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Background: EB1 is a microtubule (MT) plus-end-binding protein known to influence MT stability.
Results: EB1 is up-regulated in osteoblasts and is required for bone cell differentiation.
Conclusion: EB1 affects �-catenin stability and cooperates at cell-cell adhesion sites to influence gene expression.
Significance: Learning how peripherally targeted proteins interact at cell-cell contact sites is crucial for understanding devel-
opmental processes.

Osteoblasts are differentiated mesenchymal cells that func-
tion as the major bone-producing cells of the body. Differentia-
tion cues including ascorbic acid (AA) stimulation provoke
intracellular changes in osteoblasts leading to the synthesis of
the organic portion of the bone, which includes collagen type I
�1, proteoglycans, and matrix proteins, such as osteocalcin.
During our microarray analysis of AA-stimulated osteoblasts,
weobserved a significant up-regulationof themicrotubule (MT)
plus-end binding protein, EB1, compared with undifferentiated
osteoblasts. EB1knockdown significantly impairedAA-induced
osteoblast differentiation, as detected by reduced expression of
osteoblast differentiation marker genes. Intracellular examina-
tion of AA-stimulated osteoblasts treated with EB1 siRNA
revealed a reduction in MT stability with a concomitant loss of
�-catenin distribution at the cell cortex and within the nucleus.
Diminished �-catenin levels in EB1 siRNA-treated osteoblasts
paralleled an increase in phospho-�-catenin and active glyco-
gen synthase kinase 3�, a kinase known to target �-catenin to
the proteasome. EB1 siRNA treatment also reduced the expres-
sion of the �-catenin gene targets, cyclin D1 and Runx2. Live
immunofluorescent imaging of differentiated osteoblasts
revealed a cortical association of EB1-mcherry with �-catenin-
GFP. Immunoprecipitation analysis confirmed an interaction
between EB1 and �-catenin. We also determined that cell-
cell contacts and cortically associated EB1/�-catenin interac-
tions are necessary for osteoblast differentiation. Finally,

using functional blocking antibodies, we identified E-cad-
herin as a major contributor to the cell-cell contact-induced
osteoblast differentiation.

The dynamic nature of bone involves an interplay between
bone formation (osteogenesis) and born resorption (osteolysis).
It is through constant bone remodeling that vertebrates are able
to maintain constant bone mass in disease-free states. The
tightly regulated balance of remodeling of bone involves osteo-
blasts that form new bone and osteoclasts that remove bone.
Osteoclast ontogeny and the mechanisms that regulate bone
resorption have been studied intensely (1, 2), with much of the
therapeutic treatments for bone-wasting disorders targeted
toward osteoclasts (3). In light of the capability to target bone
resorption mechanisms, there has been a more recent move-
ment toward understanding how the osteoblastic differentia-
tion mechanism can be targeted to enhance bone formation (4,
5). Thus, understanding the molecular mechanisms that con-
trol osteoblast differentiation is paramount to identify thera-
peutic targets in bone wasting disorders.
Mature osteoblasts originate from multipotent mesenchy-

mal stem cells that are induced to differentiate toward an osteo-
blastic lineage by various factors. The canonical Wnt signaling
plays amajor role in osteoblast differentiation (6), with a pool of
soluble and highly unstable �-catenin transducing theWnt sig-
nal in this pathway (7). The signaling pathway is initiated by the
ligation of the Wnt ligand to the Frizzled and LDL receptor-
related protein 5/6 (LRP5/6) coreceptors, which initiates a sig-
naling cascade that leads to an intracellular accumulation and
nuclear recruitment of �-catenin (8). In the absence of Wnt
ligands, cytoplasmic �-catenin is recruited into a destruction
complex, which induces �-catenin phosphorylation, ubiquiti-
nation, and subsequent proteasomal degradation. Within the
canonical pathway, Wnt stimulation promotes dissociation of
the destruction complex, inhibits �-catenin degradation, and
promotes the translocation of�-catenin to the nucleus and sub-
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sequent interaction with T-cell factor/lymphoid enhancer fac-
tor (TCF/LEF)4 to initiate transcription of target genes (6, 7).
The necessity of �-catenin in osteoblast differentiation and
bone development is well established (9–11), wherein osteo-
blast precursors that lack �-catenin do not differentiate (10).

The differentiation of osteoblasts involves the sequential
activation of at least two osteoblast-specific transcription fac-
tors, RUNX2 and osterix, which acts further downstream from
RUNX2 (12). RUNX2, also known as CBFA1, is considered a
master regulator of transcription for early osteoblast genes (6).
The presence of a TCF regulatory element on the Runx2 pro-
moter indicates that the canonical Wnt signaling pathway
directly regulatesRunx2 gene expression in pluripotentmesen-
chymal and osteoprogenitor cells via the recruitment of
�-catenin to the Runx2 gene and thus contributes to osteoblast
maturation (13). Runx2 knock-out mice have a severe defect in
intramembranous and endochondral ossification (14, 15).
RUNX2 is expressed in early stages and throughout osteoblast
differentiation and has been shown to bind to and regulate the
expression of many osteoblast genes, with RUNX2 binding
regions present in the promoter regions of osteocalcin, colla-
gen, and bone sialoprotein genes (16). Interestingly, the ectopic
expression of RUNX2 in fibroblasts that are not committed to
the osteoblast lineage induces the gene expression of the osteo-
blast-specific markers, including collagen, bone sialoprotein,
and osteocalcin (16).
Aside from the role of �-catenin in the Wnt signaling path-

way, �-catenin also has a secondary function at sites of cell-cell
contacts at adherens junctions. The transmembrane cell adhe-
sion molecule, E-cadherin, is a major component of adherens
junctions in epithelial and other cell types (17–19) that recruits
�-catenin and results in the coupling of E-cadherin to theWnt
pathway. The binding of�-catenin to type I cadherins renders a
stable pool of membrane-bound �-catenin that regulates and
stabilizes these cell-cell contacts (20, 21). High resolution anal-
ysis has allowed understanding of the elaborate cell adhesion
complex that includes cadherins, catenins, and the F-actin net-
work (22). Adherens junctions also have a microtubule (MT)
component, wherein dynamic MTs recruit and control the
regional distribution of cadherins at cell-cell contacts (23). MT
plus-end binding proteins have been observed to target these
adherens junctions (23–26). The end-binding protein, EB1, is
one of the best studied MT plus-end binding proteins that sta-
bilizesMTs (27, 28) by forming comet-like structures at the tips
of growing microtubules (29, 30). In conjunction with the EB3
family member, EB1 promotes continuous MT growth in cells
by inhibiting MT catastrophes (31). Dynamic MT ends are
required for the lateral movement and clustering of E-cadherin
but are not necessary for E-cadherin surface display (23). EB1
has been shown to target to �-catenin puncta at the cell surface
(24, 26) and co-localize with cadherins (23–25). The adenoma-
tous polyposis coli (APC) tumor suppressor protein, which is
also anMTplus-end protein, stabilizes complexeswith the axin

scaffolding protein and the two kinases, glycogen synthase
kinase 3� (GSK-3�) and casein kinase 1�, to form the destruc-
tion complex and regulate �-catenin protein levels (32). EB1
has been identified in a binding screen for APC (33), and thus
EB1may targetAPC toMTplus-ends and thus enable the inter-
actions of APC with cortical targets (29). In addition, overex-
pression of EB1 has been found to promote cellular growth in
cancer models via the �-catenin/TCF pathway (34–37).

Given the importance of theWnt signaling cascade in osteo-
blast differentiation, in the present study, we identify how
osteoblast differentiation is influenced by cytoskeletal ele-
ments, namely EB1, the MT plus-end-binding protein. We uti-
lized the MC3T3-E1 mouse preosteoblast cell line to allow
molecular manipulation of EB1 protein levels. We show that
EB1 is significantly up-regulated in ascorbic acid (AA)-stimu-
lated osteoblasts and that EB1 knockdown significantly impairs
the osteoblast differentiation program. Through cell biology
analysis, we determine that EB1 interacts with and influences
the stability of �-catenin and identify EB1 as an important reg-
ulator of cell-cell adhesion-induced osteoblast differentiation.

EXPERIMENTAL PROCEDURES

Reagents andAntibodies—Fetal bovine serumwas purchased
from Wisent Inc. (St-Bruno, Canada). �-Minimal essential
medium, Alexa Fluor 488, Oligofectamine, and Lipofectamine
2000 were purchased from Invitrogen. Rat andmouse mono-
clonal antibodies against EB1 were purchased from Abcam
(Cambridge, UK) and Santa Cruz Biotechnology, Inc. (Santa
Cruz, CA), respectively. �-Catenin mouse monoclonal anti-
body was purchased from BD Transduction Laboratories
(Mississauga, Canada). Mouse monoclonal active �-catenin
antibody was purchased from Millipore (Billerica, MA).
Phospho-�-catenin (Ser-33/37/Thr-41) rabbit polyclonal,
GSK-3�, phospho-GSK-3�/� rabbit polyclonal (Ser-21/9),
and GAPDHHRP rabbit polyclonal antibodies were purchased
from Cell Signaling Inc. (Danvers, MA). Anti-E-cadherin rat
monoclonal blocking antibody (ECCD-1) was purchased from
Calbiochem. Phalloidin was purchased from Invitrogen. Anti-
acetylated mouse monoclonal tubulin and mouse monoclonal
actin antibodies were purchased from Sigma-Aldrich. Collagen
type I �1 rabbit polyclonal antibody was purchased from
Cedarlane (Burlington, Canada). All fluorescently labeled and
horseradish peroxidase-conjugated secondary antibodies were
purchased from Jackson ImmunoResearch Laboratories (West
Grove, PA). The Pierce chemiluminescence kit was obtained
from Thermo Fisher Scientific (Rockford, IL). L-Ascorbic acid
powder and control isotype IgG from rat serumwere purchased
from Sigma-Aldrich.
Cell Culture, Osteoblast Treatments, and Transfections—

MC3T3-E1 subclone 4 was acquired from ATCC (American
Type Culture Collection, Manassas, VA). The MC3T3-E1
preosteoblast cell line was routinely cultured in �-minimal
essential medium without AA, supplemented with heat-inacti-
vated 10% fetal bovine serum, and incubated in a humidified
atmosphere at 37 °C with 5% CO2. For all experiments, osteo-
blasts grown to 80% confluence were passed using 0.05% tryp-
sin and then plated onto 6-well plates (Starstedt Inc.) with
25-mm glass coverslips for immunofluorescent studies. For

4 The abbreviations used are: TCF, T-cell factor; LEF, lymphoid enhancer fac-
tor; MT, microtubule; APC, adenomatous polyposis coli; GSK-3�, glycogen
synthase kinase 3�; AA, ascorbic acid; IP, immunoprecipitation; ALP, alka-
line phosphatase.
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Western blotting and RNA extraction, cells were grown in
6-well plates without coverslips. For differentiation, osteoblasts
were stimulated with AA (50 �g/ml) or 100 ng/ml rhBMP-2
(PeproTech, Rocky Hill, NJ), over a 5-day period, with medium
and AA being replenished every second day. For primary cell
analysis, cells were isolated from postnatal day 0 C57BL/6J
mouse calvaria using amodification of amethod described pre-
viously (38, 39). For plasmid transfection, osteoblasts were
transfected using Lipofectamine 2000 (Invitrogen) according to
the manufacturer’s instructions. For comparative experiments
between low and high density growth, cells were plated at
10,000 and 100,000 cells/ml, respectively, and treated with AA
for 5 days. For experiments involving E-cadherin-blocking anti-
body, cells were treated with isotype control IgG or a blocking
antibody against E-cadherin (20�g/ml) at days 2 and 4 during a
5-day stimulation with AA.
Microarray Analysis—Microarray data were obtained from

Ref. 40. MC3T3-E1 osteoblasts were grown in 6-well plates in
triplicates and differentiated with AA (50 �g/ml) for 5 days.
Total RNA from control and AA-treated osteoblasts was puri-
fied from cultured cells using the RNeasy minikit (Qiagen,
Hilden, Germany) according to the manufacturer’s instruc-
tions. Samples were hybridized to MOE430.20 GeneChips
(Affymetrix, Santa Clara, CA) at the Center for Applied
Genomics at SickKids (Toronto, Canada) and analyzed as
described previously (40). -Fold changes in gene expression lev-
els were analyzed using Student’s unpaired t tests. A critical p
value of 0.01 was considered as the criterion to select a signifi-
cant -fold change in gene expression. Of the total 45,103 genes
identified by (40), EB1 and components of Wnt signaling were
selected for further investigation in the present study.
siRNA Treatments—MC3T3-E1 cells treated with AA for 2

days were transfected with Oligofectamine according to the
manufacturer’s instructions using MISSION siRNA (SASI_
Mm02_00312684, Sigma-Aldrich) directed against EB1 at a con-
centration of 20 �M for 72 h in addition to treatment with AA.
Control cells were transfected with aMISSION� siRNAuniversal
negative (scrambled) control (Sigma-Aldrich). Protein levels of
siRNA-treated cells were analyzed by immunoblotting, immuno-
fluorescence, and quantitative PCR 3 days after transfection.
Cloning and Quantitative PCR—All expression constructs

were createdwith standard PCR-based cloning strategies. Total
RNA was isolated from cultured MC3T3-E1 cells using the
RNeasy minikit from Qiagen (Hilden, Germany). The cDNA
sequences of full-length EB1 and�-cateninwere amplifiedwith
Superscript One-Step RT-PCR with a platinum Taq kit using
the following primer pairs: EB1-F, 5�-aatgctagcaccatggcagt-
gaat-3�; EB1-R, 5�-attgaattcgatactcttcttgttcctc-3�; �-catenin-F,
5�-aagctagcaccatggctactcaagctgacc-3�; �-catenin-R, 5�-aagct-
agcaccatggctactcaagctgacc-3�.
The resulting PCR products were cloned in frame to

pRetroQ-mcherry-N1 and peGFP-N1 vectors, respectively,
using NheI and EcoRI restriction sites for EB1 and NheI and
BamHI for�-catenin.Quantitative RT-PCRwas performed fol-
lowing a time course of ascorbic acid stimulation, in addition to
measuring differences in mRNA levels of cells grown in low or
high density environments. For quantitative RT-PCR, total
mRNA from MC3T3-E1 cells grown in 6-well plates was

extracted using the RNeasy kit (Qiagen, Hilden, Germany). The
purity and quantity of RNA were confirmed by a NanoDrop�
ND-100 spectrophotometer (Thermo Fisher Scientific). cDNA
was synthesized from 1 �g of total RNA in 50-�l reaction mix-
tures, using the SuperScript III First-Strand Synthesis Super-
Mix for quantitative RT-PCR from Invitrogen. A control cDNA
serial dilution series of known concentration was constructed
for each gene to establish a standard curve. Identical volumes of
cDNA were loaded for all samples, and samples were run in
triplicate. GAPDH was chosen as the reference gene for nor-
malization of the results. The 25-�l real-time quantitative
reverse transcriptase polymerase chain reaction (RT-PCR)
mixtures contained 1 �l of cDNA, a 10 �M concentration of
each primer, and 2� SYBRGreen (Bio-Rad). The PCRwas car-
ried out at an initial denaturing temperature of 95 °C for 3 min,
followed by a protocol consisting of 40 cycles of 30 s at 95 °C,
30 s at 55 °C, and 30 s at 72 °C using a DNA Engine Opticon
System (Bio-Rad). After the last cycle, a dissociation curve was
generated by first collecting fluorescent signals at 55 °C with
subsequent measurements taken at 2-s intervals with increas-
ing temperature up to 95 °C. We confirmed a linear range of
amplification for all primers and products, and melting curves
were used to verify the absence of nonspecific PCR products.
The CT (cycle number at which fluorescence is detected above
threshold) was determined by the Opticon Monitor software
algorithm. The �CT for gene-specific mRNA expression was
calculated relative to theCT ofGAPDH, a housekeeping gene to
control for input cDNA. RelativemRNA expression levels were
calculated using the formula 2��CT, by which ��CT � �CT
sample � �CT reference. Three or more independent exper-
iments were performed for each sample and in triplicate, and
the corresponding results were normalized to GAPDH and
expressed as mean � S.E. or S.D. if otherwise mentioned.
-Fold change was calculated relative to the sample for the
same gene with the lowest expression level, which was set to
1. Statistical analyses were conducted using Student’s
unpaired t tests (p values of �0.05). The specific primers
used were as follows: EB1(MAPRE1)-F, 5�-gaatctgacaaa-
gatagaacagttgtg-3�; EB1(MAPRE1)-R, 5�-cactttcttcaaggcaat-
ggat-3�; alkaline phosphatase-F, 5�-cggatcctgaccaaaaacc-3�;
alkaline phosphatase-R, 5�-tcatgatgtccgtggtcaat-3�; bone
sialoprotein-F, 5�-gaaaatggagacggcgatag-3�; bone sialopro-
tein-R, 5�-cattgttttcctcttcgtttga-3�; collagen type I, � 1-F, 5�-
catgttcagctttgtggacct-3�; collagen type I, � 1-R, 5�-gcagctga-
cttcagggatgt-3�; osteocalcin-F, 5�-caccatgaggaccctctctc-3�;
osteocalcin-R, 5�-tggacatgaaggctttgtca-3�; cyclin D1-F, 5�-
gcgtaccctgacaccaatctc-3�; cyclin D1-R, 5�-acttgaagtaagatac-
ggagggc-3�; Runx2-F, 5�-gactgtggttaccgtcatggc-3�; Runx2-R,
5�-acttggtttttcataacagcgga-3�; E-cadherin-F, 5�-caggtctcctc-
atggctttgc-3�; E-cadherin-R, 5�-cttccgaaaagaaggctgtcc-3�; �-
catenin-F, 5�-gatttcaaggtggacgagga-3�; �-catenin-R, 5�-cac-
tgtgcttggcaagttgt-3�; osterix-F, 5�-tctccatctgcctgactcct-3�;
osterix-R, 5�-agcgtatggcttctttgtgc-3�;GAPDH-F, 5�-tcaacga-
ccccttcattgac-3�; GAPDH-R, 5�-atgcagggatgatgttctgg-3�.
Western Blot Analysis—Cells were washed with ice-cold

phosphate-buffered saline (PBS), and lysates were collected
using radioimmunoprecipitation assay buffer containing prote-
ase and phosphatase inhibitor mixtures (1:1000 dilution) from
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Sigma-Aldrich. Insoluble and soluble fractions were separated
by centrifugation at 12,000 � g for 10 min at 4 °C. Protein sam-
ples were then boiled in 2� Laemmli buffer for 5 min. Cell
lysates were loaded on a 10% SDS-polyacrylamide gel, sepa-
rated in Tris-glycine buffer, and transferred to nitrocellulose
membranes (Bio-Rad). Themembranes were blocked for 1 h in
5% nonfat milk diluted in Tris-buffered saline with Tween
(TBST; 0.1% Tween 20 in 20 mM Tris-HCl, pH 7.6, 137 mM

NaCl) and incubated with primary antibodies against EB1
(1:1000), �-catenin (1:1000), phospho-�-catenin (1:500), active
�-catenin (1:800), GSK-3� (1:1000), phospho-GSK-3�/�
(1:1000), actin (1:5000), tubulin (1:5000), GAPDH (1:1000), and
collagen (1:1500) overnight at 4 °C and then subsequently incu-
bated for 1 h with corresponding horseradish peroxidase-con-
jugated secondary antibodies. Protein signals were visualized
using a Supersignal�West Pico chemiluminescent substrate kit
(Fisher) according to the manufacturer’s instructions. Relative
differences in protein levels were measured with ImageJ soft-
ware (National Institutes of Health, Bethesda, MD) by deter-
mining -fold changes of protein band pixels of treated cells rel-
ative to control conditions.
Immunoprecipitations—Cultures of MC3T3-E1 cells were

grown to subconfluence on 10-cm tissue culture plates. After
the experimental treatment, cells were rinsed twice in PBS, and
protein lysates were obtained using radioimmunoprecipitation
assay lysis buffer containing a mixture of protease inhibitors
(Sigma-Aldrich). Total proteins (450 �g) were precleared over-
night with rotation at 4 °C using 50 �l of Protein A/G Plus-
agarose (sc-2003, Santa Cruz Biotechnology, Inc.). Lysates were
then pooled and normalized for total protein concentration.
EB1 and �-catenin antibodies were incubated overnight with
the ExactaCruz IP matrix (sc-45042, Santa Cruz) to form IP
complexes according to the manufacturer’s instructions. An
equivalent amount of isotypic IgG (Sigma-Aldrich) was bound
to the ExactaCruz IP matrix as a negative control. Then IP
matrix-antibody complexes were washed twice with phos-
phate-buffered saline and then incubated with cell lysates at
4 °C. The IP matrices were pelleted, washed three times with
radioimmunoprecipitation assay buffer containing amixture of
protease inhibitors (Sigma-Aldrich), and finally resuspended in
2� Laemmli sample buffer. After separation by SDS-PAGE, the
proteins were transferred to a nitrocellulose membrane for
Western blotting analysis using EB1 and �-catenin antibody,
respectively. Relative differences in protein levels were meas-
uredwith ImageJ software by determining -fold changes of pro-
tein band pixels of cells treated with ascorbic acid during a time
course relative to control conditions.
Immunostaining and Fluorescent Imaging—For immuno-

staining of EB1, �-tubulin, and �-catenin, cells were fixed and
permeabilized in ice-cold 100%methanol for 10min at�20 °C.
For actin staining, cells were fixed in 4% PFA for 20 min and
permeabilized with 0.1% Triton X-100 in PBS containing 100
mM glycine for 20 min. Cells were blocked in 5% fetal bovine
serum in PBS for 1 h and incubated with the indicated primary
antibodies in 1% fetal bovine serum in PBS at a dilution of
1:1000 for EB1, 1:10,000 for �-catenin, and 1:10,000 for �-tu-
bulin. Cells were then incubated with appropriate fluorescent
secondary antibodies (1:1000) and/or phalloidin (1:500) for 1 h.

For nuclear staining, cells were washed twice with H2O and
incubated for 10 min with DAPI (1:10,000) before mounting.
Slides were mounted using Dako fluorescent mounting
medium (DakoCytomation, Carpinteria, CA). Epifluorescent
images were acquired with an EC Plan apochromat �63/1.4 oil
objective and AxioCamMRm camera on an Axio Observer Z1
microscope (Carl Zeiss). For live cell imaging, EB1-mCherry
and �-catenin-GFP constructs were transfected overnight in
osteoblasts that had been exposed to AA for 2 days. Time lapse
imaging was carried out using an XL-S1 incubator with Temp-
Module S1, CO2 module S1, heating insert P S1, and heating
device humidity S1 connected to an Axio Observer Z1 micro-
scope (Carl Zeiss). All live cell images were captured with an
AxioCam MRm camera. Fluorescent and differential interfer-
ence contrast images were acquired every 10 s for 10 min.
Approximately 10 EB1 comets/cell were measured from 15
immunofluorescent images of undifferentiated versus 1-, 3-,
and 5-day AA-stimulated osteoblasts using ImageJ software.
Mineralization Assay—MC3T3-E1 cells were plated at an

initial density of 100,000 cells/well. 50 �g/ml AA in fresh
medium was exchanged every 2 days until confluence was
reached. Upon confluence, 10mM �-glycerophosphate (Sigma)
was added at each medium change. Cultures were transfected
with siRNA as indicated previously, beginning with day 9 of a
23-day culture period. Every 4 days, until day 21, cells were
treated with siRNA to maintain EB1 knockdown. At day 21,
cultures were washed, and a recovery period of 3 days was
allowed before ALP/von Kossa staining. Cells were fixed in 4%
paraformaldehyde for 15 min, washed, and incubated with AS
MX phosphate/Fast Red Violet LB in 0.2 M Tris-HCl (pH 8.3),
followed by incubation with 2.5% silver nitrate solution. All
reagents were purchased from Sigma-Aldrich. Images were
taken using a Zeiss Axioplan 2 epifluorescent microscope with
a color AxioCam HRc camera.

RESULTS

EB1 Is Up-regulated in AA-stimulated Osteoblasts—We
recently performed amicroarray analysis to identify the up-reg-
ulated RabGTPases that are important for procollagen traffick-
ing during osteoblast differentiation (40). Ourmicroarray anal-
ysis revealed an expected up-regulation of the components of
the Wnt signaling pathway (Fig. 1A), in particularWnt10a and
Wnt11, which are known to signal through �-catenin to influ-
ence osteoblast differentiation (41, 42). Interestingly, the
microarray analysis also revealed that theMTplus-end-binding
protein, EB1, was elevated over 2-fold inMC3T3-E1 cells stim-
ulated with AA (50 �g/ml) for 5 days, compared with control
cells (Fig. 1A). We validated the microarray analysis using
quantitative RT-PCR and observed a nearly 5-fold increase in
EB1 transcript in 5-day stimulated osteoblasts, compared with
undifferentiated cells (Fig. 1B). Enhanced EB1 protein was like-
wise detected using immunoblotting of cell lysates during the
course of AA stimulation (Fig. 1C). Osteoblast differentiation is
typified by dramatic collagen up-regulation (43–45), and EB1
protein increased in parallel with procollagen production in
AA-stimulated osteoblasts (Fig. 1C). Epifluorescent inspection
of endogenous EB1 in control cells or cells fixed at day 1, 3, or 5
post-AA stimulation revealed characteristic comets of EB1 at
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the ends of MTs (Fig. 1D). The EB1 comets were longer and
more prominent in osteoblasts at later stages of AA-induced
differentiation (Fig. 1, D and E). Thus, the osteoblast differen-
tiation profile includes up-regulation of theMTplus-end-bind-
ing protein, EB1. Brighter EB1 comets were observed in AA-
treated primary mouse calvaria osteoblasts, and these cells
showed a significant increase in EB1 mRNA and a modest
increase in total EB1 protein during AA induction of osteo-
blast marker genes, compared with control unstimulated
cells (supplemental Fig. 1).
EB1 Is Required for Osteoblast Differentiation—Due to the

progressive and significant increase in EB1 levels following
AA stimulation, we next asked whether EB1 is essential for
osteoblast differentiation. After 2 days of AA stimulation,
MC3T3-E1 cells were then exposed to either scrambled or EB1
siRNA for the final 72 h of AA stimulation. Immunostaining
and immunoblotting with an EB1 antibody were performed to
confirm the successful protein knockdown of EB1 (Fig. 2,A and
B). EB1 knockdown induced MT curvature and reduced levels
of stabilized MTs, as detected by immunoblotting with an
acetylated�-tubulin antibody (Fig. 2,A andB) (46, 47), in agree-

ment with previous findings. RNA was collected from cells
exposed to scrambled or EB1 siRNA, and total mRNA was
probed for the levels of specific bone cell markers, including
alkaline phosphatase, bone sialoprotein, collagen type I �1, and
osteocalcin using quantitative RT-PCR (Fig. 2C). In the 5-day
AA-treated cultures, EB1 siRNA treatment caused a significant
reduction in EB1 mRNA as expected (Fig. 2C). Interestingly,
EB1 siRNA treatment also caused significant decreases in alkaline
phosphatase, bone sialoprotein, collagen type I�1, andosteocalcin
mRNA levels, compared with scrambled siRNA-treated cells (Fig.
2C). Thus, EB1 is essential for early osteoblast differentiation
induced by AA stimulation.
After establishing the importance of EB1 in early osteo-

blast differentiation events, we next examined whether EB1
was essential for bone mineralization. Bone mineralization,
assessed by ALP and von Kossa staining, was strongly reduced
in cultures treated with EB1 siRNA, compared with scrambled
siRNA (supplemental Fig. 2). These results are in agreement
with the notion that mineralization is a carefully orchestrated
process, strongly influenced by increasing inorganic phosphate
availability with ALP activity (48). Appropriate trafficking and
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delivery of matrix vesicles, rich in calcium, phosphate, and
phosphoproteins, could also be at a disadvantage in cells with
reduced EB1 levels (49). Thus, EB1 is also necessary for late
stage osteoblast-mediated matrix mineralization.
EB1 Knockdown Impacts �-Catenin Levels and Distribution

in Osteoblasts—We next examined the role of EB1 in the
canonicalWnt signaling pathway, which has been implicated in
BMP-2-induced osteoblast differentiation (50, 51). We first
performed a detailed time course analysis of �-catenin mRNA
expression in cells treated with AA for 5 days. �-Catenin tran-
script levels responded strongly to AA stimulation (Fig. 3A). A
protein expression time course in cells treated with AA was
performed with immunoblotting, and a marked up-regulation
of �-catenin protein was also observed, compared with
untreated cells (Fig. 3B). We then examined the temporal reg-
ulation of GSK-3�, the kinase that phosphorylates �-catenin
and marks it for destruction by the proteasome (52). The total
levels of GSK-3� did not change throughout osteoblast differ-

entiation (Fig. 3B), but an increase in phospho-GSK-3� (Ser-9)
was observed 3 and 5 days after AA simulation (Fig. 3B), indi-
cating a steady inactivation of this kinase (53) following AA
exposure. Therefore, OB differentiation includes a steady
enrichment of �-catenin protein levels and, in parallel, a down-
regulation of GSK-3� activity.
To examine the involvement of EB1 in regulating �-catenin,

we performed knockdown experiments. Using immunoblotting,
we examined total cellular levels of �-catenin and observed a sig-
nificant reduction in �-catenin protein levels in cells treated with
EB1 siRNA versus control cells, which showed the expected high
levels of �-catenin after 5 days of AA stimulation (Fig. 3C). To
determine the possible mechanism behind the reduced
�-catenin levels in EB1 siRNA-treated cells, we next examined
the phosphorylation status of this protein. Immunoblotting of
EB1 siRNA-treated lysates showed increased levels of phos-
pho-�-catenin at sites that are phosphorylated by GSK-3�
(Ser-33/37) (54), comparedwith scrambled siRNA-treated cells
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(Fig. 3C). Quantitative RT-PCR analysis confirmed that a sig-
nificant decrease in �-catenin transcript levels also occurred in
EB1-depleted cells, compared with scrambled siRNA-treated
cells (Fig. 3D). To determine which cellular pool of �-catenin
was impacted by EB1 knockdown, we next examined the distri-
bution of �-catenin using immunofluorescence. In 5-day AA-
stimulated control cells treated with scrambled siRNA, there
was robust recruitment of �-catenin to sites of cell-cell contact
(24) (Fig. 3E). �-Catenin was also localized to the nuclei of dif-
ferentiating osteoblasts (Fig. 3E), as described previously (55).
�-Catenin showed a marked difference in localization in cells
treated with EB1 siRNA, with reduced accumulation at the cell
cortex as well as marginal staining within the nuclei (Fig. 3E).
Altogether, these results indicated that EB1 is important for the
protection of �-catenin from GSK-3�-mediated proteolytic
destruction during osteoblast differentiation.
Growing evidence suggests that cross-talk exists between the

Wnt pathway and other established osteoblast differentiation
pathways (6, 20, 56). BMP-2 is a well studied inducer of osteo-
blast differentiation. Recent papers (51, 57) have demonstrated
that BMP-2 cooperates with �-catenin during differentiation
and has the potential to up-regulate Wnt-specific genes. It was
of interest to test whether EB1 also impacted BMP-2-mediated
differentiation. Genemarkers of osteoblast differentiationwere
first assessed through quantitative RT-PCR. Apart from colla-
gen type I �1, bone sialoprotein, alkaline phosphatase, and
osteocalcin transcript levels increased in cells upon the addition
of BMP-2, relative to unstimulated control cells (Fig. 4A). Interest-

ingly,EB1mRNAexpressionwas not enhanced byBMP-2 stim-
ulation (Fig. 4B). Only a modest, but not significant, increase in
EB1 protein levels (Fig. 4C) and a similar EB1 cellular distribu-
tion (Fig. 4D) were observed in BMP-2-treated cells, compared
with unstimulated cells. However, when cells were treated with
EB1 siRNA (Fig. 4E), expression of all major osteoblast differ-
entiation marker genes was significantly decreased, compared
with scrambled siRNA-treated cells (Fig. 4F). Therefore, the
presence of EB1 is also required for BMP-2-induced osteoblast
differentiation.
Requirement of EB1 for �-Catenin-mediated Transcriptional

Events—EB1 siRNA caused a visible reduction in nuclear
�-catenin in AA-stimulated OBs. Studies in numerous cell
types have shown that �-catenin translocates to the nucleus to
activate various TCF/LEF genes (6, 7). We used quantitative
RT-PCR to assay the gene products of two common targets of
�-catenin in 5-day AA-stimulated osteoblasts that had been
exposed to either EB1 siRNA or scrambled siRNA for 72 h. We
first examined the transcript levels of cyclin D1, a cell cycle
protein that is transcriptionally regulated by �-catenin (58),
that was significantly up-regulated in our microarray analysis
(Fig. 1A). Quantitative RT-PCR analysis confirmed that cyclin
D1 levels were significantly increased over 5 days of exposure to
AA (Fig. 5A). EB1 siRNA treatment significantly reduced the
levels of cyclin D1 in 5-day AA-stimulatedOBs, compared with
scrambled siRNA-treated cells (Fig. 5B). We next performed
similar analyses and probed for Runx2 levels in these cells
because Runx2 has been shown to be regulated by �-catenin
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(13).We first validated that AA stimulation caused a significant
up-regulation of this major transcription regulator (Fig. 5C).
There was a significant decrease in Runx2 levels in EB1
siRNA-treated cells, compared with control cells (Fig. 5D).
Influence of EB1 on a second master regulator of osteoblast
differentiation and maturation, osterix (59–61), was also
assessed. Quantitative RT-PCR results displayed a striking
increase in osterix mRNA levels over a 5-day AA stimulation
period. osterix, which is largely accepted to act downstream of
RUNX2 (12, 59), also showed a pronounced reduction in tran-
script levels when cells were exposed to EB1 siRNA (Fig. 5, E
and F). Similar results were also observed with BMP-2-treated
cultures (supplemental Fig. 3). Runx2 and osterix mRNA levels
were significantly up-regulated over a 5-day stimulation period
with BMP-2. Whereas cyclin D1 mRNA levels increased, albeit
non-significantly over the 5-day period, cells that were treated
with EB1 siRNA showed a marked decrease in Runx2, osterix,

and cyclin D1 transcript levels. Thus, EB1 knockdown has pro-
nounced effects on �-catenin target genes in osteoblasts and
affects regulators of both early osteogenic cell commitment and
later differentiation stages.
EB1 and �-Catenin Interact at Cell-Cell Adhesion Sites in

Osteoblasts—To gain more insight into potential interactions
of EB1 with �-catenin, we next turned to live cell epifluores-
cent imaging. We cloned and subcloned EB1 and �-catenin
into fluorescent mammalian expression vectors. MC3T3-E1
osteoblasts were transiently co-transfected with EB1-mCherry
and �-catenin-GFP, followed by stimulation with AA. EB1-
mCherry showed characteristic comet-like movement from the
putative centrosome toward the cell periphery (Fig. 6A and
supplemental Movie 1) (29). �-Catenin-GFP distribution
was cytosolic with notable accumulations in the nucleus and
at the cell edge (Fig. 6A). Epifluorescent microscopy provided
high temporal imaging, and EB1-mCherry comets were fre-

B
ctl     3d      5d

     1      1.21    1.34
EB1

β -actin

5 day BMP-2control

0

1

2

ct l 3d 5d

Fo
ld

Ch
an

ge

EB1

0

10

20

30

ct l 3d 5d

Fo
ld

Ch
an

ge

Osteocalcin

*
0

1

2

ct l 3d 5d

Fo
ld

Ch
an

ge

Collagen

0

200

400

600

ct l 3d 5d

Fo
ld

Ch
an

ge
Bone sialoprotein

*
0

20

40

60

ct l 3d 5d

Fo
ld

Ch
an

ge *
Alkaline Phosphatase

EB1

β-actin

scr siRNA   EB1 siRNA

C D

A

E F

0

10

20

scr EB1 siRNA

Fo
ld

Ch
an

ge

EB1

* 0
2

4

6

scr EB1 siRNA

Fo
ld

Ch
an

ge
Bone sialoprotein

* 0
5

10

15

scr EB1 siRNA

Fo
ld

Ch
an

ge

Alkaline Phosphatase

*

0

2

4

6

scr EB1 siRNA

Fo
ld

Ch
an

ge

Osteocalcin

* 0

5

10

15

scr EB1 siRNA

Fo
ld

Ch
an

ge

Collagen

* 0

5

10

15

scr EB1 siRNA
Fo

ld
Ch

an
ge

β-catenin

*
FIGURE 4. EB1 is important for BMP-2 induced osteoblast differentiation. A, quantitative RT-PCR analysis revealed a significant increase in the specific
osteoblast markers, bone sialoprotein (BSP), ALP, and osteocalcin (OCN), in BMP-2-treated cells, compared with control cells. Signal intensities were normalized
against that of the GAPDH gene. The time course was performed in triplicate, and data are plotted as the mean � S.D. (error bars) from three independent
experiments (*, p � 0.01, Student’s t test). Interestingly, collagen type I �1 and EB1 (B) mRNA levels were not elevated during the 5-day BMP-2 treatment. C,
Western blot analysis of EB1 protein levels showed a modest, but not significant, increase after 5 days of differentiation with BMP-2, compared with control
cells. Equal loading of lysate was confirmed with �-actin protein levels. -Fold increase in EB1 levels, normalized to �-actin, is shown numerically below the blot.
D, similar EB1 distribution patterns between control and 5-day BMP-2-treated MC3T3-E1 cells are shown in representative epifluorescent images. EB1 is shown
in red, and MTs are shown in green. Scale bar, 20 �m. A representative immunoblot of EB1 siRNA knockdown efficiency is shown in E. F, effect of EB1 siRNA
treatment on osteoblast differentiation. Cells were treated with BMP-2 for 5 days and were subjected to scrambled or EB1 siRNA for the final 72 h. The osteoblast
bone-specific markers, bone sialoprotein, ALP, osteocalcin, collagen type I �1, and �-catenin, were significantly decreased in EB1 siRNA-treated cells, compared
with scrambled siRNA control cells. RNA samples from scrambled siRNA- and EB1 siRNA-treated cells were taken in triplicate, and data are presented as mean �
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quently observed penetrating the cortex at cell-cell interac-
tion regions that were rich in �-catenin-GFP (Fig. 6A and
supplemental Movie 1). EB1 has been reported to physically
complex with �-catenin in differentiating muscle cells (28). To
definitively determine if EB1 and �-catenin were interacting and
whether these interactions changed during the course of osteo-
blast differentiation, we performed reciprocal immunoprecipi-
tations of these proteins during a 5-day AA time course (Fig.
6B). The reverse immunoprecipitations revealed an interaction
between EB1 and �-catenin that increased as osteoblast differ-
entiation proceeded (Fig. 6B). This finding, together with our
live cell imaging results, indicates that enhanced EB1 protein
and cortical targeting probably drive the elevated associations
with �-catenin during osteoblast differentiation.
E-cadherin Mediates Cell-Cell Contact-induced Osteoblast

Differentiation—It has been established that the osteoblast dif-
ferentiation program and bone formation commence when

cells have reached confluence (62, 63). We verified this obser-
vation in AA-treated MC3T3-E1 cells, and bone sialoprotein,
alkaline phosphatase, collagen type I �1, osteocalcin, cyclin D1,
andRunx2were significantly elevated in high confluence versus
low confluence cultures (data not shown). Interestingly, EB1
levels also increased in cells grown in high confluence (data not
shown). This suggested that cell-cell contacts could be the
mediating stimulus behind confluence-driven, AA-induced
osteoblast differentiation. As a result, we examined the neces-
sity of cadherins in this process. Although other groups have
shown a role for cadherin 11 and N-cadherin for various stages
of osteoblast maturation (64–71), we decided to investigate the
role of E-cadherin, due to its well established role in recruiting
�-catenin to cell adherens structures in other cell types (72–
75). Additionally, our microarray analysis revealed that E-cad-
herin was specifically and significantly up-regulated at the time
courses we were interested in, compared with undifferentiated
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osteoblasts (Fig. 1A), whereas no significant increase in expres-
sion of N-cadherin or cadherin 11 were observed following AA
stimulation (not shown). We first confirmed that E-cadherin
was up-regulated in 5-day AA-stimulated osteoblasts using
quantitative RT-PCR. Indeed, compared with control cells,
there was a nearly 5-fold increase in E-cadherin expression in
AA-stimulated osteoblasts (Fig. 7A). Although we were unable
able to find suitable antibodies to detect E-cadherin expression
by immunoblotting or immunofluorescence, which has also
been experienced by other osteoblast cadherin researchers (64,
65), we did find a suitable E-cadherin antibody for live cell
inhibitory assays. To delineate a role for E-cadherin in osteo-
blast differentiation, cells of equivalent confluence were stimu-
lated with AA and exposed to either E-cadherin-blocking anti-
body (20 �g/ml) or a rat IgG isotype control at day 2 and day 4.
At the end of 5 days, we examined �-catenin distribution in
these cells and observed greatly diminished immunostaining
for�-catenin in the cell periphery of these cells, despite a robust
recruitment of nuclear �-catenin in the absence of functional
E-cadherin (Fig. 7B). The specific decrease in cortical�-catenin
was confirmed by comparing peripheral�-catenin signal inten-
sity levels at sites of cell-cell contact between the two antibody
treatments (Fig. 7C). Cortical �-catenin has been shown to be
stabilized by CD82-mediated inactivation of GSK-3� and
casein kinase 1� (21). We observed a slight, but not significant,
decrease in phospho-GSK-3� (Ser-9) levels in E-cadherin anti-
body-treated cells, compared with control cells, and the total
GSK-3� protein levels were unchanged by these treatments
(data not shown). Total RNA was purified, and the effect of
E-cadherin blocking on osteoblast differentiation was deter-
mined using quantitative RT-PCR to the relevant osteoblast
genes described earlier. Quantitative RT-PCR analysis revealed
that alkaline phosphatase and bone sialoprotein gene expres-
sion were significantly attenuated, compared with control iso-
type IgG-treated cells (Fig. 7E). Collagen type I �1 levels were
reduced, but not significantly, following E-cadherin-blocking

experiments. There was also no significant difference in osteo-
calcin levels in cells treated with E-cadherin antibody, com-
pared with isotype IgG-treated control cells (Fig. 7E). E-cad-
herin inhibition also had no effects on the message level of EB1
in AA-stimulated osteoblasts (Fig. 7E). Interestingly, E-cad-
herin blocking affected Runx2 expression but had no effect on
cyclin D1 expression (Fig. 7D). Thus, part of the cell contact-
induced osteoblast differentiation is mediated through E-cad-
herin, which has a selective impact on the cortical localization
of �-catenin.

DISCUSSION

Here we show that cell confluence is a major determining
factor for AA-induced osteoblast differentiation, with key
osteoblast genes and EB1 expression levels dependent on highly
confluent monolayers of cells. Osteoblast differentiation is
dependent on EB1, with major Wnt-dependent gene events
being affected in its absence. The differentiation of muscle cells
also relies on EB1 expression (28), and it will be of interest to
determine if there are other developmental processes that
require this MT plus-end-binding protein. Another EB1 family
member, EB3, is also involved in later stages ofmuscle cell elon-
gation (28). Although we cannot rule out an EB3 contribution
to osteoblast differentiation, EB3 levels were not up-regulated
in our microarray studies, so we did not pursue this further.
In AA-stimulated OBs, EB1 levels and MT comet lengths

increased throughout differentiation, similar to what we
observed with CLIP-170 patterning duringmacrophage activa-
tion (76). Similar toCLIP-170 down-regulation inmacrophages
(76), EB1 knockdown diminished the levels of acetylated �-tu-
bulin, further validating a role for EB1 in MT stabilization (31)
in osteoblasts. BMP-2 stimulation or AA exposure to primary
calvaria osteoblasts did not cause an increase in EB1 comet
lengths, suggesting that comet length enhancement in AA-
stimulated cells may be more relevant for MT stabilization
and not necessarily osteoblast differentiation. EB1 knock-

A t=0 t=70s t=150s t=190s

β-catenin-GFP

EB1-mCherry

merge

DIC

IP:EB1
WB:β-catenin

IP:β-catenin
WB:EB1

β-catenin

EB1

GAPDH

1 1.68 2.65  6.89*

1 1.26  2.13 5.45*

ctl 1 d 3 d 5 d
B

FIGURE 6. EB1 associates with �-catenin. A, live cell epifluorescent imaging of MC3T3-E1 cells co-transfected with �-catenin-GFP and EB1-mCherry. Panels
show targeting of EB1-mCherry comets (arrows) into cortical regions at the site of cell-cell contacts (arrow in differential interference contrast (DIC) still image).
Accumulation of �-catenin-GFP (arrowheads) occurs shortly after EB1-mCherry targeting to the cell periphery. Time is indicated in seconds. Scale bar, 10 �m.
B, immunoprecipitation with EB1 or �-catenin antibodies reveals an interaction between EB1 and �-catenin that increases with osteoblast differentiation.
MC3T3-E1 cells were stimulated with AA for 1, 3, and 5 days, and lysates were prepared and subjected to SDS-PAGE followed by immunoblot analysis for
reciprocal antibodies, as indicated. Densitometry analysis was performed on the resulting bands from three independent experiments, and the mean precip-
itated protein levels are numerically presented as -fold increases relative to control treatments. Western blots are also shown of total cell lysates collected for
the immunoprecipitations. GAPDH was used as a loading control. Experiments were repeated three times with similar results.

EB1 Is Required for Osteoblast Differentiation

JULY 26, 2013 • VOLUME 288 • NUMBER 30 JOURNAL OF BIOLOGICAL CHEMISTRY 22105



A

C D

B

0
1
2
3
4
5
6

ctl 1 day 3 days 5 days

E-cadherin
*

Fo
ld

egnahC

0

0.5

1

1.5

2

2.5

ctl E-cadherin Ab

*

Bone sialoprotein
Fo

ld
egnahC

0

0.5

1

1.5

2

2.5

ctl E-cadherin Ab

*

Alkaline
Phosphatase

Fo
ld

egnahC

0

0.5

1

1.5

2

ctl E-cadherin Ab

EB1

Fo
ld

egnahC

0
1
2
3
4
5
6

ctl E-cadherin Ab

*Fo
ld

egnahC

   0
0.5
   1
1.5
   2
2.5

ctl E-cadherin Ab

Fo
ld

egnahC

E
0

20

40

60

80

Isotype IgG E-cadherin Ab

*

ytisnetnI ninetac-β larehpireP
)stinu yrartibra(

Runx2 Cyclin D1

0

0.5

1

1.5

2

2.5

ctl E-cadherin Ab

Osteocalcin

Fo
ld

egnahC

0

1

2

3

ctl E-cadherin Ab

**

Collagen

Fo
ld

egnahC

FIGURE 7. E-cadherin is up-regulated in differentiated osteoblasts and partially contributes to osteoblast differentiation. A, quantitative RT-PCR
analysis demonstrated that E-cadherin mRNA expression levels significantly increase in 5-day AA-treated MC3T3-E1 cells, compared with undifferentiated
control cells (*, p � 0.05, Student’s t test). The time course of E-cadherin expression was done in triplicate, and data are plotted as the mean � S.E. (error bars).
B, the addition of an E-cadherin-blocking antibody during AA treatment caused a visible reduction in �-catenin at the cortex region, compared with cells
treated with control (ctl) isotype IgG, detected by immunostaining for �-catenin. No difference in nuclear �-catenin was observed following E-cadherin
inhibition, compared with control cells. Boxed regions of equivalent size are representative of regions chosen for signal intensity analysis. C, �-catenin intensity
at the cell periphery is significantly diminished upon E-cadherin blockade, compared with isotype antibody-treated cells. Six regions of cell-cell contact were
chosen per cell, and presented values are the mean of 120 positions � S.D. (*, p � 0.001). Scale bars, 10 �m. D, Runx2 mRNA levels significantly decreased in
osteoblasts differentiated with AA for 5 days and treated with E-cadherin-blocking antibody, compared with control cells exposed to isotype IgG (*, p � 0.05,
Student’s t test). There was no significant effect of the E-cadherin antibody on the relative mRNA levels of cyclin D1 in differentiated osteoblasts. Data are
plotted as the mean � S.E. from three independent experiments. E, EB1 and osteoblast differentiation markers are differentially influenced by the blocking of
E-cadherin. A significant -fold change reduction in alkaline phosphatase and bone sialoprotein mRNA levels was observed when cells were treated with the
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levels were unaffected by E-cadherin inhibition, as was osteocalcin, compared with isotype IgG control cells. Collagen type I �1 expression was reduced in
E-cadherin-blocking antibody-treated cells but not significantly when compared with control cells (**, p � 0.05, Student’s t test).
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down markedly reduced �-catenin levels in both the nucleus
and cell periphery in osteoblasts in AA-stimulated MC3T3-E1
cells. Because EB1 is largely a cytosolic protein in these cells
(determined through confocal analysis and immunoblotting
analysis of nuclear fractions; data not shown), its association
with �-catenin is most likely functionally relevant at the cell
cortex. However, �-catenin also localizes to centrosomes (77,
78), and we cannot rule out that functional interactions
between EB1 and �-catenin occur at this key MT-nucleating
center. Diminished surface E-cadherin and �-catenin was
observed in muscle cells with reduced EB1 (28), implicating an
MT trafficking defect of these adherens proteins. Interestingly,
the neuronal protein Semaphorin 3A (Sema3A) causes
�-catenin enrichment at growth cones (79). Sema3A promotes
GSK-�-induced MT changes and facilitates axonal transport
(80–83). However, EB1 knockdown in fibroblasts had no effect
on cadherin and �-catenin density at cell-cell contacts (26).
Although EB1 could be important for the delivery of �-catenin
to adherens sites in osteoblasts, our most pronounced findings
implicate a requirement for EB1 for the global stability of
�-catenin (see the model in Fig. 8). Indeed, our results from EB1
knockdown of BMP-2-treated cells corroborate this notion. EB1
and �-catenin transcript levels were not altered during normal
BMP-2 induction. However, once treated with EB1 siRNA, a

strong reduction in �-catenin levels correlated with a severely
diminished differentiation program. With the loss of �-catenin
and presumably Wnt-enhanced pathway activation, BMP-2-me-
diated differentiation was critically affected.
The confluence-mediated stimulation of osteoblast differen-

tiation is at least partially mediated by E-cadherin. In other
systems, in vivo experimental up-regulation of cadherins
results in decreased �-catenin signaling (84–87), and con-
versely, reduced expression of cadherins amplifies �-catenin
nuclear signaling (88). These studies promoted the notion that
cadherins sequester cytosolic pools of �-catenin away from the
nucleus. In AA-stimulated osteoblasts, we observed a signifi-
cant increase in E-cadherin levels during differentiation that
was not inhibitory toward �-catenin and, in fact, paralleled up-
regulated �-catenin levels and cortical and nuclear accumula-
tion and activity. E-cadherin functional blocking antibodies did
not impair �-catenin-dependent cyclin D1 expression, further
suggesting that this cadherin does not have a negative,
�-catenin-sequestering function.

The coordination and cross-talk of the adhesive or nuclear
pools of �-catenin are not well understood. In our study, both
poolswere negatively impacted by reduced EB1, which could be
directly linked to an overall destabilization of �-catenin in the
absence of MT targeting to the cortex. Interestingly, E-cad-
herin-blocking antibodies preferentially reduced the cortically
associated pool of �-catenin, allowing us to functionally dis-
criminate between these two populations. Although we
observed normal �-catenin nuclear recruitment and cyclin D1
expression in the absence of E-cadherin signaling, expression of
Runx2 and the downstream osteoblast genes alkaline phospha-
tase and bone sialoprotein was significantly attenuated. This
supports the idea that the osteogenic role of �-catenin is prob-
ably not solely based on canonical Wnt signals (89), based on
scarce evidence establishing that Runx2 is activated by TCF/
LEF-dependent mechanisms (90, 91). A related �-catenin pro-
tein, p120 catenin, can influence gene expression by regulating
the cytoplasmic and nuclear distribution of the transcription
factor Kaiso. The levels and cellular distributions of both
p120ct and Kaiso are modulated in tumorigenic cells (92).
Osteocalcin gene expression was also not impacted by treat-

ing osteoblasts with E-cadherin-blocking antibodies. Interest-
ingly, the most pronounced reduction in osteocalcin mRNA
levels in BMP-2-stimulated human neonatal cells occurred
when both N- and E-cadherin-neutralizing antibodies had dis-
rupted cellular adhesions (93). Coordination of multiple cad-
herins may be necessary for full induction of certain osteoblast
genes. However, collagen type I�1mRNA levels weremodestly
affected by E-cadherin inhibition, and it has been established
that collagen production is required for AA-induced osteocal-
cin expression (94, 95). Full collagen transcription activation
may require other potential compensatory cadherins, such as
N-cadherin and cadherin11. These cadherins have been shown
to strongly impact osteoblast differentiation at various stages
of development (64–71). Cadherin 11 knockdown affects
�-catenin abundance (66), and double knockdown of both
N-cadherin and cadherin 11 caused reduced cyclin D1 expres-
sion in calvaria cells (66). N-cadherin is thought to promote
early commitment to osteogenesis, whereas cadherin 11 is

Nucleus

Proteasome

E-Cadherin/
Cad11

EB1

Ac

Ac

Ac

Ac

β-catenin EB1

β-catenin

EB1

?

ALP, BSP, OCN
         
       osteoblast 
    differentiation

AA

Axin
GSK3β

APC

P

Cyclin D1
Runx2

EB1

FIGURE 8. Proposed model of EB1 involvement in AA-induced osteoblast
differentiation. AA stimulation of osteoblasts induces EB1 expression to pro-
mote MT nucleation and stabilization (Ac MTs). MT growth into cadherin-
mediated cell-cell contacts promotes �-catenin stabilization at the cell cortex,
protecting it from GSK3�-directed proteolytic degradation. �-Catenin can
either be localized within the nucleus, at the centrosome, or at the cell periph-
ery. Peripherally associated and stabilized �-catenin is important for early
osteoblast gene expression mediated by RUNX2, in particular for alkaline
phosphatase and bone sialoprotein gene expression.
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involved in later maintenance and differentiation of the osteo-
blast lineage (66). Because MC3T3-E1 preosteoblasts are con-
sidered to be committed to the osteoblast lineage (96), cadherin
11 ismost likely to have overlapping functions with E-cadherin.
However, we cannot rule out the possibility that other cell con-
fluent-dependent structures, such as gap junctions (97), are
necessary for full activation of osteoblast differentiation genes.
In conclusion, we have identified a critical role for the MT-

binding protein EB1 in maintaining the global stability of
�-catenin in osteoblasts. EB1 protein levels presumably
increase to match and sustain the growing �-catenin protein
intracellular content for the rapid proliferative stages of osteo-
blast differentiation. Our live epifluorescent imaging revealed
dynamic clusters of �-catenin that grow and persist at cell-cell
contact regions targeted by EB1. It will be of great interest to
determine the role of the dynamic population of peripherally
targeted �-catenin in osteoblast cell-cell interactions and to
determine how cadherins cooperate with EB1 to regulate the
cytoplasmic pools of �-catenin. Preservation of the cortical
pools of�-catenin seems to be dispensable for the expression of
early osteoblast genes, which is instead highly dependent on cell
confluence and EB1 and cadherin signaling. Cell surface pro-
teins are ideal candidates for therapeutic intervention in dis-
eases of the bone, and our study warrants continued focus on
the interplay of these proteins and the impact of these periph-
eral events on osteoblast gene expression.
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