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ABSTRACT. Objective. Patients carrying an ABCB1 polymorphism have a higher risk of developing

osteonecrosis of the femoral head (ONFH). We investigated whether aberrant dinucleotide CpG
islands’ hypermethylation of ABCB1 gene existed in mesenchymal stem cells (MSC) of patients
with ONFH, which results in cell dysfunction.

Methods. Bone marrow was collected from the proximal femur of patients with glucocorticoid
(GC)-associated ONFH (n = 22) and patients with new femoral neck fractures (n = 25). MSC were
isolated by density gradient centrifugation. We investigated cell viability, intracellular reactive
oxygen species (ROS) level, mitochondrial membrane potential (MMP), the amount of P-glyco-
protein (P-gp) and ABCBI1 transcripts, and methylation at CpG islands of ABCB1 promoter from
both the femoral neck fractures group and the GC-associated ONFH group treated with or without
the DNA methyltransferase inhibitor, 5’-Aza-2-deoxycytidine (5’-Aza-dC).

Results. We observed that MSC from GC-associated ONFH groups showed reduced proliferation
ability, elevated ROS levels, and depressed MMP when compared with the other 2 groups. Low
levels of P-gp and ABCBI1 transcript, as well as ABCB1 gene hypermethylation, in patients with
GC-associated ONFH were also noted. Treatment with 5°-Aza-dC rapidly restored ABCBI
expression. Analysis of general expression revealed that aberrant CpG islands’ hypermethylation of
ABCBI caused sensitivity to GC and induced changes in the proliferation and oxidative stress of
MSC under GC administration.

Conclusion. These data suggest that aberrant CpG islands’ hypermethylation of ABCB1 gene may
be responsible for individual differences in the development of GC-associated ONFH. (First

Release Sept 15 2013; J Rheumatol 2013;40:1913-20; doi:10.3899/jrheum.130191)
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Nontraumatic osteonecrosis of the femoral head (ONFH) is
considered to be part of a multifactorial, heterogeneous
group of disorders that lead to a common pathway and
mechanical failure of the femoral head during later
stages'?3. In China, glucocorticoid (GC)-induced ONFH
ranks first among the known risk factors for nontraumatic
ONFH, because GC is widely used in daily clinical practice.
Steroids are administered in large doses or on a longterm
basis to patients with collagen diseases such as systemic
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lupus erythematosus (SLE), rheumatoid arthritis (RA),
asthma, and after organ transplants. Opportunities to treat
these diseases are increasing; accordingly, it is predicted that
the incidence of GC-induced ONFH will also increase. In
spite of many studies since this condition was first described
by Pietrogrande and Mastomarino®, the exact pathogenesis
of femoral head osteonecrosis related to GC remains
uncertain.

There are several alternative mechanisms responsible for
GC-induced ONFH, such as fat embolisation’, intra-
medullary pressure changes®, modified artery constric-
tion”®, circulatory impairment®, coagulation disorders!?,
and cell dysfunction'!-12.13_ However, none can explain the
underlying mechanism alone. Because the same protocol for
steroid administration induces ONFH in some patients,
individual differences in steroid sensitivity may exist.

Epigenetics, as an effective method to study the interplay
between environmental signals and the genome, have
received a great deal of attention recently. Epigenetic
mechanisms play crucial roles in the control of gene activity
and nuclear architecture'*. The most widely studied
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epigenetic modification in humans is the cytosine methyl-
ation of DNA within the dinucleotide CpG. Emerging
evidence shows that epigenetics may be a candidate
mechanism for individual differences!>.

P-glycoprotein (P-gp), encoded by ABCBI, plays an
important role in absorption and distribution of drugs and
can protect normal cells or tissues from hazards. As a
member of the adenosine triphosphate-binding cassette
transporter super-family, P-gp can transport substrates from
the inside to the outside of cells using adenosine triphos-
phate as an energy source. Glucocorticoid, orally adminis-
tered to patients, was shown to be a substrate for P-gp!©.
Studies have found that P-gp is closely related to the devel-
opment of steroid-induced ONFH!”. In particular, increased
P-gp activity was found to be a statistically relevant marker
for low risk of developing steroid-induced ONFH!3,

Mesenchymal stem cells (MSC), one of the multipotent
stem cells, were originally identified in adult bone
marrow!®. They can proliferate and differentiate into
multiple mesodermal lineages such as osteoblasts??, cardio-
cytes?!, chondrocytes?>23, and adipocytes?*. In the
GC-induced ONFH, the decreased number and hypopro-
liferative activity of MSC of the femoral head, neck, and
metaphysis is responsible for the poor self-repair and bad
prognosis. MSC dysfunction is considered a principal
mechanism in the development of ONFH.

In our study, we focused on the transport protein P-gp in
MSC and investigated whether aberrant CpG islands’ hyper-
methylation of ABCB1 was involved in the development of
GC-induced ONFH. Further, we examined methylation at
CpG islands of ABCB1 using bisulfite sequencing and inves-
tigated whether demethylation of ABCB1 would improve
cell viability and oxidative stress status. We attempted to
confirm that aberrant hypermethylation of ABCB1 is related
to the development of GC-induced ONFH.

MATERIALS AND METHODS

Patients. Our study was approved by the Ethics Committee of Wuhan
Union Hospital, Wuhan, China. Between July 2011 and September 2012,
22 patients (10 men, 12 women; mean age 49.3, range 39-65 yrs) with
GC-induced ONFH were selected at the hospital, and 25 subjects with
femoral neck fractures (15 men and 10 women; mean age 52.3, range 36—68
yrs) were enrolled as controls. Clinical characteristics for all participants are
summarized in Table 1. For GC-induced ONFH, the steroid exposure
threshold is 1800 mg GC or its equivalent over 4 weeks?. After written
informed consent was obtained from patients, bone marrow aspirates (5 ml)
were procured from the proximal end of femur while inserting the tapered
awl into the femoral canal during hip replacement surgery.

Cell culture. Human MSC (hMSC) were isolated from bone marrow
aspirates and cultured, as previously described?®. Adherent cells were
cultured for 12 to 14 days until they attained a confluence > 80%. The cells
were then digested using a solution of 0.25% trypsin and 0.02% EDTA
(Invitrogen), and replated at a 1:2 dilution for the initial subculture. The
hMSC underwent this treatment 3 times before they were collected for
further use. The hMSC used for each experiment were from the bone
marrow aspirates of all patients.

Cell viability measurement. The hMSC were plated in the 96-well plate at

Table 1. Clinical characteristics of the subjects.

Characteristics ONFH,n =22 Controls,n =25 p
Age, yrs 493 +8.6 523 +8.7 0.243
Sex, male/female 10/12 15/10 0.319
Body mass index, kg/m? 25427 243+29 0.180
Hypertension 4 (18.5%) 4 (16.0%) 0.843
Smoker 8 (36.4%) 9 (36.0%) 0.979
Alcoholism 3 (13.6%) 4 (16%) 0.820
GC medication 22 (100%) 2 (8%)

Total cholesterol, mmol/l 547 +0.59 4.86+0.83 0.006
LDL cholesterol, mmol/l 3.30 +£0.37 3.12+0.35 0.120
HDL cholesterol, mmol/l 1.17£0.35 1.26 £0.40 0.394
Triglycerides, mmol/l 1.75 +£0.38 1.60 +0.32 0.178

Data are mean + SD. Statistical significances of differences (p) between
groups were determined by paired Student’s t test (continuous values) and
chi-square test (categorical values). ONFH: osteonecrosis of the femoral
head; GC: glucocorticoid; LDL: low-density lipoprotein; HDL:
high-density lipoprotein.

a density of 2 x 10% cells/well. After adherence to the plate, the initial
defining media were aspirated away and replaced with complete medium
supplemented with 5’-Aza-dC (Sigma-Aldrich) in the treated group. At 24,
48, and 72 h, cell proliferation was assayed by 3-(4, 5-Dimethyl-
thiazol-2-yl)-2, 5-diphenyltetrazolium bromide as per the manufacturer’s
instructions.

Reactive oxygen species (ROS). The intracellular ROS level was measured
by ROS-specific fluorescent probe, 2’,7’-Dichlorofluorescein diacetate
(DCFH-DA; Beyotime Institute of Biotechnology). The collected cells, at
a density of 2 x 10° cells/ml, were resuspended in DCFH-DA and incubated
in the dark at 37°C for 20 min. They were then washed with serum-free
medium 3 times to remove the excessive probes. The mean fluorescence
intensity (MFI) of DCF in different samples was analyzed using flow
cytometry with an excitation wavelength of 488 nm and an emission
wavelength of 525 nm.

Mitochondrial membrane potential (MMP). MMP was determined by
5,57,6,6’-tetrachloro-1,1°,3,3’-tetracthylbenzimidazolycarbocyanine iodide
(JC-1; Beyotime Institute of Biotechnology) staining, according to the
manufacturer’s instructions. Images were collected and analyzed with a
laser scanning confocal microscope (Zeiss LSM 510). The value of MMP
staining from each sample was expressed as ratio of red fluorescence
intensity over green fluorescence intensity.

Detection of P-gp by flow cytometry. Analysis of cell preparations by flow
cytometry (Cytomics FC-500; Beckman Coulter) was carried out using the
P-gp monoclonal antibody conjugated with phycoerythrine (Biolegend). The
cells (5 x 10%) were incubated with the monoclonal antibody under an
ice-cold chamber for 30 min with 1:20 dilution. More than 10,000 events
were acquired and analyzed using computer software (CXP; Beckman
Coulter).

Western blot analyses. Cells were washed twice with ice-cold phosphate
buffered saline, scraped into 0.2 ml of buffer (50 mM Tris with pH 7.4, 150
mM NaCl, 1% Triton X-100, 1% sodium deoxycholate, 0.1% sodium
dodecyl sulfate, and 0.05 mM EDTA), and incubated on ice for 20 min,
followed by centrifugation at 12,000 rpm for 10 min. Protein concentra-
tions were quantified by a BCA Protein Assay kit (Beyotime Institute of
Biotechnology). Afterward, proteins were diluted to equal concentrations,
boiled for 5 min, and separated by electrophoresis on 10% sodium dodecyl
sulfate-polyacrylamide gel electrophoresis, and then blotted onto PVDF
membranes (Milipore), which were probed with P-gp antibody overnight at
4°C. Membranes were incubated with horseradish peroxidase-conjugated
secondary antibodies for 1 h at room temperature (Boster Biosciences).
GAPDH was used to normalize for protein loading.

—| Personal non-commercial use only. The Journal of Rheumatology Copyright © 2013. All rights reserved. |—

1914

The Journal of Rheumatology 2013; 40:11; doi:10.3899/jrheum.130191

Downloaded on April 10, 2024 from www.jrheum.org


http://www.jrheum.org/

Real-time PCR. Total RNA was extracted through standard protocols using
standard commercial kits (TRIZOL Reagent, Invitrogen). Real-time PCR
were performed using SYBR Green Master mix according to the protocols
of the supplier (Invitrogen). The primer sequences are shown in Table 2.
The SYBR Green signal was detected by a real-time PCR machine
(StepOne Real-Time PCR; ABI). The relative levels of transcript
expression were quantified using the AACt method. All real-time PCR were
run in triplicate and gene expression was analyzed (ABI PRISM 7900HT
Sequence Detection System; Applied Biosystems).

Bisulfite sequencing. Bisulfite conversion was performed, as previously
described?’. Briefly, total genomic DNA was isolated from MSC using a kit
(DNeasy Tissue Kit; Cwbiotech). Two micrograms of genomic DNA were
denatured in 50 ul by freshly prepared 0.3 M NaOH for 30 min at 42°C.
After denaturation, 30 pl freshly prepared hydroquinone (10 mM) and 510
w1 sodium bisulfite (3.6 M, pH 5.0) were added and incubated at 50°C for
16 h. Modified DNA was purified using a spin column (DNeasy Spin
Column; Qiagen) and eluted in 50 ul. This was followed by desulfonifi-
cation by adding 5.5 y1 3 M NaOH for 15 min at 37°C. Samples were
neutralized by adding 33 1 ammonium acetate (10 M, pH 7.0), followed
by ethanol precipitation and resuspension in water.

PCR was performed at 95°C for 5 min followed by 40 cycles of 95°C

for 30 s, 55°C for 30 s, and 72°C for 1 min, with a final extension at 72°C
for 7 min. The primers used for PCR analysis are shown in Table 1. The
PCR products were tested in 2% agarose gel and then cloned into the
pEASY-T1 vector (TransGen Biotech). The colony PCR was undertaken to
screen the positive colonies. The clones with the right sizes of PCR
products were sequenced on an ABI sequencer with dye terminators
(Applied Biosystems). With sequencing results of 10 clones, the methyl-
ation frequency was determined for each CpG site.
Statistical analysis. The statistical analysis was carried out using computer
software (SPSS, version 12.0; SPSS). Significance of difference was deter-
mined using a 1-way ANOVA. Data are mean + SD. Probabilities < 5%
(p < 0.05) were considered statistically significant. All experiments were
repeated 3 or more times.

RESULTS

Measurement of hMSC viability. Figure 1A shows that cellular
viability reached its peak at the dosage of 15 yM at 72 h, and
an obvious decrease in cell viability was seen when they were
treated with 5’-Aza-dC at concentrations above 30 uM.
Hence, the concentration of 15 xM was considered moderate
and chosen for use in subsequent experiments.

In Figure 1B, the cellular viability in the control group
was better than the GC-induced ONFH group at 3 different
time points (p < 0.05). When treated with 15 uM 5’-Aza-dC,
the cellular viability in the GC-induced ONFH group

Table 2. Primers used for real-time PCR and bisulfite sequencing.

Genes Sequence (5'—3") Product
Size
Real-time PCR
ABCBI-F TTGCTGCTTACATTCAGGTTTCA 105 bp
ABCBI-R AGCCTATCTCCTGTCGCATTA
GAPDH-F GGCACAGTCAAGGCTGAGAATG 143 bp
GAPDH-R ATGGTGGTGAAGACGCCAGTA

Bisulfite sequencing
ABCB/I-regionl-F AACCTACTCTCTAAACCCRC 273 nt
ABCBIl-regionl-R  GTTGGAGGTGAGATTAATTTTTAGTT
ABCB]1-region2-F TTATTTGTGGTGAGGTTGATT 353 nt
ABCBI-region2-R ACCAAAAAACTTCACACTATCC

increased by more than one-fourth, but was still lower than
in the control group at 72 h (p < 0.05).

Decrease in ROS when treated with 5’-Aza-dC. In Figures
2A, 2C, and 2D, the levels of ROS were higher in the
GC-induced ONFH group than in the control group (p <
0.001). After 72 h of treatment with 15 yM 5’-Aza-dC, the
ROS levels were decreased in the 5’-Aza-dC treated group
(Figures 2A, 2B, 2D).

Increase in MMP when treated with 5’-Aza-dC. Figure 3
shows that the MMP was lower in the GC-induced ONFH
group than in the control group and treatment with
5’-Aza-dC can restore the polarization state of the
mitochondria, as indicated by an obvious increase in red
(JC-1 aggregates)/green (JC-1 monomers) ratio.

P-gp expression was enhanced when treated with
5°-Aza-dC. P-gp expression was quantified by the analysis
of MFI in different samples using flow cytometry with an
excitation wavelength of 488 nm and an emission
wavelength of 575 nm. The MFI of the GC-induced ONFH
group was less than that of the control group (10.42 + 1.52
vs 1746 £ 1.91; p < 0.01). Treatment with 5’-Aza-dC can
increase the expression of surface P-gp (14.69 + 2.52; p <
0.05), which was still less than that of the control group
(p <0.05; Figures 4A,4b, 4c, 4D, 4E). Western blot analysis
revealed that the MSC in the GC-induced ONFH group
showed a low level of P-gp compared to the control group.
When treated with 5’-Aza-dC for 72 h, P-gp in the total
protein were increased (Figure 5).

The results of the real-time PCR showed that the amount
of ABCBI transcripts in the GC-induced ONFH group was
the lowest among all of the groups (p < 0.01; Figure 4F). It
reached 24-bold level at 72 h after treatment with 5°-Aza-dC,
almost the same level as the control group (p > 0.05).

Bisulfite sequencing. A schematic overview of the promoter
structure is shown in Figure 6. Two regions in the promoter
were selected: region 1, -760 to -407, and region 2, -328 to
-55. CpG hypermethylation was observed within the CpG
island in the GC-induced ONFH group. After treatment with
15 uM 5°-Aza-dC for 72 h, the methylation ratio of region 1
decreased from 18.8% to 1.8%, while the methylation level
of region 2 reduced from 22.6% to 4.8%. The methylation
ratio of the control group was 0.6% (region 1) and 1.7%
(region 2), respectively.

DISCUSSION

Increasing evidence reveals the presence of individual
differences in steroid sensitivity, causing some patients to
develop ONFH while others do not under almost the same
protocol for steroid administration®. Until now, the patho-
physiology of the steroid-associated ONFH had not yet been
demonstrated; however, it has been determined that its
pathophysiology is multifactorial!. This means that, besides
environmental factors, genetic predisposition may also
affect its pathogenesis. Therefore, we hypothesize that
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Figure 1. Dose response curves for 5’-Aza-dC treated cultures and cell proliferation assay. A. Cellular viability reached
the peak at the dosage of 15 uM at 72 h. B. The proliferation capacity of mesenchymal stem cells (MSC) at 24 h, 48
h, and 72 h. *p < 0.05 vs osteonecrosis of the femoral head (ONFH) group, 5’-Aza-dC group at 24 h, 48 h; **p < 0.05
vs 5°-Aza-dC group at 72 h; *p < 0.01 vs ONFH group at 72 h. Each group repeated the experiment 3 times.
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Figure 2. Decrease in reactive oxygen species (ROS) level when treated with 5’-Aza-dC. A. The ROS levels
in the osteonecrosis of the femoral head (ONFH) group. B. The ROS levels in the 5’-Aza-dC group. C. The
ROS levels in the control group. D. The mean fluorescence intensity (MFI) of dichlorofluorescein was
measured by flow cytometry. Data are mean + SD. *p < 0.001 vs 5’-Aza-dC group, control group. *p > 0.05
vs control group. Each group repeated the experiment 3 times.

individual differences may contribute to aberrant CpG to restore ABCBI1 expression by reversing the aberrant
islands’ hypermethylation of the ABCB1 gene and that it epigenetic modification.
may be beneficial for the retardation of progressive ONFH In our study, we assessed methylation at CpG islands of
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Figure 3. An increase in mitochondrial membrane potential (MMP) level by the treatment of 5’-Aza-dC. (A—C) JC-1 staining
in osteonecrosis of the femoral head (ONFH) group. (D-F) JC-1 staining in the 5’-Aza-dC group. (G-I) JC-1 staining in the control
group. (J) The ratio of fluorescence intensity was analyzed with a Zeiss LSM 510 laser scanning confocal microscope. Data are
mean + SD. *p < 0.01 vs ONFH group; #p > 0.05 vs control group. Each group repeated the experiment 3 times. Bar = 50 ym.

ABCBI1 gene in MSC from 47 patients with GC-induced ONFH group was higher than that in the femoral neck
ONFH and femoral neck fractures. We found that the methy- fractures group. The amount of ABCBI1 transcript and P-gp
lation ratio of the ABCB1 promoter in the GC-induced in the GC-induced ONFH group was 1/24 and one-third,
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Figure 4. P-glycoprotein (P-gp) expression was enhanced by treatment with 5’-Aza-dC. A. P-gp level of negative control. B. P-gp
level of osteonecrosis of the femoral head (ONFH) group. C. P-gp level of 5’-Aza-dC group. D. P-gp level of control group. E. The
mean fluorescence intensity (MFI) of P-gp was measured using flow cytometry. F. ABCBI transcript levels. Data are mean + SD.
*p < 0.05 vs 5°-Aza-dC group; **p < 0.05 vs ONFH group; #p < 0.01 vs ONFH group. Each group repeated the experiment 3 times.

respectively, of that in the femoral neck fractures group.
Apparently, the ABCB1 gene was partly silenced because of
the hypermethylation of the promoter region in the GC-
induced ONFH group. To the best of our knowledge, this is
the first study to investigate the methylation status of
ABCBI1 promoter in patients with GC-induced ONFH.
Patients with hypermethylation of ABCB1 promoter
were prone to ONFH when GC were administered. First,
because GC is one of the substrates of P-gp, decreased
expression of P-gp made it impossible to pump GC out in
time and to protect cells from it. Therefore, GC were
consistently deposited, and they exerted direct or indirect
effects on the cells. Second, it was reported that over-
expression of P-gp can delay the onset of apoptosis by
affecting intracellular acidification that occurs early on in
the apoptosis cascade??. Cells that are normally sensitive
to apoptosis by Fas ligation, UV irradiation, serum
starvation, or drugs can be made resistant to these
caspase-dependent death stimuli by elevating intracellular
pH. Thus, it is possible that increased expression of P-gp
will alter intracellular pH, making the cell cas-
pase-inactive and resistant to multiple forms of cas-
pase-dependent death stimuli’. Conversely, downregu-
lation of ABCB1 will easily trigger early apoptotic events.

The MSC of patients with aberrant CpG islands’ hyper-
methylation of ABCBI1 lost, at least in part, the protection
of P-gp and tended to have oxidative stress injury and
subsequent dysfunction when administered GC. As a
result, these patients are prone to ONFH because MSC
dysfunction is considered a principal mechanism in its
development. As the source of osteoblasts, the decreased
number and hypoproliferation of MSC is insufficient to
provide enough osteoblasts to meet the needs of bone
remodeling, resulting in bone necrosis.

We observed that cellular viability in the control group
was remarkably higher than in the GC-induced ONFH
group at all 3 different timepoints (p < 0.05). When treated
with 15 M 5’-Aza-dC, the cellular viability in the
GC-induced ONFH group increased by more than
one-fourth, while the methylation ratio was decreased to
1.8% (region 1) and 4.8% (region 2). From our ongoing
research, we found that between the methylated and hyper-
methylated CpG patients, those with higher methylation
level usually had lower MSC viability compared to age- and
sex-matched controls (data not shown). From this finding,
we propose that, for patients with GC-induced ONFH, there
may be a connection between the methylation levels of CpG
islands and MSC viability. However, a strictly designed and
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e large sample study is needed.

ONFH 5'-Aza-dC control The role of oxidative stress in GC-induced ONFH has
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ONFH?3!'3233 Lu and Li showed that oxidative injury was
present in the bone shortly after corticosteroid was adminis-
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Figure 5. Western blot analysis. A. P-glycoprotein (P-gp) was lowly GC-induced ONFH group was also improved. We speculated
expressed in the mesenchymal stem cells of the glucocorticoid-induced that the effect of 5’-Aza-dC might be also due to attenuated

osteonecrosis of the femoral head (ONFH) group, compared to the control
group. When treated with 5°-Aza-dC for 72 h, P-gp in the total protein was
consequently increased. GAPDH was used to normalize for protein

intracellular availability of GC by upregulation of P-gp and
the oxidative stress that happened in the MSC of GC-induced

loading. B. The histogram provided additional confirmation. Data are mean ONFH may be relieved by de novo P-gp expression.
+ SD. *p < 0.01 vs ONFH group, control group. p > 0.05 vs 5’-Aza-dC However, the underlying mechanism remains to be studied.
group. Each group repeated the experiment 3 times. Our study has demonstrated for the first time, to our
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Figure 6. Bisulfite sequencing. Region 1
(-760 to -407 bp): the methylation ratio of
the osteonecrosis of the femoral head
(ONFH) group was 18.8%, 1.8% in the
5’-Aza-dC group, and 0.6% in the control
group. Region 2 (-328 to -55bp): the methy-
lation ratio was 22.6% in the ONFH group,
4.8% in the 5°-Aza-dC group, and 1.7% in

the control group. Each group repeated the
(O Unmethylated @ Methylated experiment 3 times.
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knowledge, that individual differences in steroid sensitivity

femoral head. J Orthop Sci 2008;13:297-303.

may be at least partially attributed to aberrant CpG islands’ 19. Matsumoto T, Kano K, Kondo D, Fukuda N, Iribe Y, Tanaka N, et
. . al. Mature adipocyte-derived dedifferentiated fat cells exhibit
hype.rmethylatlon of the _ABCBl gen?’ and_ that it I.nay be multilineage potential. J Cell Physiol 2008;215:210-22.
pOSSIble to decrease the risk of ONFH in patients havmg GC 20. ChenJ, Shi ZD, Ji X, Morales J, Zhang J, Kaur N, et al. Enhanced
therapy or to improve the treatment by de novo P-gp osteogenesis of human mesenchymal stem cells by periodic heat
expression. However, more specific in vivo studies are ;}(1)‘;021‘11;1 ;ellé';;sembli“g peptide hydrogel. Tissue Eng Part A
needed to further elucidate other .me.:chanlsr.ns involved in 21, Huang Y, Zheng L. Gong X, Jia X, Song W, Liu M, et al. Effect of
the development of ONFH and their interaction. cyclic strain on cardiomyogenic differentiation of rat bone marrow
derived mesenchymal stem cells. PLoS ONE 2012;7:¢34960.
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