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Abstract: Focal adhesion kinase (FAK) is a key
integrator of integrin-mediated signals from the
extracellular matrix to the cytoskeleton and down-
stream signaling molecules. FAK is activated
by phosphorylation at specific tyrosine residues,
which then stimulate downstream signaling in-
cluding the ERK1/2 pathway, leading to a vari-
ety of cellular responses. In this study, we exam-
ined the effects of FAK point mutations at tyro-
sine residues (Y397, Y925, Y861, and Y576/7) on
osteogenic differentiation of human mesenchymal
stem cells exposed to collagen I and cyclic tensile
strain. Our results demonstrate that FAK signal-
ing emanating from Y397, Y925, and to a lesser
extent Y576/7, but not from Y861, controls os-
teogenic differentiation through an ERK1/2 path-
way, as measured by expression levels of key
osteogenesis marker genes and subsequent ma-
trix mineralization. These data indicate that
FAK is a critical decision maker in extracellu-
lar matrix/strain-enhanced osteogenic differentia-
tion.
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1 Introduction

Integrin-mediated binding to the extracellular ma-
trix (ECM) stimulates intracellular signaling path-
ways that control cell proliferation, migration,
and differentiation. One of the first downstream
regulators of integrin signaling is the protein ty-
rosine kinase known as focal adhesion kinase
(FAK). While it is well known that FAK con-
trols the growth and migration of multiple cell
types, its role in controlling cellular differen-
tiation is not as well known. We and others
have demonstrated a role for FAK in the dif-
ferentiation of mesenchymal cells, including hu-
man mesenchymal stem cells (hMSC) and their
more differentiated progeny, chrondrocytes and
preosteoblasts (1-4). The molecular mechanisms
governing FAK-mediated phenotype commitment
of stem cells are almost entirely unknown.

FAK exists in multiple activation states, based on
the phosphorylation of key tyrosine residues (e.g.,
Y397, Y576/7, Y861, and Y925) within the pro-
tein (5-9). Phosphorylation of these residues trig-
gers activation of FAK kinase activity (at Y576/7)
and promotes the binding of additional signaling
proteins (at Y397, Y925, and Y861) that prop-
agate signals further downstream (10). One of
these additional proteins is the tyrosine kinase Src
(11), which binds phosphorylated Y397 via its
SH2 domain and acts in concert with FAK to ac-
tivate both the PI3K-Akt pathway and the Grb2-
Sos-Ras-ERK pathway (7, 12). In both hMSCs
and osteoblasts, activation of ERK1/2 promotes
osteogenic differentiation by activating and/or in-
ducing expression of key osteogenic transcription
factors (13-15). Thus, FAK signaling through
ERK1/2 may represent one of the earliest decision
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Table 1: qRT-PCR primer pairs for osteogenic genes (osterix, osteocalcin, and bone sialoprotein 2) and
GAPDH, as well as, the RT-PCR primer pair for c-Myc-PTK2. Accession number, sequence composition,
and fragment size are listed for the genes.

making events controlling hMSC commitment to
the osteogenic phenotype.

In hMSCs cultured in vitro, the ERK pathway
is sensitive to mechanical strain (14) and inte-
grin binding to ECM (13). Mechanical strain al-
ters gene expression via ERK through integrin-
ECM binding (16-19). We have recently demon-
strated that application of cyclic tensile strain pro-
motes osteogenic differentiation of these cells, as
assessed by osteogenic gene expression and ma-
trix ossification (mineral:matrix ratio), through
an ERK-dependent pathway (20). In this study,
we tested the hypothesis that disrupting FAK
signaling emanating from key tyrosine residues,
by overexpressing point mutants where the ty-
rosines have been replaced with phenylalanines,
decreases mechanical strain-enhanced, collagen-
I (COL-I) induced osteogenic differentiation of
hMSCs. Our results demonstrate that a sub-
set of these tyrosines is responsible for stimulat-
ing ERK1/2 and osteogenic differentiation under
these conditions.

2 Materials and Methods

Tissue culture media (DMEM) and penicillin G-
streptomycin sulfate (GPS) were purchased from
Mediatech (Cellgro, VA). Fetal bovine serum

(FBS) was purchased from Gemini Bio-Products
(Woodland, CA). Trypsin-EDTA was obtained
from Sigma Chemical Co. (St. Louis, MO). COL-
I coated and uncoated silicone rubber BioFlex™
6-well plates were purchased from FlexCell
International Corporation (Hillsborough, NC).
Rabbit polyclonal IgG antibodies against anti-
phosphotyrosine FAK 861 (catalog # 07-832)
and 576/7 (catalog # 07-157), and anti-ERK1/2
(catalog # AB3053) were obtained from Chemi-
con International (Temecula, CA). Mouse poly-
clonal IgG antibody against anti-phosphotyrosine
FAK 397 (catalog # MAB1144) was obtained
from Chemicon International (Temecula, CA).
Rabbit monoclonal IgG antibody against anti-
FAK (catalog # 04-591) was obtained from
Chemicon International (Temecula, CA). Rabbit
polyclonal IgG phosphospecific antibody against
anti-ERK 1/2 (pTpY185/187) (catalog # 44-680)
was from Biosource International (Camarillo,
CA). Goat polyclonal IgG antibody against anti-
phosphotyrosine FAK 925 (catalog # sc-11766)
was obtained from Santa Cruz Biotechnology
(Santa Cruz, CA). Horseradish peroxidase (HRP)-
conjugated secondary antibodies were obtained
from Jackson Immuno Research (West Grove,
PA). Quantitative real-time reverse transcriptase-
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polymerase chain reaction (qRT-PCR) primers
listed in Table 1 were purchased from IDT Tech-
nologies (Coralville, Iowa). The protein as-
say kit was purchased from Pierce (Rockford,
IL). Unless otherwise specified, the other stan-
dard reagents were obtained from Fisher Scien-
tific (Fair Lawn, NJ).

2.1 Cell culture

Cryopreserved hMSC were purchased from Cam-
brex Inc. (Walkersville, MD) and were grown
according to the manufacturer’s instructions.
Briefly, cells were plated at 5 x 103 cells/cm2 in
a T75 flask (75 cm2) for continuous passaging
in DMEM medium supplemented with 10% FBS,
penicillin G [10,000 units/mL] and streptomycin
sulfate [10,000 μg/mL]. Medium was changed
twice weekly and cells were detached by trypsin-
EDTA and passaged into fresh culture flasks at
a ratio of 1:3 upon reaching confluence. Cul-
tures were incubated at 37°C in a humidified at-
mosphere containing 95% air and 5% CO2.

2.2 Retroviral Infection of hMSC

hMSC were infected with retroviruses engineered
to overexpress myc-tagged point mutants of FAK
(tyrosine residues 397, 576/577, 861, or 925 were
replaced with a phenylalanine), myc-tagged wild-
type FAK, or myc-tagged blank vectors (NEO) as
described previously (21). Briefly, retroviruses
for transduction of hMSCs were produced using
the MSCV retroviral expression system (catalog
# 634401) from BD Biosciences Clontech (Palo
Alto, CA). The genes coding for c-myc epiotope-
tagged FAK and FAK Y397F, Y925F, Y576/7F, or
Y861 were PCR-amplified from the pRC/CMV-
c-myc-FAK expression plasmids and ligated into
the pMSCVneo expression vector as restriction
fragments at the HpaI-to-BglII site. The mouse
fibroblast retroviral packaging cell line, PT67,
was transfected with the pMSCVneo/c-myc-FAK
plasmids using the TransIT-3T3 transfection kit
purchased from Mirus Corp. (Madison, WI).
Stem cells were infected with retrovirus by du-
plicate 24 hour exposures to viral supernatant
(from clonal, G418-resistant, transfected PT67
cell lines) containing polybrene (8 μg/mL) with

an intermediate 24 hour exposure to virus-free
hMSC medium. Polyclonal populations of G418-
resistant hMSC (∼760 μg/mL active G418 in
hMSC medium) were isolated after retroviral in-
fection. Subsequently, these cells and cells from
the same lineage, but not exposed to viral su-
pernatant (i.e., the control group) were plated as
described above. G418 antibiotic pressure was
maintained on the infected cell lines throughout
in the culture media.

2.3 Mechanical strain application

For in vitro osteogenic assays, hMSCs were
passaged three times before they were plated
at densities of 12,500 cells/cm2 in 0.3 mL/cm2

of medium on 6-well flexible silicone rubber
BioFlex™ plates (57.75 cm2 total area). The cells
were cultured for 48 hours to allow them to prolif-
erate, grow, attach to the COL-I ECM, and spread
out and reach 80 to 90% confluency, at which time
the culture medium was replaced. For the short
term signaling pathway analyses (Figures 2 and
3), the cells were then serum deprived with only
1% FBS for 24 hours to reduce FAK and ERK ac-
tivation to basal levels. The long term osteogenic
differentiation and gene expression studies were
provided with new 10% FBS culture media as in
normal media changes. In each experiment, con-
trol and strained cells were processed in parallel.

Figure 1: Expression of exogenous c-myc-FAK
in virus-infected hMSC. RT-PCR amplification
of the c-myc-FAK transcript was observed in
hMSCs infected with c-myc-FAK (wild type
(WT);lanes 5 and 6), c-myc-FAK Y397F (lanes
7 and 8), c-myc-FAK Y861F (lanes 9 and 10), c-
myc-FAK Y576/7F (lanes 11 and 12), and c-myc-
FAK Y925F viruses (lanes 13 and 14) and not in
uninfected, control hMSCs (WT;lanes 1 and 2)
or in hMSCs infected with the NEO blank vector
(lanes 3 and 4).
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Figure 2: Mechanical strain increases FAK activa-
tion in hMSC and dominant negative point muta-
tions of FAK mitigate this effect. The same hMSC
cell types as in Figure 1 were plated on COL-I
coated silicone rubber membranes and were ei-
ther strained, with a 3% cell size increase 0.5 Hz.
cyclic tensile strain, or without strain for 30 min-
utes then probed by immunoblot for pY397 FAK
(top row), pY925 FAK (second row), pY576/7
FAK (third row), pY861 FAK (fourth row), to-
tal FAK (fifth row), or GAPDH (bottom row).
GAPDH was used as a loading control.

Figure 3: Mechanical strain increases ERK acti-
vation in hMSC and dominant negative point mu-
tations of FAK decrease this effect. The same
hMSC cell types as in Figure 1 were plated,
strained, and processed as in Figure 2. Im-
munoblotting was for pTpY185/187 ERK 1/2 (top
row) and total ERK (bottom row).

Estimates of the physiological range of mechani-
cal forces on bone (and especially fracture callus,
where hMSC are most concentrated) vary widely,
and 0.1-18% tensile strain has been used for in
vitro studies of osteoblast differentiation (21, 22).
This study used 3% cell size increase, closer to the
most common estimates of 1-6%. The strain was
applied using an FX-4000T™ Flexercell® Ten-
sion Plus™ unit (Flexcell International, Hillsbor-
ough, North Carolina). A sinusoidal curve wave-
form strain application was applied at a frequency
of 0.5 Hz. The stain was applied continuously for
the short duration signaling pathway studies (Fig-
ures 2 and 3) or for 2 hours per day with eight

15 minute strain periods for the longer strain reg-
imens. Additionally, the longer term experiments
involved a strain regimen of only 2 hours per day
in 15 minutes blocks. Following the first seven 15
minute stretching periods were two hour breaks
and an eight hour break followed the eighth 15
minute stretch. These breaks allowed the cells
time to interpret and process the stimulus without
the cyclic tensile strain stress and represent the al-
ternating increased and reduced strains that bones
experience in vivo. ™™edium was still changed
twice weekly and the cultures were also incubated
at 37°C in a humidified atmosphere containing
95% air and 5% CO2. At various time points, cul-
tures were assayed as described below.

2.4 Mineralized bone: Fourier transform in-
frared (FTIR) analysis

FTIR analysis of the insoluble matrix provided
a quantitative mineralization measure of the cal-
cium phosphate cross-linked hydroxyapatite crys-
tal formation of the secreted COL-I ECM pro-
tein, the ultimate endpoint to bone formation, ex-
pressed as the mineral:matrix ratio. The pres-
ence of apatite in cell matrix was detected by
FTIR of ground powders. Cell layers, collected in
50 mM ammonium bicarbonate (pH 8.0) after 28
days culture in the presence or absence of tensile
strain, were lyophilized and analyzed as potas-
sium bromide (KBr) pellets on a Bio-Rad FTS
40-A spectrometer (Bio-Rad, Cambridge, MA).
The data was collected under nitrogen purge, and
the spectral baseline corrected and analyzed us-
ing GRAMS/386 software (Galactic Industries,
Salem, NH) as previously described (22). The
mineral content was calculated based on the spec-
trally derived mineral-to-matrix ratio, that is, the
ratio of the spectral area of the phosphate ab-
sorbance peak (900-1200 cm−1) to the spectral
area of the protein amide I peak (1585-1720
cm−1). The experimental outcomes were com-
pared to the relevant control using the areas of
these two peaks – an experiment with a larger
phosphate peak and a smaller amide peak than its
control has a higher mineral-to-matrix ratio.
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2.5 Immunoblot analysis

Whole cell extracts were prepared by harvest-
ing cells with ice-cold radio immunoprecipitation
assay buffer (150 mM NaCl, 50 mM Tris, 1%
Triton-X, 0.3 mM Sodium vanadate, 1% Deoxy-
cholic acid, 0.2% SDS, pH 7.4) supplemented
with protease inhibitor cocktail (Sigma). The
lysate was centrifuged at 2,500 g for 10 sec-
onds before a fraction of the supernatant was se-
questered for a protein assay. Subsequently, pro-
tein concentration of the supernatant was deter-
mined by the BCA method (Pierce, Rockland IL).
Equal amounts of protein for each sample, re-
suspended in Laemmli sample buffer, were de-
natured at 100?C for 5 minutes, resolved by
8% SDS-PAGE, and electrophoretically transblot-
ted to Trans-Blot® nitrocellulose membranes (0.2
μm) (Bio-Rad, Hercules, CA). The membranes
were incubated with blocking solution (5% non-
fat dried milk in 1 times PBS + 0.2% Tween-
20 (PBST)) for 1 hour, then probed with various
primary antibodies (1:500 in PBST) overnight at
4°C. After three washes with PBST, membranes
were incubated with HRP-conjugated secondary
IgG (1:25,000) for 1 hour, followed by another
three washes with PBST. Immunoreactive bands
were visualized using the SuperSignal® Chemi-
luminescent reagent (Pierce) and captured using
a ChemiImager 4400 Gel imaging system (Alpha
Innotech, San Leandro, CA).

2.6 Reverse transcriptase-polymerase chain
reaction (RT-PCR) and quantitative real-
time RT-PCR (qRT-PCR) Analysis

RNA was isolated from hMSC at 1 week by
pooling together the cells scraped from 2 wells
of the BioFlex™ 6-well plates. Total RNA
was isolated using the RNeasy mini kit (Qiagen,
Valencia, CA). qRT-PCR was performed with
the QuantiTect® SYBR Green RT-PCR Kit with
HotStar Taq DNA Polymerase (Qiagen) and a
Roche LightCycler® 480 Real-Time PCR System
(Roche, Pleasonton, CA). Melting curve analy-
sis confirmed that the targeted mRNA was being
amplified specifically. RT-PCR was performed
with the OneStep RT-PCR Kit (Qiagen) and a
96 well thermal cycler (MJ Research, Waltham,

MA). The primers used are listed in Table 1 and
were designed using OligoPerfect™ (Invitrogen,
Carlsbad, CA) and purchased through IDT Tech-
nologies. Three-hundred nanograms of template
RNA was used per reaction. Real-time qRT-PCR
was performed according to the following pro-
tocol defined by the manufacturer: RT 20min
at 50°C 20°C/s ramp, PCR activation 15min at
95°C 20°C/s ramp, 40 cycles of [Denaturation
15s at 94°C 20/s ramp, Annealing 30s at 56°C
20°C/s ramp, Extension 30s 72°C 2°C/s ramp].
All samples were normalized to total RNA con-
tent and to the performance of the housekeeping
gene, GAPDH. The RT-PCR was performed as
follows: The reverse transcription step ran for 30
minutes at 50°C, followed by PCR activation for
15 minutes at 95°C. Thirty amplification cycles
were run, consisting of one minute denaturation
at 94°C, one minute of annealing at 58°C, and one
minute of extension at 72°C. Final extension was
allowed to run 10 minutes at 72°C. RT-PCR reac-
tion products were separated by gel electrophore-
sis using a 1.2% agarose gel. Bands were visu-
alized by UV illumination of ethidium-bromide-
stained gels and captured using a ChemiImager
4400 Gel imaging system (Alpha Innotech, San
Leandro, CA).

2.7 Statistical analysis

All experiments were repeated at least three times
and the representative data were presented as
mean ± standard deviation. Statistical analyses
were preformed using Student’s unpaired t test,
and a p value less than 0.05 was considered sig-
nificant.

3 Results

3.1 Retrovirally infected dominant negative
hMSC FAK mutants express c-myc-tag

We used RT-PCR amplification of the c-myc-FAK
mRNA to show that the c-myc-FAK gene is ex-
pressed by hMSC after retroviral infection (Figure
1). Only a c-myc-FAK region of the exogenous
gene was amplified, because the forward primer
used binds to the 5’ region of the c-myc gene, and
the reverse primer binds ∼300 bp downstream in
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Figure 4: Mechanical strain increases expression of osteogenic genes in hMSC and dominant negative point
mutations of FAK inhibit this effect. The same hMSC cell types as in Figure 1 were plated as in Figure
2 and either strained as described in the materials and methods section above or without strain for 7 days.
Real-time quantitative RT-PCR (qRT-PCR) was performed to amplify the mRNA of key osteogenic marker
genes using the primers listed in Table 1. GAPDH was amplified as a loading control. Panel A: qRT-PCR of
the osteogenic transcription factor osterix mRNA. Panel B: qRT-PCR of the osteogenic bone protein bone
sialoprotein 2 mRNA. Panel C: qRT-PCR of the osteogenic bone protein osteocalcin mRNA. Asterisks and
double asterisks indicate significant (p<0.05) increases as compared to the parallel uninfected (NoV) control
samples using Student’s unpaired t test.

the region of the gene coding for FAK. Therefore,
endogenous myc and FAK genes were not tran-
scribed (23). This 300 bp RT-PCR product was
produced from total RNA of c-myc-FAK infected
hMSCs, containing the wild-type or the mutant c-
myc-FAK genes (Figure 1; lanes 5 through 14),
but not from total RNA of hMSCs without any in-
fection (Figure 1; lanes 1 and 2), or containing
only the blank NEO vector (Figure 1; lanes 3 and
4).

3.2 Cyclic tensile strain causes FAK phospho-
rylation in hMSC plated on COL-I, and
FAK signaling is disrupted by myc-tagged
point mutants of FAK

We used immunoblotting with phospho-specific
antibodies for FAK residues Y397, Y576/7,

Y861, and Y925 as well as an antibody against an
unmodified epitope on FAK, to show that retro-
viral infection with c-myc-tagged FAK constructs
increased the total amount of FAK in hMSC but
disrupted FAK phosphorylation at these amino
acids (Figure 2). Levels of total FAK were el-
evated in all c-myc-FAK infected hMSCs (lanes
5-14), as compared to hMSCs infected with the
blank vector (NEO-lanes 3 and 4) and without any
infection (NoV-lanes 1 and 2). Application of a
cyclic tensile strain to cells not expressing FAK
mutants increased levels of phosphorylated FAK
at Y397, Y925, and Y576/7, but not at Y861. In-
fection with Tyr→Phe dominant negative mutants
targeting theses residues in FAK decreased phos-
phorylation levels of all FAK at these residues, in
both the strained and unstrained conditions. The
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Figure 5: Mechanical strain increases matrix mineralization and dominant negative point mutations of FAK
mitigate this effect. The same hMSC cell typesas in Figure 1 were plated as in Figure 2 and either strained
as described in the materials and methods section above or without strain for 28 days. Panel A: FTIR min-
eral:matrix ratio analysis comparing the relative spectral sizes of the Amide I and Phosphate peaks. Asterisks
and double asterisks indicate significant (p<0.05) increases as compared to the parallel uninfected (NoV)
control samples using Student’s unpaired t test. Panels B-D: Representative FTIR spectra for uninfected,
Y925F, and Y397F hMSCs with strain, respectively. Note the large Phosphate peak relative to the Amide
I peak in the uninfected hMSCs as compared to that of the mutant cells. Circle represents the nu4 region
(500-650 cm-1) indicating the quality of the hydroxyapatite crystals. The peak in this area indicates the
level of crystallinity, whereas a broad spectral curve without a peak indicates the hydroxyapatite is poorly
crystalline.

Y397 dominant negative mutation (lanes 7 and 8),
and to a lesser extent, the Y576/7 dominant neg-
ative mutation (lanes 11 and 12), decreased phos-
phorylation levels at all the residues measured.

3.3 Dominant negative FAK mutations miti-
gate cyclic tensile strain-induced increases
in ERK1/2 phosphorylation in hMSC
plated on COL-I

Uninfected hMSCs, or those infected with the
blank NEO vector or wild-type (WT) FAK,
showed considerable increases in the phosphory-
lated levels of both pERK1 and pERK2 in re-
sponse to strain (Figure 3). However, dominant

negative mutations at Y397 and Y925 largely mit-
igated this effect (lanes 1 through 6 compared to
lanes 7 and 8 and lanes 13 and 14). A domi-
nant negative mutation at Y576/577 decreased the
pERK 1 and pERK 2 levels, but to a lesser extent
than that observed with the Y397 and Y925 mu-
tants (lanes 1 through 6 compared to lanes 11 and
12). A dominant negative mutation at Y861 had
little effect on the pERK 1 and 2 levels (lanes 1
through 6 compared to lanes 9 and 10).
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3.4 Dominant negative FAK mutations de-
crease cyclic tensile strain-induced in-
creases in osteogenic gene expression in
hMSC plated on COL-I

Uninfected hMSCs and those infected with the
blank NEO vector or WT FAK, showed signifi-
cant increases in the expression levels of key os-
teogenic marker genes (osteogenic transcription
factor osterix and osteogenic bone proteins os-
teocalcin and bone sialoprotein 2) in response to
cyclic tensile strain (Figure 4). However, dom-
inant negative mutations at Y397 and Y925 sig-
nificantly reduced this effect (bars 1-6 compared
to bars 7-8 and 13-14). The dominant negative
mutation at Y576/577 significantly decreased the
expression levels for all the osteogenic marker
genes in the strained conditions, but only os-
terix was reduced in non-strained cells; Y397 and
Y925 mutants reduced this gene expression fur-
ther (bars 1-6 compared to bars 11-12). The dom-
inant negative mutation at Y861 yielded no sig-
nificant change in osteogenic gene expression in
either strained or unstrained cells (bars 1-6, 9 and
10). The primers used are listed in Table 1 and
GAPDH was amplified as a loading control.

3.5 Dominant negative FAK mutations inhibit
cyclic tensile strain-induced increases in
matrix mineralization in hMSC plated on
COL-I

Uninfected hMSCs and those infected with the
blank NEO vector or WT FAK, showed signifi-
cant increases in matrix mineralization when ex-
posed to strain (Figure 5). However, dominant
negative mutations at Y397 and Y925 signifi-
cantly inhibited this effect (bars 1-6 compared to
7-8 and 13-14). The dominant negative muta-
tion at Y576/577 significantly decreased the ma-
trix mineralization in the strained conditions, but
to a lesser extent than that observed with the Y397
and Y925 mutants, and had no effect in unstrained
cells (bars 1-6 compared to 11-12). The dominant
negative mutation at Y861 had no significant ef-
fects on mineralization under any condition (bars
1-6 compared to 9-10). Figure 5 panels B-D show
representative FTIR spectra for uninfected hM-
SCs, cells expressing the Y925 mutant, and cells

expressing the Y397 mutant and exposed to strain,
respectively. Note the large phosphate peak rela-
tive to the Amide I peak in the spectrum for the
uninfected hMSCs (Panel B), as compared to that
of the cells expressing FAK mutants (Panels C
and D).

The circle in Figure 5, panel B, represents the
nu4 region (500-650 cm-1), which indicates the
quality of the hydroxyapatite crystals. A sharp,
defined peak in this region indicates a relatively
high level of crystallinity in the sample, whereas a
broad spectral curve, without a peak, indicates the
hydroxyapatite is poorly crystalline (24). Note the
defined peak in the spectrum for the uninfected
hMSCs (Panel B), as compared to that of cells ex-
pressing FAK mutants (Panels C and D).

4 Discussion

While the importance of mechanical forces in
bone formation and maintenance are well estab-
lished (25-31), the molecular mechanisms con-
trolling osteogenesis in response to mechanical
strain are largely unknown. Yet osteoblasts and
their precursors, hMSC, are clearly responsive to
mechanical strain. For example, application of
biaxial strain to a flexible, two-dimensional sub-
strate enhances the effect of osteogenic differenti-
ation of these cells when they are cultured in me-
dia containing soluble osteogenic stimulants (dex-
amethazone, beta-glycerol phosphate) (14). In a
three dimensional matrix composed of collagen I
and fibrin, application of cyclic tensile strain to
hMSC induces transient expression of two mark-
ers of vascular smooth muscle (alpha-actin and
SM22) (32, 33). Similar effects have been ob-
served for chondrogenic differentiation of these
cells as well (34, 35).

Bones experience a variety of mechanical forces,
such that it is nearly impossible to model the com-
plete strain profile for any given bone with an in
vitro cell culture system. Accordingly, in vitro
tensile strain regimens for primary osteoblasts or
osteoblast-like cell lines vary greatly, from 0.1%
to 18% over a duration of 15 minutes to 21 days
(21, 22, 36). To best represent the intermittent
daily mechanical forces exerted on bone, all of
our experiments used a cyclic tensile strain fre-
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quency of 0.5 Hz with a sinusoidal curve wave-
form, allowing steady loading and unloading. Ad-
ditionally, the longer term experiments used a
strain regimen of only 2 hours per day in 15 min-
utes blocks. Following the first seven 15 minute
stretching periods were two hour breaks and fol-
lowing the eighth 15 minute stretch was an eight
hour break. These breaks allowed the cells time
to interpret and process the stimulus without the
cyclic tensile strain stress and represent the alter-
nating increased and reduced strains that bones
experience in vivo.

Our work demonstrates that a 3% cell size in-
crease biaxial cyclic tensile strain applied for only
two hours a day to two dimensional cultures of
hMSC plated on collagen I is sufficient to in-
duce osteogenic differentiation in the absence of
any other stimulus (20). Indeed, differentiation
of these cells can be controlled by simply vary-
ing the composition or stiffness of the substrate
supporting them (37, 38). Collectively, these ob-
servations suggest that variations in environmen-
tal factors (e.g., soluble stimulants, 2D vs 3D sub-
strates, composition/stiffness of supporting matri-
ces) may help fine tune the response of these cells
to tensile strain and yield different differentiated
phenotypes.

Because they form structural links between the
extracellular environment and the cytoskeleton,
the integrins and their associated cytosolic pro-
teins are attractive candidates for translating ex-
tracellular cues into specific cellular responses.
A considerable body of work has clearly estab-
lished that integrin-associated signaling pathways
are capable of transducing information about the
spatial organization, composition, and molecular
constituents of the ECM (reviewed in 25). FAK
lies at the center of the signal transduction ma-
chinery organized around integrin-cytoskeleton
scaffolds, and is itself a multifunctional and
highly discriminatory signaling protein. In addi-
tion to its role in controlling cell growth and mi-
gration on ECM (7) and through cell monolayers
(39), FAK is also sensitive to mechanical strain
(21, 40, 41) and contributes to cellular differen-
tiation in a number of cell types (42-44). We re-
ported that suppression of FAK with siRNA dis-

rupts collagen I- and laminin 5-induced differenti-
ation of hMSC in static cultures, suggesting FAK
is sensitive to ECM composition in these cells (1,
3). FAK is also reported to control survival in
fully differentiated osteoblasts, implying it main-
tains an important regulatory role in both hMSC
and their differentiated progeny. In mice engi-
neered for targeted deletion of the FAK gene in
osteoblasts, the absence of FAK is compensated
for by its closely related kinase, pyk2 (45).

Due to its high number of phosphorylation sites
(5), FAK is able to regulate a large number
of complex downstream signaling events. Ulti-
mately, each one of these events can be traced
back to a specific phosphorylation site on FAK.
Thus, as a first step towards uncovering the sig-
naling machinery linking FAK to hMSC differen-
tiation, we elected to use the strategy employed
for mapping cellular migration signaling to spe-
cific FAK residues: Mapping FAK phosphoryla-
tion using phosphospecific antibodies, then over-
expressing dominant negative point mutants at
these residues. Cyclic tensile strain resulted in
increased levels of FAK phosphorylation in unin-
fected hMSCs, as well as those infected with the
blank NEO vector or WT FAK, at Y397, Y925,
and Y576/7, but not at Y861. This indicates that
our stimulus does not activate the signaling path-
ways emanating from the Y861 residue.

Interestingly, increasing the expression levels of
WT FAK via infection with the WT FAK vector
induced only a slight increase of phosphorylation
at Y576/7 but otherwise had no impact on FAK
phoshorylation levels. This suggests that the ac-
tivation of FAK, rather than the total amount of
the FAK protein, is the limiting factor in the FAK
signaling response to strain in these cells.

While each of the point mutations decreased
FAK phosphorylation at their targeted residues,
the Y397 point mutation resulted in consider-
able decreases in FAK phosphorylation at all the
residues, and the Y576/7 point mutation yielded
moderate decreases in FAK phosphorylation at
other residues. Because Y397 phosphorylation
is required for subsequent phosphorylation of the
other residues, it is not surprising that the Y397
mutant impacts phosphorylation at these sites.
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This fact raises one ambiguity, however: is the re-
duced osteogenic differentiation associated with
the Y397F mutant due to specific signaling asso-
ciated with this residue, or due to the resulting re-
duction in phosphorylation of Y576/7 and Y925
in these cells? Because the Y576/7F and Y925F
mutants induced reductions in FAK phosphoryla-
tion or osteogenic gene expression that were es-
sentially the same as that induced by the Y397F
mutant, we believe that these results implicate
Y576/7 and Y925 as the primary sources of os-
teogenic signaling in hMSC.

Regardless of which of these residues are pri-
marily responsible for osteogenic signaling, our
data strongly suggest that ERK 1/2 is the down-
stream target of FAK in this pathway. In other
cell types, ERK activation is linked to all three
of the phosphorylation sites we have identified
as pro-osteogenic in hMSC, through slightly dif-
ferent pathways (7). In addition, ERK translo-
cates to the nucleus in response to tensile strain in
vivo (46) and mediates osteogenic differentiation
of hMSC in vitro (20). In the nucleus, ERK1/2
phopshorylates and activates two key osteogenic
transcription factors (15, 47).

The ultimate product of this osteogenic signal-
ing is deposition of calcium phosphate crystals
in the extracellular matrix, aka matrix mineral-
ization. Matrix mineralization is the hallmark in-
dicator of osteogenesis, both in vivo and in vitro
(48, 49). Currently, the most sensitive and accu-
rate method for measuring matrix mineralization
levels is Fourier transform infrared (FTIR) analy-
sis. This expresses the mineral content as a spec-
trally derived mineral-to-matrix ratio (24, 50) cal-
culated by dividing the spectral area of the phos-
phate absorbance peak (900-1200 cm−1) to the
spectral area of the protein amide I absorbance
peak (1585-1720 cm−1). The FTIR spectrum
can also indicate the quality of the hydroxyapatite
crystallinity. Our Y397 and Y925 point mutants
induced significantly decreased matrix mineral-
ization levels, in both the strained and unstrained
conditions, as compared to the no virus, NEO,
and wild type control conditions. The Y576/7
point mutant also induced a significant, though
slightly smaller, decrease in matrix mineralization

in the strained cells, and had no effect in the un-
strained cells. That the Y576/7 point mutation
was preferentially effective in strained cells indi-
cates that the signaling emanating from these ty-
rosine residues, which are located in FAK’s kinase
domain, may be especially responsive to a cyclic
tensile strain/COL-I stimulus.

During periods of rapid bone formation, the first
hydroxyapatite precipitate is poorly crystalline
along a disordered collagen network. This is later
resorbed and replaced with more organized colla-
gen fibers and a higher quality crystalline hydrox-
yapatite, leading to stronger bone tissue. Compar-
ing the FTIR spectra allows one to measure rel-
ative levels of hydroxyapatite crystallinity. The
sharper peak in the nu4 region (500-650 cm-1)
of the no virus spectrum, as compared to that of
the Y925F and Y397F spectra, shows that both of
these point mutations led to decreased crystalline
size and structure quality, indicative of a weaker
bone phenotype.

Collectively, our results suggest that FAK is a crit-
ical decision making protein during osteogenic
differentiation induced by cyclic tensile strain ap-
plied to a COL-I substrate. Specifically, pro-
osteogenic FAK signaling appears to emanate pri-
marily from the Y397 and Y925 phosphorylation
sites and secondarily through the Y576/7 residue,
but not from the Y861 residue, and these target
ERK1/2, leading to increased osteogenic expres-
sion and matrix mineralization.
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Abbreviations

BSP-2 Bone sialoprotein-2 protein
COL-I collagen-I
ERK extracellular-related kinase
FAK focal adhesion kinase
FTIR Fourier transform infrared
GAPDH glyceraldehyde-3-phosphate
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dehydrogenase

hMSC human mesenchymal stem cells
MEK1 MAPK kinase
NEO NEO blank vector infected hMSCs
NoV Uninfected hMSCs
OP Osteopontin protein
OSX Osterix transcription factor
pERK phosphorylated ERK
pFAK phosphorylated FAK
qRT-PCR quantitative real-time reverse trans-

criptase-polymerase chain reaction

RT-PCR reverse transcriptase-polymerase
chain reaction

WT hMSCs infected with wild type FAK
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