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Epigenetic Changes During
Mechanically Induced
Osteogenic Lineage
Commitment
Osteogenic lineage commitment is often evaluated by analyzing gene expression. How-
ever, many genes are transiently expressed during differentiation. The availability of
genes for expression is influenced by epigenetic state, which affects the heterochromatin
structure. DNA methylation, a form of epigenetic regulation, is stable and heritable.
Therefore, analyzing methylation status may be less temporally dependent and more
informative for evaluating lineage commitment. Here we analyzed the effect of mechani-
cal stimulation on osteogenic differentiation by applying fluid shear stress for 24 hr to
osteocytes and then applying the osteocyte-conditioned medium (CM) to progenitor cells.
We analyzed gene expression and changes in DNA methylation after 24 hr of exposure to
the CM using quantitative real-time polymerase chain reaction and bisulfite sequencing.
With fluid shear stress stimulation, methylation decreased for both adipogenic and osteo-
genic markers, which typically increases availability of genes for expression. After only
24 hr of exposure to CM, we also observed increases in expression of later osteogenic
markers that are typically observed to increase after seven days or more with biochemi-
cal induction. However, we observed a decrease or no change in early osteogenic
markers and decreases in adipogenic gene expression. Treatment of a demethylating
agent produced an increase in all genes. The results indicate that fluid shear stress stimu-
lation rapidly promotes the availability of genes for expression, but also specifically
increases gene expression of later osteogenic markers. [DOI: 10.1115/1.4029551]
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Introduction

Osteogenic lineage commitment of progenitor cells requires a
sequence of concerted gene expressions. While the expression of
early markers may be transient during the process of differentia-
tion, a hallmark of maturity is the constant expression of late
markers [1]. The epigenetic state of a cell, which affects hetero-
chromatin architecture but does not change the sequence of deox-
yribonucleic acid (DNA), can impact gene accessibility. Although
many factors regulate gene expression, including biochemical sig-
nals and transcription factors, for a gene to be consistently
expressed, it must first be accessible for binding by the transcrip-
tion machinery.

Epigenetic regulation can include various modifications of his-
tones, which can either increase or decrease binding to DNA,
thereby influencing heterochromatin structure. Another form of
epigenetic regulation is methylation of cytosines in CpG dinucleo-
tides, where a cytosine is followed by a guanine on the same back-
bone. In contrast to histone modifications, methylation directly
modifies DNA. Methylation of CpG dinucleotides can enhance
binding to histones contributing to a more condensed chromatin,
which is inhibitive toward transcription, and can also prevent
binding of specific transcription factors, resulting in a general
decrease in gene expression [2–6]. Methyl groups on CpG dinu-
cleotides in the gene regulatory region have been documented to
contribute to gene silencing [7].

Methylation is durable and can produce persistent changes in
gene expression. It is also heritable, and the pattern is passed

onto daughter cells during division. Differentiated cells have a
unique phenotype compared to progenitor cells, and this is due
to altered gene expression. Altered methylation facilitates the
passing of the phenotypic state from a progenitor cell to its off-
spring as it enables the expression of genes characteristic of a
lineage as well as prevents expression of genes for other line-
ages. Therefore, methylation may be more informative of the
state of differentiation than gene expression alone, which may
be transient [8–10].

Biophysical signals are a potent factor influencing osteogenic
lineage commitment of mesenchymal stem cells (MSCs).
Mechanical loading of bones is well known to result in increased
osteogenesis. The role of stem cells in this process has been
proposed to be proliferation and migration to the bone surface,
followed by osteogenic differentiation [11,12]. Direct mechanical
stimulation of MSCs in vitro demonstrates they are capable of
sensing mechanical signals and committing to the osteogenic line-
age [13,14]. Furthermore, mechanical stimulation in the form of
fluid shear stress has been shown to upregulate both early [15] and
late [16–18] osteogenesis.

Arnsdorf et al. previously demonstrated that mechanical stimu-
lation resulted in a decrease in methylation at a single CpG site in
the osteopontin (OPN) gene and a corresponding increase in gene
expression [19]. Similar changes in methylation and gene expres-
sion were also observed with biochemical differentiation. In con-
trast, gene expression and methylation of osteocalcin (OCN) were
not found to be responsive to mechanical stimulation, even though
application of biochemical stimulation did promote a significant
increase in gene expression. This suggests that biochemical and
mechanical stimulation promote lineage commitment through
different mechanisms, and these mechanisms may be gene-
dependent. However, a limitation of that study is methylation was
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only evaluated at a single CpG site, and it is possible that methyla-
tion changes occurred at other sites.

Another mechanism by which stem cells may be induced to
commit to the osteogenic lineage is through paracrine signaling.
Osteocytes are embedded within the mineralized bone matrix and
can signal other osteocytes and cells on the bone surface through
dendrites. Osteocytes have also been implicated in sensing
changes in mechanical strain, and transmitting signals to initiate
mechanically induced modeling [20]. Mechanical loading may be
detected by osteocytes, which then produce signals that are sensed
by stem cells. These signals then promote stem cell migration to
the bone surface and osteogenic differentiation. Indeed, direct
mechanical stimulation has previously been demonstrated to be
sensed by osteoblasts and osteocytes, resulting in changes in gene
expression [21–24]. In a study by Hoey et al., when osteocytes
were subjected to mechanical stimulation, paracrine signals were
released that influenced stem cell osteogenic lineage commitment
[25]. Osteocytes were subjected to fluid shear stress, and medium
was then collected. This CM was applied to MSCs, and induced
an increase in expression of Cox-2, an early osteogenic marker,
and OPN. Surprisingly though, there was no change in Runx2
expression, which is an early osteogenic transcription factor.
Thus, if genes regulated by Runx2 are changing expression levels
without changes in Runx2, perhaps an altered methylation state is
involved, and could provide a better indication of lineage
commitment.

This CM model produced a robust induction of gene expres-
sion, and was used in this study to analyze the effect of mechani-
cal stimulation on methylation. In this study, we used bisulfite
sequencing to analyze methylation levels over the landscape of
the regulatory regions of multiple genes. We found that methyla-
tion levels were indeed decreased for later osteogenic markers,
indicating the potential for lineage commitment.

Methods and Materials

Cell Culture. MLO-Y4 osteocyte-like murine cells (gift from
Lynda Bonewald, University of Missouri) were maintained using
Minimum Essential Medium a (Life Technologies, Grand Island,
NY) supplemented with 5% fetal bovine serum (GE Healthcare
Life Sciences, Logan, UT), 5% fetal calf serum (GE Healthcare
Life Sciences) and 1% penicillin–streptomycin (Life Technolo-
gies). C3H10T1/2 mesenchymal progenitor cells were maintained
in growth medium consisting of Dulbecco’s Modified Eagle
Medium low glucose (Life Technologies) supplemented with 10%
fetal bovine serum (GE Healthcare Life Sciences) and 1% penicil-
lin–streptomycin (Life Technologies).

MLO-Y4 cells were seeded at 4000 cells/cm2 on type I
collagen-coated (BD Biosciences, San Jose, CA) flasks. Medium
was changed 48 hr following seeding and cells remained static or
were mechanically stimulated through application of fluid shear
stress (described below) for 24 hr. Osteocyte CM was then col-
lected by pooling media from five flasks for each condition.
C3H10T1/2 murine cells (ATCC, Manassas, VA) were seeded at
1000 cells/cm2� on tissue culture polystyrene dishes and
maintained in Dulbecco’s Modified Eagle Medium low glucose,
supplemented with 10% fetal bovine serum and 1% penicillin–
streptomycin for 48 hr. Six dishes of C3H10T1/2 cells were then
treated with CM from either fluid shear stress stimulated or static
MLO-Y4 cells for 24 hr. Ribonucleic acid (RNA) was then iso-
lated separately from three dishes of C3H10T1/2 cells after 24 hr
of CM treatment (n¼ 3) and DNA was isolated from the remain-
ing three dishes (n¼ 1).

To investigate the effects of adding a demethylating agent,
5-Aza-20-deoxycytidine (5-Aza-dC, Sigma, St. Louis, MO) was
added to C3H10T1/2 growth medium to a final concentration of
10 lM. C3H10T1/2 cells seeded at 1000 cells/cm2 on tissue cul-
ture polystyrene dishes were treated with growth medium contain-
ing 5-Aza-dC for 72 hr before RNA isolation. Control cells were

treated with growth medium for 72 hr before RNA isolation.
Four dishes of cells were used for 5-Aza-dC treatment and for
controls and RNA was isolated separately from each dish (n¼ 4).
Cells used for analyzing the effects of 5-Aza-dC were not exposed
to CM.

Application of Fluid Shear Stress to MLO-Y4 Osteocyte-
Like Cells. Rectangular flasks (82� 92 mm; 10 ml media) con-
taining MLO-Y4 cells at approximately 80% confluence were
placed on a rocking platform. The platform oscillated at a fre-
quency of 0.5 Hz with an amplitude of 1.5 cm for 24 hr. This
system has previously been used to apply dynamic fluid flow to
osteocytes [25], and has been shown to generate fluid flow
induced shear stress across a layer of cells that may be similar to
that experienced by osteocytes within the lacuna–canalicular net-
work in bones [26]. Another benefit of this system was that solu-
ble factors were not diluted, making this approach suitable for
studying the effect of paracrine signaling from mechanically
stimulated cells on the lineage commitment of progenitor cells.

RNA Isolation and Real-Time Quantitative Polymerase
Chain Reaction (PCR). Tri Reagent (Sigma) was used to extract
RNA from C3H10T1/2 cells. cDNA was then synthesized from
extracted RNA using the Taqman reverse transcription kit (Life
Technologies). Real-time quantitative PCR was then performed
on cDNA samples using Taqman PCR Master Mix on an ABI
Prism 7900HT sequence detection system (Life Technologies).
Primers and probes for Glyceraldehyde 3-phosphate dehydrogen-
ase (GAPDH), Runx2, Dlx5, Osterix (OSX), OPN, OCN, PPARc,
fatty acid binding protein 4 (FABP4), and lipoprotein lipase
(LPL) were obtained from Applied Biosystems (Life Technolo-
gies). Amplification curves for all genes investigated were
recorded and relative gene levels between samples were quantified
using the relative standard curve method. All samples were nor-
malized to endogenous control GAPDH levels. All samples and
standards were run in triplicate.

DNA Isolation and Bisulfite Treatment. Cells were lifted and
pelleted, and DNA was extracted using the DNeasy Tissue Kit
(Qiagen, Germantown, MD). DNA was eluted in 100 ll of AE
buffer (10 mM Tris-Cl, 0.5 mM EDTA, pH 9.0), and the concen-
tration was measured using an ND-1000 Spectrometer (Thermo,
Wilmington, DE). 1 lg of DNA was bisulfite treated using the EZ
DNA Methylation kit (Zymo, Irvine, CA) to convert nonmethy-
lated cytosines to uracils. 5 ll of M-dilution buffer was added to
DNA. Water was added to adjust to 50 ll total volume, and the
reaction was incubated at 42 �C for 25 min. After incubation,
100 ll of CT conversion reagent was added, and DNA samples
were incubated at 50 �C for 15 hr protected from light. The result-
ing bisulfite-treated DNA was purified and eluted in 20 ll of
M-elution buffer.

Primer Design and Bisulfite Specific PCR. METHPRIMER [27]
was used to design primers (Table 1), which were specific for
bisulfite converted DNA strands with no CpG dinucleotides in the
original sequences to amplify each gene of interest. TaKaRa LA
Taq Hot Start PCR Kit (Takara Bio Inc., Shiga, Japan) was used
for bisulfite specific PCR amplifications with 30 ng of bisulfite
treated DNA. The PCR regimen was as follows: 95 �C for 1 min,
35 cycles of denaturing (94 �C for 30 s), annealing (various tem-
peratures for 30 s), and elongation (72 �C for 1 min), followed by
72 �C for 10 min. Annealing temperatures were varied depending
on the target as follows: Runx2 at 60 �C, OSX at 63 �C, Dlx5 at
57 �C, OPN500 at 53, OPN-1000 at 57, OCN-500 at 58 �C, OCN-
1500 at 57 �C, PPARc at 53 �C, FABP4 and LPL at 57 �C.
OPN500 was repeated for 38 cycles instead of 35 cycles. Specific
amplification was confirmed by performing agarose gel electro-
phoresis and verifying a single band at 700 base pairs.
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Bisulfite Specific Sequencing. The TOPO TA Cloning Kit for
Sequencing (Life Technologies) was used to clone bisulfite
specific PCR products into plasmid vectors (pCR4-TOPO) for
sequencing. The TOPO cloning reaction was performed by adding
4 ll of fresh bisulfite specific PCR product to 1 ll of salt solution
(200 mM NaCl, 10 mM MgCl2), and 1 ll of pCR4-TOPO vector
and incubating for 10 min at room temperature. 2 ll of the TOPO
cloning reaction was added to DH5a-T1 Competent E. coli (Life
Technologies), and incubated on ice for 10 min. Cells were heat-
shocked for 30 s at 42 �C and immediately transferred to ice.
About 250 ll of super optimal broth with catabolite repression
(Life Technologies) was added and the vial of cells was shaken
horizontally (200 rpm) on an orbital shaker at 37 �C for 1 hr.
10–50 ll from each transformation was spread on selective
Luria-Bertani agar (Life Technologies) plates containing 50 lg/ml
kanamycin (Life Technologies) and 50 lg/ml ampicillin (Life
Technologies) and incubated overnight at 37 �C. Plasmid DNA
from at least 10 unique colonies per group was prepared and
sequenced (GENEWIZ, Inc., South Plainfield, NJ) using T7 or T3
universal primers.

Data Analysis. Data are expressed as mean 6 standard error
(SE). Gene expression levels were normalized against
GAPDH mRNA assayed in the same tube. Unpaired t-tests with
Welch’s correction were used to compare cells receiving static or
fluid flow CM (n¼ 3 each for static or fluid flow CM) and to
compare control to 5-Aza-dC treated cells (n¼ 4 each for control
or 5-Aza-dC treatment).

Sequences for at least 10 colonies for each gene target were an-
alyzed. Uracils from bisulfite treatment were converted to thy-
mines through bisulfite specific PCR, and thymine reads at CpG
sites indicated nonmethylated cytosines, whereas cytosine reads at
CpG sites indicated methylated cytosines. Methylation level for
each CpG site was calculated as a percentage of reads that were
cytosines. Individual values for methylation levels for each CpG
site were then used to calculate the mean total methylation level
for each gene. Paired t-tests were used to compare methylation
levels with a¼ 0.05. Statistical tests were performed using
GRAPHPAD PRISM (GraphPad Software, La Jolla, CA).

Results

Chemically Induced Demethylation Results in a General
Increase in MSC Gene Expression. After application of the
demethylating agent, 50-deoxyazacytidine (5-AZA-dC) for 72 hr,
increase in expression of both osteogenic and adipogenic markers
was observed (Fig. 1). Statistically significant increases in

expression were measured for the osteogenic markers OPN
(p< 0.01), OCN (p< 0.001), and Dlx5 (p< 0.01), as well as for
adipogenic markers LPL (p< 0.01), FABP4 (p< 0.001), and
PPARc (p< 0.001). mRNA levels were increased by 3.0 6 0.03-
fold for OPN, 10.8 6 1.4-fold for OCN, 1.7 6 0.03-fold for Dlx5,
2.5 6 0.07-fold for LPL, 2.1 6 0.03-fold for FABP4, and
1.4 6 0.006-fold for PPARc.

Fluid Shear Stress Stimulation Affects mRNA Levels of
Osteogenic Markers in MSCs. Gene expression was analyzed
by measuring mRNA levels of multiple osteogenic markers.
MSCs receiving CM from fluid shear stress stimulated osteocytes
had different mRNA levels from MSCs receiving CM from static
osteocytes (Fig. 2). A decrease in expression was observed with
fluid shear stress stimulated medium for early osteogenic markers
Runx2 (p< 0.05) and Dlx5 (p< 0.05). For later osteogenic
markers, increases in expression for fluid shear stress stimulated
CM compared to static CM were observed. Increases of
4.0 6 0.02-fold for OSX, 2.7 6 0.03-fold for OPN, and
28.2 6 0.7-fold for OCN, statistically significant increases
(p< 0.01, p< 0.001, and p< 0.01, respectively), were observed.
In contrast, expression of adipogenic genes was decreased for
PPARc by 30 6 0.1% (p< 0.01) and for FABP4 by 70 6 0.05%
(p< 0.0001). A decrease of 90 6 0.5% was also measured for
LPL. However, this was not statistically significant.

Methylation Levels for Osteogenic Markers After
Treatment With Static or Flow CM. Methylation profiles of the
osteogenic markers described above were analyzed. The percent
methylation at CpG sites varied across the target area of the gene
of interest, but in general cells receiving flow CM exhibited a
decrease in methylation at a majority of sites for most of the
markers evaluated compared to cells receiving static CM
(Figs. 3(a)–3(e)). After receiving CM from osteocytes subjected
to fluid flow, a statistically significant decrease in methylation in
MSCs was observed for Dlx5 (Fig. 3(b)), Osx (Fig. 3(c)), OPN
(Fig. 3(d)), and OCN (Fig. 3(e)) compared to MSCs receiving
static CM. No change was measured for the early transcription
factor Runx2.

CpG sites in the Runx2 promoter and gene were highly methyl-
ated with an average of 90 6 4% methylation across all sites.
After flow, despite a significant decrease in mRNA expression
level, no significant difference in methylation was observed. Dlx5
mRNA expression decreased after treatment with flow CM com-
pared to treatment with static CM. However, methylation levels
showed a slight but statistically significant decrease of 17 6 4%

Table 1 Primer sequences for bisulfite specific PCR

Gene target Forward primer Reverse primer

Runx2 50-GGA AGG AGA GAT AGA GGA ATA TTT ATA AGT-30 Reverse: 50- ACC CCA AAA AAA ACT TTA CTA ACA C-30

Osterix 50-TGT TTT AGT TTT TTT GTG TGA GTG T-30 50-AAA ATC CAC CCT CTA ATT ACA ACT TTC C-30

Dlx5 50-TAA TGG GGG ATG TTA TAG AAT TTA AAT TTA-30 50-CAA TCC CAA AAC CTA ACT CC-30

OPN (500 base pairs
after transcription
start site)

50-TTT TTA GAA AAT TGT TTT ATT TTA AAA GAG-30 50-AAC AAA TCA CTA CCA ATC TCA TAA TC-30

OPN (1000 base pairs
prior to transcription
start site)

50-GTT GTT TTA ATA GAG TAA TAA GGT TTA-30 50-CAT AAA ATT TTT ACC ACT ACC C-30

OCN (500 base pairs
prior to transcription
start site)

50-TTT TTT TGG GGT TTG GTT TT-30 50-TAA TTA ATT CTA TTT CCT CCC TAT TAT CTC-30

OCN (1500 base pairs
prior to transcription
start site)

50-AGA AAG AAA GAA TAT AAA TAA GTG AGA TGT-30 50-AAC CAA ACC CCA AAA AAA A-30

PPARc 50-TTT AAG AAA AAT TTT GGT TAA ATA-30 50-AAA TTC TAA ATA CAT TTA TAA ATA ATC ACC-30

FABP4 50-GTG TGA TGT TTT TGT GGG AAT TTG-30 50-TAC ATA CCC TAC TTT CCT TCT AAA TTA CTC-30

LPL 50-AAA TTT AGG ATA GTT TAA AAT GTT TGA TTA-30 50-CAA TTA CAA AAA ACA AAA TTC CTC-30
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on average over all sites evaluated. In contrast, OSX methylation
levels in cells treated with static CM averaged 50 6 7% across all
CpG sites evaluated in the promoter and gene. Treatment with
flow CM resulted in a significant decrease in methylation levels
with an average decrease of 32 6 6% compared to cells receiving
static CM. Nearly all CpG sites had a decrease after flow CM,
with only one site showing a slight increase of 13%. In addition, 8
out of 16 sites with a decrease had a decrease of greater than 30%.

Methylation of extracellular matrix coding genes decreased
with flow CM treatment. For OPN, cells treated with static CM
had a methylation level of 63 6 7% while cells treated with flow
CM exhibited a decrease in methylation to 43 6 7%. Methylation
levels for individual CpG sites in cells treated with static CM also
ranged widely from 0% to 100%. With flow CM treatment, 11 out
of 15 sites evaluated showed a decrease in methylation, one had
no change, while three had an increase. Furthermore, 5 out of the
11 sites with a decrease had a decrease of greater than 30%. For
OCN, methylation levels were slightly decreased with flow CM
(58 6 8%) compared to static CM (68 6 9%). Methylation levels
of individual CpG sites also ranged widely from 0% to 100% for
cells treated with static CM, with an average decrease of 10 6 4%
for most sites after flow CM treatment.

Methylation Levels for Adipogenic Markers After
Treatment With Static or Flow CM. The application of flow
CM also induced changes in methylation levels for markers in the
adipogenic lineage (Figs. 3(f)–3(h)). For the transcription factor
PPARc, despite exhibiting a decrease in gene expression with
flow CM, no significant change in average methylation level was
observed (Fig. 3(f)). For the later adipogenic markers FABP4 and
LPL methylation decreased in response to flow CM compared to
static CM from 69 6 5% to 54 6 3% and from 48 6 7% to
24 6 5%, respectively (Figs. 3(g) and 3(h)). For FABP4 the
majority of CpG sites (9 out of 12) showed a decrease in methyla-
tion with 5 out of 12 sites exhibiting at least a 25% decrease. Sim-
ilarly for LPL all CpG sites experienced a decrease in methylation
with 11 out of 15 sites exhibiting at least a 20% decrease.

Discussion

We observed a decrease in methylation in response to treatment
with CM from fluid shear stress stimulated osteocytes compared
to CM from static osteocytes. Interestingly, although methylation
decreased for both adipogenic and osteogenic genes, only osteo-
genic gene expression increased with flow CM. This is in contrast
to treatment with a demethylating agent, where gene expression

Fig. 1 Gene expression changes after treatment with demethy-
lating agent. mRNA levels for (a) Runx2, (b) Dlx5, (c) OSX, (d)
OPN, (e) OCN, (f) PPARc, (g) FABP4, and (h) LPL (bars indicate
mean 6 SE, n 5 4, **p < 0.01, ***p < 0.001).

Fig. 2 Gene expression changes after treatment with CM from
fluid shear stress stimulated osteocytes. mRNA levels for (a)
Runx2, (b) Dlx5, (c) OSX, (d) OPN, (e) OCN, (f) PPARc, (g)
FABP4, and (h) LPL (bars indicate mean 6 SE, n 5 3, *p < 0.05,
**p < 0.01, ***p < 0.001).
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generally increased for the osteogenic and adipogenic markers
tested. This implies that although a decrease in methylation can
promote an increase in gene expression, other mechanisms must
be involved in specifically inducing mechanically induced osteo-
genic lineage commitment.

Significant changes in methylation and gene expression were
also detected within a short time of applying CM. Within 24 hr of
application of flow CM, an increase in expression of later osteo-
genic markers was measured. In contrast, experiments involving
biochemical induction typically probe for signs of osteogenic dif-
ferentiation after at least 14 days of induction [28,29]. Further-
more, changes in gene expression were only observed after three
days of application of the demethylating reagent. The rapid
change in gene expression and methylation in response to physical
stimulation indicates that physical stimulation may be more potent
than biochemical stimulation for osteogenic differentiation.

In contrast to osteogenic markers, changes in methylation were
not correlated with gene expression for adipogenic markers. A
decrease in methylation may indicate exit from the proliferative
state, and potential for differentiation. However, the methylation
state of later osteogenic markers alone may not be sufficient for

predicting lineage. Rather, in this case, methylation may act via
regulation of late transcription factors. We found that for OSX,
application of flow CM resulted in a significant decrease in meth-
ylation of 32% such that the final methylation level was only
18%, which was the lowest observed of the transcription factors
investigated here. Methylation was also moderate for OSX after
application of static CM at 50%. In comparison, methylation lev-
els of the osteogenic transcription factors Runx2 and Dlx5 were
around 90% with static CM, and decreased 4% and 17%, respec-
tively, with flow CM.

Interestingly, the early transcription factor Runx2 was the only
gene that did not show an increase in expression after treatment
with the demethylating agent. In addition, gene expression
decreased with flow CM while no change in methylation level
occurred. Runx2 was also the most highly methylated gene inves-
tigated here after application of flow CM. Together, these findings
indicate that Runx2 expression is insensitive to methylation. Other
genes associated with early development have also been demon-
strated to have similar relationships to methylation, with active
gene expression despite high levels of methylation [30]. This sug-
gests that while methylation may be correlated with gene accessi-
bility for genes with medium or low levels of methylation, this
relationship does not hold for high levels of methylation. Highly
methylated genes important for early development may be more
resistant to changes in methylation patterns and remain accessible
for transcription.

We found that the relationship between methylation and expres-
sion was altered for adipogenic genes compared to osteogenic
genes. Like the osteogenic markers, treatment with the demethy-
lating agent resulted in increases in PPARc, FABP4, and LPL
gene expression. Interestingly though, after flow CM, decreases in
mRNA levels of PPARc, FABP4, and LPL were observed despite a
decrease in methylation. Although a decrease in methylation may
increase the accessibility of genes for transcription, the decrease in
expression of PPARc may have resulted in a subsequent decrease
in the downstream targets FABP4 [31] and LPL [32,33].

Although we analyzed multiple sites for various lineage
markers, one of the limitations of this study remains the number
of CpG sites evaluated. We primarily analyzed the promoter
regions near the transcription start sites as well as areas immedi-
ately following the transcription start sites. While these areas are
often responsible for controlling gene expression [34], many other
potential regions of gene expression control exist. Nonpromoter
regions such as upstream regions (�1 to �20 kb from transcrip-
tion start site), introns, exons, and intergenic regions have been
demonstrated to bind Runx2 during osteogenic differentiation
[35]. Finally, we were limited to evaluating a few target genes,
but many more genes are expressed during the course of osteo-
genic and adipogenic differentiation. Future studies specifically
analyzing the presence of hydroxymethylcytosine, which has been
proposed to be an intermediate stage for demethylation, could
also provide clarity on methylation state.

Predicting gene expression based on methylation state is com-
plicated because methylation does not necessarily prevent access
to the gene. In particular, some transcription factors or transcrip-
tion binding proteins are enhanced by the presence of methylation.
For example, MeCP2 preferentially binds to methylated regions
[36]. Also, heterochromatin structure will ultimately influence
gene accessibility, and while methylation may result in tight bind-
ing of DNA to histones, high levels of methylation may actually
prevent binding. Furthermore, histone modifications are important
in influencing heterochromatin structure. The scope of this study
was limited to DNA methylation, but future studies involving the
effect of mechanical stimuli on histone modifications could be
informative.

In this study, we showed that mechanical signals potently
stimulated osteogenic lineage commitment of progenitor cells.
Mechanical signals promoted a general rapid decrease in DNA
methylation for osteogenic markers, but increases in gene expres-
sion only occurred for later osteogenic markers despite the early

Fig. 3 CpG methylation levels in cells treated with CM from
static (open circles) or fluid shear stress stimulated (closed
circles) osteocytes. Location of CpG site is shown as number
of base pairs relative to transcription start site (0). Levels for (a)
Runx2, (b) Dlx5, (c) OSX, (d) OPN, (e) OCN, (f) PPARc, (g)
FABP4, and (h) LPL (percentages were calculated from DNA
from at least 10 colonies, n 5 1).
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time point. Lineage markers are transiently expressed during dif-
ferentiation, and conclusions concerning differentiation state of
MSCs are therefore temporally dependent. Analysis of DNA
methylation combined with gene expression is therefore a more
robust method for determining lineage commitment. The field of
epigenetics has been advancing rapidly, creating an increasingly
complex picture of gene regulation. Exciting new tools for analyz-
ing the epigenetic state are constantly being developed, and are
being applied to provide a more complete characterization of the
epigenetic states of various cell types. Rigorous future analyses of
epigenetic state have the potential to elucidate the varying mecha-
nisms responsible for lineage commitment.
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Nomenclature

CM ¼ conditioned medium
DNA ¼ deoxyribonucleic acid

FABP4 ¼ fatty acid binding protein 4
GAPDH ¼ glyceraldehyde 3-phosphate dehydrogenase

LPL ¼ lipoprotein lipase
MSC ¼ mesenchymal stem cell
OCN ¼ osteocalcin
OPN ¼ osteopontin
OSX ¼ osterix
PCR ¼ polymerase chain reaction
RNA ¼ ribonucleic acid

5-Aza-dC ¼ 50-deoxyazacytidine
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