Protein increase Mineralization increase
fold fold
FN-EDA (Fig. 1, Cand E) N 3.2 (EDA) 2.9
FN-EDB (Fig. 1, D and E) FN 1.6 (EDB) 2.7
FN-EDA + FN-EDB (Fig. 3, A and B) FN 1.9 (EDA) and 1.2 (EDB) (p = 0.12) 1.6

Table 2

Summary of knockdown data for the various isoforms and the conse-
quences for in vitro mineralization

Changes in the levels of the relevant fibronectin isoforms are summarized numeri-
cally on day 3 of depletion using siRNA, together with the associated changes in
mineralization at the end of in vitro differentiation. (Summary of data presented in
Figs. 2 (Cand D) and 3 (C and D)). All changes are statistically significant.

Comparison Protein Mineralization
Construct with decrease decrease
% %
EDA siRNA (Fig. 2, Cand D) EDA scrambled 25 (EDA) 45
EDB siRNA (Fig. 2, Cand D) EDB scrambled 39 (EDB) 59
EDA + EDB siRNA EDA scrambled 20 (EDA) 62

(Fig. 3, Cand D) +EDB scrambled 20 (EDB)

(rEN) (Fig. 4B) (55). Finally, silencing EDA- or EDB-containing
fibronectin (by transfecting primary osteoblasts with siRNA
directed against the EDA or EDB domain) reduced phosphor-
ylated FAK, AKT, and ERK (Fig. 4C) evaluated after 2 days of
culture in medium containing fibronectin-depleted FCS.
Thus, the presence of FN-EDA or FN-EDB results in activa-
tion of integrin signaling. Taken together, these data suggest
that both EDA- and EDB-containing fibronectin trigger
integrin signaling

Expression of integrins relevant for EDA-FN and EDB-FN
effects on osteoblasts

Because both FN-EDA and FN-EDB enhanced osteoblast dif-
ferentiation and activated molecules classically associated with
integrin-mediated signaling, we sought to examine the expres-
sion of integrin subunits on osteoblasts that have been associ-
ated with the presence of these two domains in fibronectin both
before and after differentiation. Our aim was to narrow our
search for the mediating receptor. The EDA domain can bind
directly to either w41, a9B1, or possibly a4B7 integrins,
whereas EDB-containing fibronectin binds to av33 integrin (8,
11, 20, 22, 23). Through the RGD sequence, all fibronectin iso-
forms can bind to several other integrins, including o531 (19),
but the presence of EDA in fibronectin enhances the binding of
RGD to a5B1 (9, 21). We therefore evaluated the mRNA and
protein expression of the relevant integrin subunits in freshly
isolated wild-type (CT) osteoblasts and compared these with
differentiated osteoblasts cultured in mineralizing medium for
2 weeks.

We could not detect any protein expression of 37 on the
surface of osteoblasts by flow cytometry or immunoblotting
(24). Thus, we present in Fig. 5 (A and B) the integrin expression
profile for the other relevant integrin subunits affected by the
presence of EDA or EDB. In the top panel, we show mRNA
expression for a4, a5, @9, av, 1, and B3 in osteoblasts at base-
line and after differentiation in mineralizing conditions. Differ-
entiation was associated with an increase of a4, a5, a9, and 3

7750 J Biol. Chem. (2017) 292(19) 7745-7760

mRNA and a decrease in avand 81 mRNA expression (Fig. 5A4).
By flow cytometry, we found an increase in the mean fluores-
cence intensity (MFI) of a4 or 3 after differentiation, a de-
crease in av, and no change in o5, a9, and 1 expression (Fig.
5B, top row, examples are shown in the bottom row). To deter-
mine the localization of a4 and 3 integrin in differentiated
osteoblast cultures, we cultured wild-type osteoblasts for 2
weeks in mineralizing medium and stained the wells at the end
of the experiments for a4 and 33 integrin as well as using von
Kossa stain. a4 integrin was detected within the nodules,
whereas 83 was mostly within but was also expressed outside
the nodules (Fig. 5C). Taken together, these data suggest that
a4- as well as B3-containing integrins on the osteoblasts in-
crease with osteoblast differentiation.

EDA-containing fibronectin stimulates osteoblast
differentiation by activating integrin a4 31

Based on enhanced a4 integrin subunit expression in differ-
entiated osteoblasts and the ability of EDA to bind to a4-con-
taining integrins, we sought to determine whether a4-contain-
ing integrin mediates EDA-fibronectin effects. However,
because expression of a4 integrin was low, we decided to first
evaluate whether o4 indeed played any role during osteoblast
differentiation. For this, we performed two sets of experiments.
We first separated freshly isolated wild-type osteoblasts based
on a4 surface expression into a population enriched with a4
expression (a4(+)) and a population depleted of a4-expressing
cells (a4(—)). Roughly 10% of osteoblasts were enriched for a4
expression (a4(+)). Both cell populations were then cultured in
mineralizing medium. Expression remained different between
both populations after 7 days in culture, and the a4(+) cells
showed increased mineralization compared with the ad(—)
population (Fig. 5, D and E). Because EDA can bind directly to
a9B1, we repeated the experiment with a9(+) and a9(—) cells.
In contrast to cells expressing a4, no difference in mineraliza-
tion could be detected between a9(+) and a9(—) osteoblasts
(Fig. 5F). These data thus suggest that the presence of a4 on
osteoblasts is associated with enhanced osteoblast differentia-
tion. We next aimed to use a peptide of 25 amino acids called
CS1, representing a fragment of the variable region of fibronec-
tin and containing a sequence (LDV) that binds to a4-contain-
ing integrins (19, 25), but needed to confirm that it indeed acts
through o4 integrin (56). We therefore tested various shRNA
constructs to delete both a4 and B3 integrin in the murine
osteoblastic cell line MC3T3 and evaluated the success of dele-
tion by flow cytometry of the expression of the two integrin
subunits (Fig. 6A). Cells were transduced with the best con-
structs to deplete a4 or 33 integrins. This resulted in decreased
expression by 56% for a4 and 42% for 83 (Fig. 6B). Stimulation
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Figure 4. EDA- or EDB-containing fibronectin increase integrin signaling, whereas silencing them diminishes signaling. A, expression of FN-EDA or
FN-EDB in osteoblasts enhances FAK, AKT, and ERK phosphorylation compared with cells transfected with the control construct lacking the EDA and the EDB
domains (FN) (biological replicates for FAK: n = 14/14/14 in 3 experiments; AKT: n = 13/16/16 in 6 experiments; and ERK: n = 16/16/16 in 5 experiments). B,
exposing osteoblasts to rFN-EDA or rFN-EDB similarly enhances FAK, AKT, and ERK phosphorylation compared with the control construct (rFN) lacking both
EDA and EDB domains (biological replicates for FAK: n = 8/6/4; AKT: n = 11/8/8; and ERK: n = 12/8/8 in 4 experiments). Cells were exposed to 200 ng/ml
recombinant proteins produced as outlined under “Experimental procedures” for 15 min after culture in serum-free medium for 8 h. C, silencing EDA- or
EDB-containing fibronectin using siRNA diminished integrin-mediated signaling (biological replicates for FAK: n = 5/8/8; AKT: n = 6/8/8; and ERK: n = 7/8/8
each in 2 experiments). Osteoblasts were transfected and cultured for 2 days in medium containing fibronectin-depleted FCS, and cell lysates were collected
in A and C. Results are expressed as mean = S.D. (error bars). *, p < 0.05; **, p < 0.01; ***, p < 0.005.

with CS1 or the scrambled peptide for 15 min failed to enhance
the phosphorylation of FAK, AKT, and ERK only in the a4-de-
pleted cells. This confirms the need for a4 to mediate CS1
effects on the cells (Fig. 6C). Adding this peptide to osteoblasts
in vitro enhances osteoblast differentiation (Fig. 7A).
Functional integrin dimers are required to affect cellular
functions. Because a4 can team up with the B1-subunit, which

SASBMB

is expressed on osteoblasts, we embarked on evaluating the role
of B1 (26, 27). To this end, we isolated osteoblasts from mice
that are homozygous for floxed B1 integrin and carry the
CRE recombinase under the control of the osterix promoter
(Osx-Cre 1% mice = B1 cKO) (15, 28). A decrease of 1
protein expression by 58% was detected by Western blotting
(Fig. 7B). Transfecting these cells with FN-EDA showed that
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EN-EDA was no longer able to enhance osteoblast differen-
tiation in comparison with the control FN construct (Fig. 7C).
This suggests that B1 integrin might be a mediator of EDA
effects. Because of the marked suppression of differentiation in
the absence of B1 integrin, however, this effect might be only
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secondary to failure of differentiation in the absence of B1
integrin (26).

To confirm that, indeed, the a481 dimer mediates enhanced
osteoblast differentiation in response to FN-EDA, we used a
selective chemical inhibitor for a481 (29). We confirmed its
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specificity for a4 by taking advantage of the role of a4 in medi-
ating CS1 cellular effects (Fig. 6D). Applying this chemical
inhibitor with each medium change beginning on the day after
EN-EDA transfection to primary osteoblasts cultured in min-
eralizing medium prevents enhanced mineralization and differ-
entiation induction by FN-EDA, but not by FN-EDB (Fig. 7D).
Thus, EDA fibronectin stimulates the differentiation of osteo-
blasts through activation of o431 integrin.

EDB-containing fibronectin enhances differentiation by
binding through RGD to 33 integrin

EDB-containing fibronectin exerts biological effects separate
from fibronectin lacking EDB by activating integrin av33 (11).
In addition, B3 integrin expression on osteoblasts increased
upon differentiation. We therefore asked whether 33-contain-
ing integrins influence osteoblast differentiation. For this, we
induced knockdown (KD) of B3 integrin using shRNA directed
against B3 integrin in the osteoblastic MC3T3-E1 clone 4
cell line (Fig. 84). Culturing these B3 KD cells in mineralizing
medium was associated with a decrease in differentiation (as
evidenced by diminished mineralization, alkaline phosphatase
activity, and osteocalcin mRNA expression) in comparison
with CT cells containing the empty vector (Fig. 8B). To confirm
the relevance of the 83 subunit in primary osteoblast differen-
tiation, we isolated calvarial osteoblasts from 83/~ knock-out
mice (83 KO) and cultured them in mineralizing medium (30).
Flow cytometry of the osteoblasts confirmed deletion of integ-
rin 33 expression in isolated osteoblasts from 83 KO mice com-
pared with littermate 83"/ controls (83 CT) (Fig. 8C). Isolated
osteoblasts from 33 KO mice showed decreased differentiation
compared with control osteoblasts (83 CT) (Fig. 8D).

We have shown that 33 integrin mediates the enhancement
of phagocytosis by fibronectin-containing EDB (11). We there-
fore asked whether FN-EDB acts through 33 to stimulate osteo-
blast differentiation. Control (83 CT) and knock-out (83 KO)
primary newborn osteoblasts were transfected with the FN
control construct and FN-EDB. Culturing these cells in miner-
alizing medium showed that the FN-EDA and FN-EDB con-
struct augmented mineralization of CT osteoblasts, but in 83
KO osteoblasts, only FN-EDB was no longer able to affect dif-
ferentiation (Fig. 94). Furthermore, phosphorylation of FAK,
one of the first molecules in mediating the intracellular effects
of integrin signaling, increased in FN-EDB-transfected CT cells
but not in FN-EDB-transfected cells from 83 KO mice (Fig. 9B).

Fibronectin extradomains affect osteoblasts

This indicates that 83 integrin mediates increased osteoblast
differentiation in response to FN-EDB.

Unlike EDA, which itself can bind to a4-containing integrins,
no particular integrin has been reported to bind directly to the
EDB domain. Studies in another model system showed that
EDB-containing fibronectin acts through avf3 integrin (11),
and other data suggest that, in the presence of EDB, avf33 can
accommodate the RGD sequence, the main integrin binding
site on fibronectin (23). To test whether binding to avf3
through the RGD sequence affects osteoblasts, we added
echistatin, which contains an RGD domain and engages av33
integrin at the RGD binding site, to wild-type osteoblasts and
found that culturing osteoblasts in mineralizing medium in the
presence of echistatin increased osteoblast differentiation (Fig.
9C). Echistatin also increased FAK phosphorylation (Fig. 9D)
(31). Consequently, binding of RGD to 3 integrin can lead to
enhancement of osteoblast differentiation.

To evaluate the role of the RGD sequence in the presence of
EDB, we mutated this sequence from RGD to RGE in the EDB-
containing construct (FN-EDB). Interestingly, transfecting
wild-type osteoblasts with the EDB construct that contained
the non-functional RGE sequence instead of RGD (FN-EDB
RGE) failed to enhance osteoblast differentiation, whereas the
construct containing EDB and a functional RGD domain (FN-
EDB) did so (Fig. 9E). Taken together, these data suggest that
EDB effects on the osteoblasts are mediated by enhancing RGD
binding to B3 integrin. We therefore conclude that engagement
of RGD in the presence of EDB by av3 integrin increases
osteoblast differentiation.

Discussion

The main findings of this work are that 1) two isoforms of
fibronectin, one containing EDA and one containing EDB,
stimulate osteoblast differentiation, and 2) EDA-containing
fibronectin activates integrin @41, and EDB-containing fi-
bronectin binds through RGD to 83-containing integrin, acti-
vating it. This results in increased osteoblast differentiation.

This study was initiated because the circulating isoform of
fibronectin lacking the EDA and the EDB domains was unable
to support osteoblast differentiation in transgenic mice lacking
fibronectin production by the osteoblast (2). We focused on the
role of two isoforms of fibronectin, the one that contains EDA
and the one that contains EDB, because both are produced by
osteoblasts (2). Fibronectin containing EDA had some effects

Figure 5. Expression profile of integrin subunits relevant for EDA- and EDB-containing fibronectin on osteoblasts at baseline and after differentia-
tion. A, mRNA expression of integrins a4, a5, a9, av, B1, and 83 before and after differentiation. Primary newborn calvarial osteoblasts were cultured for 2-3
weeks in mineralizing medium and compared with cells cultured in medium without additives (biological replicates for a4: n = 6/8 in 2 experiments; a5:n =
7/5in 1 experiment; a9: n = 5/6 in 2 experiments; av: n = 6/6 in 1 experiment; B1: n = 4/10 in 3 experiments; and 33: n = 9/17 in 2 experiments). B, flow
cytometry of osteoblasts stained for the mentioned integrin subunits showing the MFl in the first row and examples of the measurements in the second row
(corrected to show equivalent numbers of cells), with the gray peaks representing the autofluorescence of the cells (biological replicates for a4: n = 6/11; a5:
n==6/9;a9:n=4/12; av:n = 5/15; B1:n = 4/12; B3:n = 8/8in 3 experiments). C, mineralized nodules stained against a4 integrin (green), B3 integrin (red), and
von Kossa confirm the presence of a4 within the nodules and 83 mostly within, but also around, the nodules. A sister well was stained against von Kossa to
confirm mineralization. Osteoblasts mineralized for 2-3 weeks were stained against a4 and 33 and with von Kossa. Nuclei were stained with DAPI. Bars, 100 wm.
D, osteoblasts were separated based on their a4 integrin subunit expression. Following isolation of a4-enriched and a4-depleted cells and culture for 7 days,
flow cytometry was repeated and revealed persistent low expression of a4 in the depleted fraction and higher expression in the a4-enriched fraction
(biological replicates: n = 10/8 in 4 experiments). E, a4-enriched osteoblasts (a«4(+)) show enhanced differentiation compared with a4-depleted cells (a4(—)).
Shown are examples of von Kossa staining and quantification of the stained area (biological replicates: n = 7/16 in 3 experiments). F, no differences in
mineralization are found between osteoblasts that express a9 («9(+)) and those that do not («9(—)) (biological replicates: n = 7/14 in 2 experiments). Primary
osteoblasts were stained for a4 or a9 and separated into two populations based on the expression of a4 or a9 and then differentiated for 2-3 weeks in
mineralizing medium, stained by von Kossa, and evaluated. Results are expressed as mean = S.D. (error bars). *, p < 0.05; **, p < 0.01; ***, p < 0.005.
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Figure 6. CS1 requires o4 integrin to result in phosphorylation of integrin signaling molecules. A, various constructs for shRNA directed against a4 and
B3 integrin were tested to evaluate which one best depletes the expression of the relevant integrin subunit. Depletion was evaluated by flow cytometry of cells
transduced with the respective shRNA construct and stained against the integrin subunits (biological replicates: n = 6/6/5/5/6/6 and 6/4/6, both in 2
experiments). B, the best shRNAs were used to deplete a4 and 3 integrin. Cells were transduced, and depletion was confirmed by flow cytometry for the
stained subunits the next day (n = 4/5 and 3/5 in 2 experiments). Representative histograms are shown. C, CS1 fails to enhance phosphorylation of FAK, AKT,
and ERK in a4-depleted cells but increases pFAK, pAKT, and pERK in B3-depleted osteoblasts or CT cells (biological replicates for FAK: 6/7/7/4/5/4/5/5/5 in 3
experiments; AKT: n = 5/5/5/4/5/5/5/5/5 in 2 experiments; and ERK: n = 5/5/5/5/5/5/5/5/5 in 2 experiments). D, the inhibitor for 431 prevents CS1 from
increasing pFAK, pAKT, and pERK. This confirms its ability to inhibit «4-containing integrins (biological replicates for FAK: n = 5/5/4/4/4/4 in 2 experiments; AKT:
n = 6/6/7/4/4/4 in 3 experiments; and ERK: n = 5/5/5/4/4/4 in 2 experiments). Osteoblasts were cultured overnight without serum. The inhibitor was added at
1.8 nm together with CS1 at 25 wg/ml for 15 min. Results are expressed as mean = S.D. (error bars). *, p < 0.05; **, p < 0.01; ***, p < 0.005.
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Figure 7. Enhanced osteoblast mineralization by EDA-containing fibronectin is mediated by «41 integrin. A, the CS1 peptide, which binds a41,
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(biological replicates: n = 7/9 in 3 experiments). B, deletion of 81 integrin in osteoblasts using the osterix promoter attached to Cre in mice homozygous for
floxed B1 integrin decreases 31 expression as shown by immunoblotting (biological replicates: n = 10/6 in 3 experiments). Primary osteoblasts were evaluated
3 days after isolation. C, whereas transfection of wild-type osteoblasts with FN-EDA enhances differentiation, FN-EDA fails to increase mineralization in the
absence of B1 integrin. However, deletion of 81 integrin itself suppresses mineralization considerably (biological replicates: n = 8/9/6/6 in 3 experiments).
Osteoblasts were transfected and cultured in mineralizing medium for 2-3 weeks. D, chemical inhibition of @431 prevents enhancement of mineralization by
FN-EDA but not by FN-EDB (biological replicates: n = 6/6/6/9/10/6 in 3 experiments). Osteoblasts were cultured in mineralizing medium for 2-3 weeks, and the
inhibitor was added with each medium change (3 times/week) at 1.8 nm. Results are expressed as mean = S.D. (error bars). Bars, 1 mm. *, p < 0.05; **, p < 0.01;
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Figure 8. The role of 33 integrin in osteoblast differentiation. A, shRNA-mediated knockdown of B3 in an osteoblastic cell line called MC3T3 (B3 KD) reveals
successful reduction of 83 integrin expression on MC3T3 cells by flow cytometry (biological replicates: n = 6/4 in 2 experiments). The gray peak represents the
autofluorescence of the cells. B, differentiation of 33 KD MC3T3 cells is reduced compared with control MC3T3 (CT) (biological replicates of von Kossa: n = 6/6;
alkaline phosphatase activity in medium: n = 4/4; and osteocalcin mRNA: n = 6/6 in 2 experiments). Cells were cultured in mineralizing medium for 2-3 weeks.
C, successful deletion of 83 integrin in primary osteoblasts freshly isolated from 83 ™/~ knock-out mice (83 KO) compared with 83*/* littermate controls (83 CT)
(biological replicates: n = 7/9 in 2 experiments). The gray peak shows the autofluorescence of the cells. D, osteoblasts isolated from 83 KO mice show
diminished differentiation compared with 83 CT (biological replicates of von Kossa and alkaline phosphatase activity in medium: n = 10/11; osteocalcin mRNA:
n = 10/12in 3 experiments) when cultured in mineralization medium for 2-3 weeks. Results are expressed as mean = S.D. (error bars). Bars, 1 mm. *, p < 0.05;
* p < 0.01;** p < 0.005.

specifically attributed to it, including but not limited to stimu- EDA stimulates osteoblast differentiation (Figs. 1C and 2D).
lation of proliferation, cell adhesion, and modulation of lung The EDA domain itself can bind to a41, o437, or even 91
fibrogenesis (9, 32, 33). Our in vitro studies establish that FN- integrin through the EDGIHEL sequence (8, 10, 20), and its
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Figure 9. EDB-containing fibronectin requires a functional RGD sequence to enhance osteoblast differentiation. A, in control cells (33 CT), transfection
with either FN-EDA or FN-EDB increased mineralization, whereas transfection with FN-EDB in 33 knock-out (83 KO) osteoblasts no longer increased mineral-
ization. FN-EDA transfected in 83 knock-out cells still enhanced mineralization. Osteoblasts were isolated from 83 CT and 33 KO mice; transfected with the FN,
FN-EDA, or FN-EDB constructs; cultured for 2-3 weeks in mineralizing medium; and evaluated (biological replicates: n = 8/8/7/8/7/7 in 2 experiments). B, in the
absence of B3 integrin, FN-EDB transfection fails to increase FAK phosphorylation (biological replicates: n = 10/10/5/8 in 4 experiments). Osteoblasts were
transfected and cultured for 2 days in medium containing fibronectin-depleted FCS, and cell lysates were collected. C, echistatin, which binds to avf33,
enhances osteoblast differentiation in vitro (biological replicates: n = 4/4 in 2 experiments). Echistatin was added at 0.27 nm with every medium change to
osteoblasts cultured in mineralization medium. Wells were evaluated after 2-3 weeks. D, echistatin stimulates integrin signaling, as shown for FAK phosphor-
ylation (biological replicates: n = 9/9 in 3 experiments). Echistatin was added at 0.27 nm to osteoblasts exposed overnight to FCS-free medium, and cell lysates
were collected 15 min later. E, transfection of FN-EDB containing the mutated, non-functional RGD sequence (FN-EDB RGE) fails to enhance osteoblast
differentiation compared with cells expressing the non-mutated FN-EDB construct containing functional RGD (biological replicates evaluated by von Kossa
staining: n = 9/12/11 in 4 experiments). Osteoblasts were transfected with FN, FN-EDB, or FN-EDB RGE. Cells were cultured for 2-3 weeks in mineralizing
medium, and wells were evaluated after von Kossa staining. Results are expressed as mean = S.D. (error bars). Bars, 1 mm.*, p < 0.05; **,p < 0.01; ***, p < 0.005.

presence enhances binding to the classical fibronectin receptor
a5p1 integrin through the RGD sequence (32). Because other
parts of fibronectin, such as LDV in the CS1 part of the variable
region, can also bind to a4B1 or a4B7 (19), and the RGD
sequence present in all fibronectin isoforms can itself bind to
various integrins, the study of fibronectin and its isoforms has
been fraught with difficulties. Nevertheless, we were able to
narrow our search for the receptor mediating EDA effects on
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the osteoblasts by excluding the role of 87, which in our hands
is not expressed on osteoblasts, and then evaluating the role of
the two remaining integrins specifically binding to the EDA
domain, which were 481 and a91. Only a4 changed during
osteoblast differentiation, suggesting that this integrin is a pos-
sible candidate for mediating EDA effects. We therefore iso-
lated both the high and the low expressing cells to determine
whether the expression of a4 played any role in osteoblast dif-
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ferentiation. This was important because the expression of a4
integrin on osteoblasts has been the subject of discussions in
the bone field, and contradictory reports have been published
(4, 34-38). Our data show that expression of a4 integrin on
osteoblasts defines a subpopulation that is more likely to differ-
entiate into osteoblasts (Fig. 5E). Indeed, o431 expression is
detected on mesenchymal cells, and its stimulation enhances
bone repair (39). It should be noted, however, that stimulation
of a4B1 integrin is problematic, because this integrin is
expressed on immune cells, and several antibodies directed
against this integrin have been used as immune modulatory
medications in multiple sclerosis and Crohn’s disease (40, 41).
Therefore, although engaging o431 is beneficial for osteoblast
differentiation, offering a novel possible therapeutic approach
to the treatment of fractures, the sorting of the differences
between the activation of this integrin in lymphocytes and
osteoblasts will need to be undertaken before performing large
scale therapeutic studies.

EDB-containing fibronectin has been less extensively stud-
ied, presumably because of the difficulty in isolating this iso-
form and its fast degradation.” On one hand, its expression in
cancer tissue and inflammation, in particular on newly formed
blood vessels, have led to the use of antibodies against EDB-
containing fibronectin to direct substances that disrupt the new
blood vessels (42, 43). On the other hand, embryogenesis and
blood vessel formation can proceed in its absence (44, 45). Like-
wise, whereas phagocytosis can proceed in the absence of EDB-
containing fibronectin, the process is more efficient in the pres-
ence of EDB (11). A similar scheme is maintained in osteoblasts.
Although differentiation takes place without EDB-containing
fibronectin, its presence stimulates osteoblast mineralization in
vitro (Fig. 1D). In contrast to the EDA domain, however, which
can by itself bind to three integrin pairs, no direct binding of the
EDB domain to an integrin has been reported (8, 10). Instead,
stimulation of differentiation by EDB-containing fibronectin is
dependent on its ability to bind through the RGD sequence to
B3 integrin (Figs. 9, A and E). In this regard, the presence of the
EDB domain might exert an indirect effect on integrin avf33
similar to what has been described for the presence of the EDA
domain, leading to enhancement of binding of fibronectin
through the RGD sequence to another integrin, o581 (9).

The role of avB3 integrin in osteoblasts remains poorly
understood. Our data contrast with the conclusion by another
group that B3 inhibits mineralization in an experimental setting
in which overexpression of human avf3 integrin in a murine
osteoblastic cell line leads to a decrease in mineralization (46).
This is most likely due to the experimental design chosen by the
other group as opposed to the use of primary knock-out osteo-
blasts. Our finding that wild-type osteoblasts indeed express 33
integrin is supported by the decrease in mineralization in
vitro using 33 KO osteoblasts (Fig. 8). It is also in line with the
decrease in circulating osteocalcin, a marker for osteoblast
function in 83 KO mice, as found by others (Fig. 2 from Ref. 47).

Our data offer explanations for two more findings by others.
avf33 integrin is required in osteoclasts for the formation of

“1. A. Nakchbandi, unpublished data.
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actin rings in vitro and ruffled membranes in vivo (47-49).
Therefore, its deletion in transgenic mice led to osteopetrosis
due to defective bone resorption (50). Of note, however, is that
this osteopetrosis only became apparent after 4 months of
age, although defects in osteoclast formation/resorption can
already present briefly after birth, such as is the case for CSF1
(M-CSF) knock-out mice (51). This can be explained by the
need for several integrin classes and/or defective osteoblast dif-
ferentiation in the absence of 33 integrin, as we show here (52).
Another issue that we help clarify is the effect of echistatin on
bone. Echistatin on one hand prevents osteoclasts from attach-
ing to the bone, diminishing their resorptive activity in vitro
(53), but on the other hand, its use in vivo resulted in improved
bone mineral density despite the fact that the number of oste-
oclasts in one study was not affected and that electron micro-
scopic evaluation failed to show any osteoclast abnormalities
(54). Thus, at least part of the effect of echistatin on bone might
be attributed to its stimulation of osteoblast differentiation (Fig.
9, Cand D).

Our report sheds new light on the complex differentiation
of osteoblasts. We show that integrin-mediated activation of
differentiation is involved in promoting mineralization by
two isoforms of fibronectin produced by the osteoblasts
themselves and characterize the isoforms and the mediating
receptors. We conclude that engaging o431 is beneficial for
osteoblast differentiation and that pharmacologic modifica-
tion of av33 should take into account its stimulatory role in
osteoblasts.

Experimental procedures
Studies in osteoblasts and MC3T3

Newborn mouse osteoblasts were isolated from calvariae
subjected to serial digestions and cultured in a-minimum
Eagle’s medium containing 10% fibronectin-depleted FCS, 50
IU/ml penicillin, and 50 pg/ml streptomycin). Differentiation
of primary osteoblasts was induced by culture in mineralizing
medium containing 50 pg/ml vitamin C, 5 mm 3-glycerophos-
phate, and 10 nm dexamethasone added fresh with each
medium change (3 times/week) as described (3). Mineralization
of MC3T3 was induced with 50 ug/ml vitamin C and 10 mm
B-glycerophosphate with each medium change (3 times/week).
Nodules stained with von Kossa stain after 14-21 days were
quantified using Image] (Wayne Rasband, National Institutes
of Health). An alkaline phosphatase activity assay was per-
formed by a colorimetric method as described except for the
use of ZnCl, in the substrate solution (55). For immunofluores-
cence staining, osteoblasts were fixed with 4% paraformalde-
hyde at the end of mineralization and stained for a4 (Millipore,
catalog no. AB1924) using donkey anti-rabbit Alexa 488
(Molecular Probes, catalog no. A21206) or for 83 (Millipore,
catalog no. AB1932) with anti-rabbit Alexa 647 (Abcam, cata-
log no. ab150079). Nuclei were stained with DAPI. FCS was
depleted of fibronectin as described and tested by ELISA (3).
To isolate the recombinant isoforms used in the stimulation
experiments, FCS-free conditioned medium from MDA-
MB-231-B/luc+ EN KO cells, which stably express cDNA
pcDNA3.1-hygro constructs for FN, FN-EDA, or FN-EDB,
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were concentrated using Amicon 100,000 nominal molecular
weight limit centrifugal devices. The concentration of the var-
ious fibronectin isoforms was analyzed by specific ELISA.
Osteoblasts were stimulated for 15 min with 200 ng/ml rFN,
rEN-EDA, or rEN-EDB after starving the cells for 8 h in medium
without FCS and harvested for immune blotting. The CS1 pep-
tide (DELPQLVTLPHPNLHGPEILDVPST) and the scrambled
CT peptide (GDPELNITLSVPLPTHLQEPDPVLH) (added at
25 ug/ml) were synthesized on an ABI 433 peptide synthesizer
(Life Technologies) using standard Fmoc (N-(9-fluorenyl)me-
thoxycarbonyl) chemistry on Rink amide resin (Merck KGaA).
Peptide purification was by RP-HPLC. Purity and identity of the
peptides were verified by RP-HPLC and ESI-TOF mass spec-
trometry. The o481 inhibitor (BIO 5192, Tocris) was used at a
concentration of 1.8 nM, and echistatin a1 isoform (Tocris) was
used at a concentration of 0.27 nm. For analysis of FAK, AKT,
and ERK phosphorylation, cells were transfected (TurboFect,
Thermo Fisher) according to the manufacturer’s instructions
with the different constructs or siRNAs and harvested for pro-
tein analysis after culturing for 2 days in medium containing
fibronectin-depleted FCS. In the case of FAK phosphorylation
in response to echistatin treatment, echistatin was added at 0.27
nM to osteoblasts exposed overnight to FCS-free medium, and
cell lysates were collected 15 min later. Additionally, trans-
fected osteoblasts were differentiated for 2—3 weeks and stained
with von Kossa stain, used for mRNA expression analysis or for
an alkaline phosphatase activity assay in cell lysates or medium.
Both results in medium and cell lysates are shown in Fig. 1.
After that, all figures show only alkaline phosphatase activity in
medium. The following transgenic mouse lines were used to
generate osteoblasts: fibronectin fl/fl mated with osterix-Cre-
expressing mice over two generations, 81 integrin fl/fl mated
with osterix-Cre-expressing mice over two generations, and 33
complete knock-out (837/~) mice generated from matings of
B3"'~ mice (1416, 28, 30). Controls always represent the lit-
termates that do not carry the CRE recombinase gene and, in
the case of B3, the wild-type littermates. Studies using primary
B3~ osteoblasts were approved by the Regierungsprisidium
Karlsruhe of the state of Baden-Wiirttemberg in Germany
(G303/14).

Flow cytometry

For flow cytometry, cells were dissociated using dissociation
buffer (Gibco) with 0.1% collagenase, resuspended in 2.5% FCS/
PBS, and stained using phycoerythrin (PE) rat IgG2ak anti-
CD49d (integrin a4), clone 9C10; Alexa 647 rat IgG2bk anti-
mouse CD49e (integrin a5), clone 5H10-27; phycoerythrin rat
IgG1k anti-mouse CD51 (integrin av), clone RMV-7; FITC
Armenian hamster anti-mouse CD29 (integrin (1), clone
HMpB1-1; goat anti-integrin o9 (R&D), and goat anti-mouse
CD 61 (integrin B3, AbD Serotec). Cells were then analyzed
by flow cytometry on an LSR II flow cytometer (BD Biosci-
ences). Data are presented as MFI after exclusion of the
background. To obtain integrin a4 and a9 (—) or (+) cell
populations, osteoblasts were stained for CD49d or Integrin
a9, respectively, and sorted for low and high expression
using FACSAria-III (BD Biosciences) for each twice. For
later differentiation experiments and repeat flow cytometry
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on a4-enriched and -depleted cells, antibody-coated mag-
netic beads were used based on the manufacturer’s protocol
(Thermo Fisher).

Constructs and siRNAs used

Human plasma fibronectin cDNA clone (DKFZp686M04163)
and a cDNA fibronectin clone containing the EDA and the EDB
domain (DKFZp69601166) were used to generate our expres-
sion constructs. The cDNA constructs were cloned into the
pGEMT easy cloning vector (Promega). The EDA or EDB
domains were cloned into the plasma fibronectin cDNA con-
struct via the BamHI and Notl or the Nhel and BamHI restric-
tion sites, respectively. For expression in eukaryotic cells, the
fibronectin cDNAs were cloned into the pmax cloning vector,
and transfection efficiency of osteoblasts was determined using
the pmax vector encoding GFP (Lonza, catalog no. VDC-1040).
The pcDNA3.1-hygro vector was used for generation of re-
combinant isoforms (Thermo Fisher, V87520) as described
(21). The RGD motif in the FN-EDB construct was selectively
mutated to the non-functional RGE sequence using site-di-
rected mutagenesis (Stratagene). For shRNA-mediated knock-
down in MC3T3-E1 clone 4 cells, shRNA pLKO.1 constructs
(Sigma) were used for integrin 83 (TRCN0000009620) and, as a
control, empty pLKO.1 vector. Knockdown efficiency was ana-
lyzed by flow cytometry. The siRNAs used were as published
(18). The constructs used were as follows: EDA siRNA, 5’
siRNA (5'-CAUUGAUCGCCCUAAAGGAdTAT-3") and
3" siRNA (5'-AGGAAAUCCCGCUAGUUACATAT-3'); EDA
siRNA 2, 5" siRNA (5'-GGGUUCUGAGUACACAGUCAGU-
GUGATAT-3’) and 3’ siRNA (5'-GUGUGACUGACACAUG-
AGUCUUGGAdTdT-3"); EDA siRNA 3, 5" siRNA (5'-UCAGU-
GUGGUUGCCUUGCACGAUGAAdTAT-3") and 3’ siRNA (5'-
AGUAGCACGUUCCGUUGGUGUGACUdTAT-3"); EDB
siRNA, 5" siRNA (5'-GCAUCGGCCUGAGGUGGACITAT-
3’) and 3’ siRNA (5'- CAGGUGGAGUCCGGCUACGATAT-
3'); EDB siRNA 2, 5’ siRNA (5'-GCGGCAGGAGAAGGUAU-
CCCUAUUUATAT-3’) and 3’ siRNA (5'-UUUAUCCC-
UAUGGAAGAGGACGGCGATAT-3'); EDB siRNA 3, 5’
siRNA (5'-GGCAUUGACUAUGAUAUCAGCGUUAJTAT-
3’) and 3’ siRNA (5'-AUUGCGACUAUAGUAUCAGUUAC-
GGATdT-3'); EDA scrambled siRNA, 5’ siRNA (5'-GCGUU-
GGCGUCGUCGUUACAUUAGAAdTAT-3') and 3" siRNA
(5'-AGAUUACAUUGCUGCUGCGGUUGCGATAT-3'); EDB
scrambled siRNA, 5’ siRNA (5'-GUAGGACAUGCUUAUCG-
UGAAUCUA-dTdT-3") and 3’ siRNA (5'- AUCUAAGUGCU-
AUUCGUACAGGAUGATAT-3’). For transduction, cells were
plated in microtiter plates and the next day transduced with 2
wl of lentiviral particles (5 X 10° transducing units/ml) in the
presence of 8 ug/ml Polybrene. 12 h after the transduction, the
medium was replaced, and the cells were stained or starved
for 8 h before they were exposed to CS1 or the scrambled
peptides (25 wg/ml). The shRNAs used were as follows: 83
shRNA, TRCN0000009620; 33 shRNA 2, TRCN0000009619; a4
shRNA, TRCN0000066043; a4 shRNA 2, TRCN0000066044;
a4 shRNA 3, TRCN0000066045; a4 shRNA 4, TRCN0000066046;
a4 shRNA 5, TRCN0000066047; CT shRNA, Sigma SHCO001V.
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RNA analysis

RNA was isolated using RNAzol RT (Sigma) and reverse-
transcribed. Quantitative PCR (qPCR) was performed using
SensiFast NoRox (Bioline) in a LightCycler I system (Roche
Applied Science). Results were normalized to HPRT. The prim-
ers and probes used were those suggested by the Roche library
for HPRT (number 95), ITGA4 (number 97), ITGA5 (number
76), ITGA9 (number 66), ITGAV (number 21), ITGB1 (number
109), ITGB3 (number 31), and osteocalcin (number 32). Mouse
EDA and EDB fibronectin primer were as follows: EDA, 5'-
TTGCACGATGATATGGAGAG-3" and 5'-AGGCATAAA-
GCCACTGTTCC-3' (number 77); EDB, 5'-CCCCTATCTC-
TGATACCGTTGT-3' and 5-GAATCACAGTAGTTGCG-
GCA-3' (number 31).

Western blotting

The following antibodies were used: GAPDH (Sigma), pERK,
ERK, pAKT, AKT, pFAK Tyr-397 (Cell Signaling), FAK (Milli-
pore), and integrin 1 (clone MB 1.2, Millipore). The secondary
antibodies were as follows: goat anti-rabbit I[gG-HRP and goat
anti-rat IgG-HRP (Dianova). Densitometry was analyzed using
Image].

ELISA

Total fibronectin and EDA- and EDB-containing fibronectin
were quantified by ELISA as reported (56). The antibodies used
were anti-human FN (Sigma), FN-3E2 (EDA fibronectin), SIP
L-19 (EDB fibronectin), and rabbit polyclonal antibody conju-
gated with horseradish peroxidase (Dako) as described (11, 56).

Statistical analyses

Analyses were performed using GraphPad Prism (version
14). Analysis of variance tests were used as appropriate. If global
probability values were smaller than 5%, subsequent compari-
sons between selected group pairs were then performed using
Student’s £, Mann-Whitney, or Wilcoxon paired tests as appro-
priate. Results are expressed as mean * S.D.
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