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FRZB affects Staphylococcus aureus-induced
osteomyelitis in human bone marrow derived stem cells
by regulating the Wnt/p-catenin signaling pathway
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Abstract. Osteomyelitis is an infectious disease of bone
tissue caused by bacterial infection, which can infect
through hematogenous, traumatic or secondary ways and
then lead to acute or chronic bone injury and relative clinical
symptoms, bringing physical injury and economic burden
to patients. Frizzled related protein (FRZB) participates in
the regulation of various diseases (osteoarthritis, cardio-
vascular diseases and types of cancer) by regulating cell
proliferation, motility, differentiation and inflammation,
while its function in osteomyelitis remains to be elucidated.
The present study aimed to uncover the role and underlying
mechanism of FRZB mediation in Staphylococcus aureus
(S. aureus)-induced osteomyelitis. Human bone marrow
derived stem cells (hBMSCs) were treated with S. aureus to
imitate an inflammatory osteomyelitis micro-environment
in vitro, then mRNA and protein expression were severally
assessed by RT-PCR and western blotting. The activity,
apoptosis and differentiation of the cells were characterized
via CCK-8, caspase-3 activity and Alizarin red sulfate/alka-
line phosphatase staining, respectively. Expression levels
of FRZB were upregulated in S. aureus-infected hBMSCs.
Over-expression of FRZB significantly reduced hBMSC
cell viability and differentiation while promoting cell apop-
tosis with or without S. aureus infection. However, FRZB
knockdown reversed these effects. Once Wnt was impeded,
the effect of FRZB downregulation was impeded to a great
extent. Taken together, FRZB participated to regulate the
osteomyelitis by activating the Wnt/B-catenin signaling
pathway.
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Introduction

Osteomyelitis is an inflammatory reaction in which bacteria or
inflammatory mediators invade periosteum, sclerotin and bone
marrow in various ways, which can result in progressive bone
deterioration, bone neoformation and severe inflammatory
responses, leading to substantial mortality and morbidity in
patients (1). Staphylococcus aureus (S. aureus) is the commonest
bacterial infection (80-90%), followed by Streptococcus and
Escherichia coli (2). Due to the anatomical and physiological
characteristics of bone, antimicrobial therapy for bone and
joint infections has not achieved a high success rate in most
infectious diseases, so osteomyelitis is still considered one of
the most difficult to treat infectious diseases (3). Osteomyelitis
is featured by progressive devastating of the bone and the
forming of sequestra, which acted as the major directors of
net bone formation or resorption during normal physiological
turnover of bone and following infection. Promoting osteoblast
formation is the key to inhibit progressive bone destruction and
bone isolation caused by osteomyelitis (4).

Wnt is a secreted L-cysteine rich glycoprotein with an
important role in regulating the differentiation of mesenchymal
stem cells (MSCs), containing three main receptors including
LDL receptor-related protein (LRP-5/6), frizzled receptors
(FZDs) and B-catenin protein (5). B-catenin serves an important
role in the regulation of bone formation and the osteoblasts
differentiation (6). In addition, Runx2 can directly stimulate the
Wnt/B-catenin signaling pathway, thus regulate genes transcrip-
tion such as osteocalcin (OCN), type I collagen (COL1Al),
osteopontin (OPN) and collagenase 3 during osteoblast prolifera-
tion and differentiation of bone marrow mesenchymal stem cells
(BMSCs) (7). The Wnt/B-catenin signal transduction pathway is
also involved in regulating the expression of downstream matrix
metalloproteinases (MMPs) family, which include the main
enzymes destroying the extracellular matrix (ECM) of articular
cartilage, such as MMP-2 and MMP-3, which are closely associ-
ated with the pathogenesis of osteomyelitis (8.,9).

Frizzled related protein (FRZB), as a competitive inhibitor
of the Wnt signal pathway, can competitively bind to the trans-
membrane frizzle receptor and LRP-5/6 complex receptor,
thus inhibiting the Wnt signal pathway (10). Secreted frizzled
related protein 3 (SFRP3) is an important member of the friz-
zled related protein family, which is encoded by the FRZB
gene (10). FRZB has been reported to be involved in the process



2 LI et al: EFFECT OF FRZB ON OSTEOMYELITIS

regulation of osteoarthritis, cardiovascular disease and types of
cancer (11-13). The high expression of FRZB may be closely
associated with bone metastasis in patients with liver cancer (14).
The knockout of FRZB in gastric cancer cells increases cell
growth and migration/invasion, which is also accompanied by
activation of Wnt/B-catenin and the downstream targets (11).
In a mouse model, deletion of the FRZB not only increases
articular cartilage loss during arthritis arising from enzyme
damage or inflammation, but also leads to cortical bone thick-
ening, increased stiffness after loading and cortical apical
bone formation (15). A study on patients with early RA reports
that the basic serum level of FRZB was high, but was reduced
following treatment with anti-rheumatic drugs (16). As for the
genetic study of this protein, a study conducted in patients with
arthritis reported that FRZB was negatively correlated with this
disease (12). Therefore, the mechanism of FRZB in bone related
diseases needs further exploration. It is important to highlight
that the intrinsic mechanism of the FRZB gene associated with
the osteomyelitis remains to be elucidated.

In the present study, the expression profiles of the FRZB
gene were primarily confirmed in human bone marrow derived
stem cells (hBMSCs) and patients with osteomyelitis, then the
influences of FRZB on cell activity, apoptosis and differentia-
tion of hBMSCs treated with or without Staphylococcus aureus
(S.aureus) were detected in different expression states. Further,
it was verified that whether silencing of FRZB restrained
S. aureus-induced osteomyelitis by regulating Wnt/f-catenin
signal pathway.

Materials and methods

Cell culture. hBMSCs (cat. no. SCSP-405) were purchased
from Cell Bank of the Chinese Academy of Sciences (Shanghai,
China). Basic medium ingredients were low-glucose DMEM
(Gibco; Thermo Fisher Scientific, Inc.) with 10% FBS,
100 U/ml streptomycin and 100 U/ml penicillin. Culture condi-
tions were 37°C, 5% CO,, 95% air humidity with half changed
every 48 h. The cells of the 3rd to 5th generation were used
for the experiments (17). A previous study has shown that
activation of Wnt/B-catenin pathway contributes to the BMSC
osteogenic differentiation and osteogenesis (18). The present
study used inhibitor of B-catenin responsive transcription
[ICRT-3; 2-[[[2-(4-ethylphenyl)-5-methyl-4-oxazolyl]methyl]
thio]-N-(2-phenylethyl)acetamide] as an inhibitor of Wnt
signaling pathway that could inhibit the occurrence of osteo-
genic differentiation and osteogenesis in control and infected
BMSCs. Hence, ICRT3 was used to investigate the function of
Wnt/f-catenin signaling pathway in the FRZB-mediated osteo-
myelitis inhibition. A BMSCs were seeded in 96 well plates at a
density of 2x10° cells per ml. At 24 h after transfection, cells were
pre-treated with 10 xM ICRT-3 (MilliporeSigma) or vehicle for
50 min at 37°C and then infected with S. aureus or vehicle.

Bacterial culture and infection. The S. aureus (ATCC;
cat. no. 53657) strain was cultured overnight in brain heart
infusion broth medium (OXOID Ltd.) at 37°C under 160 rpm
rotation on a shaker (Shanghai Fuma Laboratory Instrument
Co., Ltd.). Then the cultures were centrifuged (10,000 x g,
4°C, 10 min) and washed before re-suspended in PBS to a final
concentration of 0.5x10° colony forming units (CFU) per ul.

For bacterial infection process, hBMSCs were infected with
a 100 MOI of S. aureus and incubated for 72 h under 37°C.
Extracellular S. aureus was removed with 20 mg/ml lyso-
staphin. Fresh medium was added to cells every 2-3 days to
remove the bacteria in the supernatant.

FRZB overexpression and knockdown vectors. FRZB overex-
pression construct was obtained by sub-cloning PCR. FRZB
was amplified from the cDNA OREF clone (Sino Biological)
into the pcDNA 3.1 vector (Invitrogen; Thermo Fisher
Scientific, Inc.). Empty pcDNA 3.1 vector (vector) was used
as the overexpression vector negative control. To complete
short hairpin (sh)RNA knockdown, synthesized shRNA oligo-
nucleotide sequences of FRZB (Shanghai Shenggong Biology
Engineering Technology Service, Ltd.) were subcloned into
the lentiviral pSilencer 4.1 vector backbone (Thermo Fisher
Scientific, Inc.). The shRNA sequences for FRZB were as
follows: 3'-GGAGATTCTAAAGTCCTCTTTCAAGAGAAG
AGGACTTTAGAATCTCC-5'". A scramble shRNA was used
as negative control: forward, 5~ AGGCGATTAAGTTGG
GTA-3"; reverse, 5'-CGGTAGGCGTGTACGGTG-3'. Plasmids
were transfected into hBMSCs for 48 h at 37°C by using
Lipofectamine® 2000 (Invitrogen; Thermo Fisher Scientific,
Inc.) in accordance with the manufacturer's protocols. At 48 h
post-transfection, the subsequent experiments were performed.

The 3rd generation lentiviral system was used for lentivirus
packaging of sh-FRZB, including pSilencer 4.1-FRZB-shRNA,
pCMYV Delta R8.2 plasmid (Addgene, Inc.) and pCMV VSVG
plasmid (Addgene, Inc.). Transfection mix was prepared as
follows: Opti-MEM reduced serum medium (Thermo Fisher
Scientific, Inc.) 1 ml; pCMYV delta R8.2, 2 pug; pCMV-VSV-G,
0.5 ug; pSilencer 4.1-FRZB-shRNA, 1.5 ug; Xtreme gene 9
transfection reagent (MilliporeSigma), 12 ul. 2x10° HEK293T
cells (ATCC) were seeded in a 10 cm? plate and cultured for
24 h at 37°C and 5% CO,. The medium was replaced with
fresh DMEM. After incubation for 20 min at 37°C, the trans-
fection mix was added to the HEK293T cells and the cells
were incubated for 48 h at 37°C and 5% CO,. Subsequently,
the viral supernatant was collected and filtered with a 0.45 ym
PVDF filter (MilliporeSigma) and then centrifuged for 15 min
at 4,000 x g and 4°C with Plus-20 centrifugal ultrafiltration
(MilliporeSigma) to obtain a high-titer lentivirus stock. The
lentivirus without the transgene was used as the negative control
and was produced in the same manner. hBMSCs were seeded
at 1.0x10° cells per well in 24-well plates in DMEM containing
10% FBS. After 24 h incubation at 37°C, the hBMSCs were
transduced with or without lentivirus (MOI=20) and then incu-
bated for an additional 48 h at 37°C. Following that, puromycin
(2 ug/ml) was added to hBMSCs and fresh media with puro-
mycin was added every two days until all h(BMSCs not treated
with any lentivirus were dead. Successfully screened hBMSCs
were used for subsequent experiments. Successful transduction
was demonstrated through reverse transcription-quantitative
(RT-q) PCR and western blotting.

RT-gPCR.Expression of FRZB in 1x10*hBMSCs was examined
by RT-qPCR. Total RNA was extracted by the TRIzol® reagent
(Thermo Fisher Scientific, Inc.) from the harvested hBMSCs.
cDNA synthesis was accomplished using a PrimeScript™ RT
Master Mix (Takara Bio, Inc.) according to the manufacturer's
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protocols. qPCR was performed using SYBR® Premix EX
Taq™ (Takara Bio, Inc.) according to the manufacturer's proto-
cols. The qPCR conditions were as follows: Initial denaturation
at 95°C for 10 min, followed by 40 cycles of 95°C for 30 sec,
60°C for 30 sec and 72°C for 30 sec. The set of primers for
FRZB were as follows: Forward, 5-GAGGAGCTGCCAGTG
TACGAC-3' and Reverse, 5-GAAAATCAGCTCCGTCCG
C-3'; GAPDH: Forward, 5-GGACCTGACCTGCCGTCTAG-3'
and Reverse, 5'-GTAGCCCAGGATGCCCTTGA-3' respec-
tively. The 2-22% (19) method was used to calculate the relative
mRNA expression level and GAPDH was used as an internal
parameter. The experiments were replicated three times.

Western blotting. Total protein was extracted using RIPA
reagent and then measured by a BCA Protein Assay kit
(Beyotime Institute of Biotechnology). The proteins (40 pg/lane)
were separated by a 10% SDS-PAGE gel before being blotted
onto a PVDF membrane. Then, the membranes were blocked
with 5% skimmed milk powder in phosphate-buffered saline
solution with 0.05% Tween (PBST) for 1 h at room temperature
and incubated with the specific primary antibody at 4°C over-
night. The primary antibodies used were anti-FRZB (1:1,000;
Abcam; ab273582), anti-f} catenin (1:1,000; Abcam; ab32572),
anti-runt-related transcription factor 2 (RUNX2; 1:1,000;
Abcam; ab236639), anti-alkaline phosphatase (ALP; 1:1,000;
Abcam; ab224335), anti-COL1A1 (1:1,000; Abcam; ab138492),
anti-osterix (Osx; 1:2500, Abcam; ab209484), anti-osteocalcin
(OCN; 1:1,000; Abcam; ab133612) and anti-GAPDH (1:1,000;
Abcam; ab8245). The membranes were washed with PBST and
incubated with corresponding horseradish peroxidase-conju-
gated secondary antibodies [Goat Anti-Rabbit IgG H&L
(1:5,000; ab96899; Abcam) or Goat Anti-Mouse IgG H&L
(1:5,000; ab96879, Abcam)] for 30 min at 37°C. Protein signals
were visualized using enhanced chemiluminescence reagent
(Beyotime Institute of Biotechnology). Densitometric analysis
was performed using Imagel] software V1.52a (National
Institutes of Health) and values were normalized to GAPDH.

Caspase-3 activity detection. As in a previous study (20),
caspase-3 activity was assessed by Caspase-3 Assay kit
(MilliporeSigma) according to the manufacturer's instruc-
tions. Briefly, cells in each group were lysed on ice for 10 min
with lysate (2x10* cells/ul), then the supernatant was collected
at 4°C at 12,000 x g for 1 min. Protein quantification was
carried out through a BCA detection kit (Beyotime Institute
of Biotechnology). Supernatant (45 ul) was mixed with 50 ul
of 2X reaction buffer (provided in the kit) and 5 ul reaction
substrate (Ac-DEVD-pNA; provided in the kit) before incu-
bating at 37°C for 2 h. The free pNA was assessed at 450 nm
with microplate reader (Bio-Rad Laboratories, Inc.) and the
concentration of pNA was calculated through a standard
curve obtained from the detection of a series of known
concentrations of pNA. The number of nanomoles of pNA
per 1 mg of total protein per minute was used to represent
caspase-3 activity. The experiment was repeated three times
in each group.

Alizarin red sulfate (ARS) staining. ARS staining was
conducted to analyze the differentiation of hBMSCs. Briefly,
after washing twice in PBS, the cells were fixed with 95%

ethanol for 10 min at room temperature. The cells were then
incubated with ARS staining buffer solution at 37°C for 30 min.
The mineralization nodules were imaged using an optical light
microscope (magnification, x200) in five randomly selected
fields of view. The darker the intensity of the red dots, the
higher the number of calcium nodules and therefore the higher
degree of differentiation. For semi-quantitative assessment of
the formation of mineralization nodules, 10% cetylpyridinium
chloride in 10 mM Na,HPO, was added to the wells and
incubated for 10 min at room temperature. Then absorbance
at 562 nm was measured with a microplate reader.

Alkaline phosphatase (ALP) staining and ALP activity. ALP,
as a marker of osteoblast differentiation (21), was assessed by
an ALP staining kit (Beijing Solarbio Science & Technology
Co., Ltd.). The cells were fixed for 10 min with 4% parafor-
maldehyde at room temperature and then washed with distilled
water. ALP staining solution was added with and incubated for
20 min at 37°C. After washing with distilled water, the results
were examined using an optical light microscope (magnifica-
tion, x200) in five randomly selected fields of view. The darker
intensity of the red dots was associated with higher ALP activity.

ALP activity was evaluated using a commercial ALP
activity colorimetric kit (BioVision, Inc.). The cell cultures
were rinsed with pre-cooled PBS and treated with 1% Triton
X-100 (MilliporeSigma), then transferred to distilled water.
The absorbance at 405 nm was determined with microplate
reader (Bio-Rad Laboratories, Inc.). Total protein concen-
tration was detected by BCA protein Assay kit (Beyotime
Institute of Biotechnology). ALP activity level was quantified
by dividing the absorbance to the protein concentration.

Cells activity. Activity of the hBMSCs was detected by Cell
Counting Kit-8 (MedChemExpress). hBMSCs were centri-
fuged at 1,000 x g for 5 min at 4°C before being suspended
in DMEM low-glucose medium containing 10% FBS and
counted. The cells were inoculated at 5x10* cells/well in
24-well plates; the volume of each well was 1,000 ul. A total
of five multiple wells were made for each group and medium
only wells were used as blank controls. PBS was added to the
surrounding wells to slow liquid evaporation before adding
10 p1 CCK-8 solution to each well 5 days post cell inocula-
tion. Cells were cultured at 37°C, 5% CO, for 2 h, followed by
measuring the absorbance at 450 nm with a microplate reader.

Statistical analysis. The data was analyzed using SPSS
18.0 software (SPSS, Inc.) and the results were presented
as mean + standard deviation. Unpaired #-test was used to
compare two groups. One-way ANOVA (followed by Tukey
post hoc test) was used for multiple comparisons. SPSS
18.0 software was used for statistical analysis. P<0.05 was
considered to indicate a statistically significant difference.

Results

FRZB is highly expressed in S. aureus infected hBMSCs. As
FRZB is an essential factor contributing to the osteoarthritis
pathogenesis (22), the role of FRZB in osteomyelitis was
explored in the present study. S. aureus infected hBMSCs were
used as a model of S. aureus-induced osteomyelitis in vitro
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Figure 1. FRZB is overexpressed in Staphylococcus aureus-infected hBMSCs. (A) The mRNA expression of FRZB was detected by reverse transcrip-
tion-quantitative PCR. (B and C) The protein expression was assessed by western blotting. “P<0.01 vs. control group. FRZB, frizzled related protein; hBMSCs,

human bone marrow derived stem cells.
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Figure 2. Downregulation of FRZB promotes cell viability and osteogenic differentiation and repressed apoptosis in hBMSCs. (A) Following transfection with
sh-FRZB or sh-NC, the mRNA expression of FRZB was measured by reverse transcription-quantitative PCR. (B and C) the protein expression of FRZB was
measured by western blotting. (D) The cell viability was assessed by CCK8 assay. (E) The apoptosis was detected by caspase-3 activity assay. The osteogenic
differentiation was estimated by (F) ARS and (G) ALP staining. “'P<0.01 vs. sh-NC group, “P<0.01 vs. control + sh-NC group, #P<0.01 vs. infected + sh-NC.
FRZB, frizzled related protein; hBMSCs, human bone marrow derived stem cells; sh, short hairpin; NC, negative control; ARS, Alizarin red sulfate; ALP,

alkaline phosphatase.

and the mRNA and protein expression of FRZB in S. aureus
infected hBMSCs was detected by RT-qPCR and western
blotting, respectively. It was found that transcription level and
protein expression level of FRZB in infected hBMSCs were
all significantly higher compared with those in control group
(Fig. 1A-C). The results suggested that S. aureus induced the
upregulation of FRZB mRNA and protein in hBMSCs.

FRZB downregulation represses osteomyelitis by reducing
apoptosis and promoting differentiation of hBMSCs. To
study the FRZB-mediated effects in osteomyelitis, sShFRZB
or sh-NC was transfected into hBMSCs. The results showed
that FRZB mRNA and protein expression was repressed in
hBMSC:s transfected with shFRZB (Fig. 2A-C). Meanwhile,
apart from the significant inhibition effects caused by
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Figure 3. Downregulation of FRZB amplifies the protein expression of osteoblast-specific markers. (A) The protein expression of (B) FRZB, (C) p-catenin,
(D)RUNX2, (E) ALP, (F) COL1AL1,(G) Osx and (H) OCN were measured by western blotting. ““P<0.01 vs. control + sh-NC group, #P<0.01 vs. infected + sh-NC.
FRZB, frizzled related protein; RUNX2, runt-related transcription factor 2; ALP, alkaline phosphatase; COL1A1, type I collagen; Osx, osterix; OCN, osteo-

calcin; sh, short hairpin; NC, negative control.

S. aureus, cell viability of either the sh-FRZB group or the
S. aureus + sh-FRZB group showed an increase due to down-
regulation of FRZB (Fig. 2D). The results revealed a significant
decrease of apoptosis in sh-FRZB group compared with
control group and in S. aureus + sh-FRZB group compared
with S. aureus group (Fig. 2E). ARS and ALP staining results
showed that the sh-FRZB group and infected + sh-FRZB
group exhibited different promoting effects compared with the
sh-NC group and S. aureus infected sh-NC group, respectively
(Fig. 2F-G). Further investigation into the pathways regulating
cell differentiation using western blotting indicated that
B-catenin, RUNX2, ALP, COL1A1, Osx and OCN allied to
the Wnt/p-catenin signaling pathway all exhibited a significant
elevating in sh-FRZB group and S. aureus + sh-FRZB group
compared with their control groups, severally (Fig. 3A-H).
These results indicated that silencing of FRZB promoted

cell viability and osteogenic differentiation, while inhibiting
apoptosis in S. aureus infected hBMSCs.

FRZB upregulation promotes osteomyelitis by increasing
hBMSCs apoptosis and reducing differentiation. To identify
the mechanism responsible for FRZB mediation in osteomy-
elitis, the overexpression of FRZB in hBMSCs was conducted
through transfection of pcDNA-FRZB. The expression of
FRZB was upregulated at the mRNA and protein level as
determined by RT-qPCR (Fig. 4A-C). The effect of transient
overexpression of FRZB on cell viability was measured using
the CCKS8 assay and the results showed that hBMSC viability
of both the OE-FRZB group and the S. aureus + OE-FRZB
group were reduced compared with their controls separately
(Fig. 4D). From cell apoptosis assay, a significant enhancement
of caspase-3 activity could be observed corresponding to the
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Figure 4. Upregulation of FRZB limits cell viability and osteogenic differentiation and enhances apoptosis in hBMSCs. (A) After transfection with
pcDNA-FRZB or vector, the mRNA expression of FRZB was measured by reverse transcription-quantitative PCR. (B and C) the protein expression of
FRZB was measured by western blotting. (D) Cell viability was assessed by CCKS8 assay. (E) The apoptosis was detected by caspase-3 activity assay.
Osteogenic differentiation was estimated by (F) ARS (magnification, x200) and (G) ALP staining (magnification, x200). “'P<0.01 vs. vector group, “P<0.01 vs.
control + vector group, ”P<0.01 vs. infected + vector. FRZB, frizzled related protein; hBMSCs, human bone marrow derived stem cells; OE, overexpression;

ARS, Alizarin red sulfate; ALP, alkaline phosphatase.

FRZB upregulation (Fig. 4E). To further confirm the mode of
action of FRZB on cell differentiation, ARS and ALP staining
were conducted. Staining intensities of OE-FRZB group and
the S. aureus + OE-FRZB group were weaker than their sepa-
rate controls (Fig. 4F and G). The phenotypical quantification
was also supported by a reduction in osteogenic markers such
as p-catenin, RUNX2, ALP,COL1A1, Osx and OCN following
FRZB overexpression (Fig. SA-H). These results demonstrated
that upregulation of FRZB repressed cell viability and osteo-
genic differentiation while enhancing apoptosis in S. aureus
infected hBMSCs.

FRZB downregulation inhibits osteomyelitis by activating
the Wnt/f-catenin signaling pathway. To further investi-
gate the function of Wnt/B-catenin signaling pathway in

the FRZB-mediated osteomyelitis inhibition, hBMSCs
were treated with ICRT3 (23), an inhibitor of both Wnt
and P-catenin responsive transcription. CCK8 assay was
conducted to evaluate the effect of FRZB and the inhibitor
to the activity of hBMSCs and the observable promotion
due to FRZB downregulation was counteracted by the Wnt
inhibitor in the normal hBMSCs group and the S. aureus
infected group (Fig. 6A). In the cell apoptosis detection assay,
activities of the caspase-3 for the sh-FRZB group and the
S. aureus + sh-FRZB were both markedly increased while all
raised to their comparative levels subsequently after joining
of the Wnt inhibitor (Fig. 6B). As for hBMSCs differentiation,
staining intensities of ARS and ALP staining all depicted a
significant decrease attributed to the effect of the Wnt inhibitor
when compared with their FRZB downregulation controls,
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Figure 5. Upregulation of FRZB suppresses the protein expression of osteoblast-specific markers. (A) The protein expression of (B) FRZB, (C) p-catenin,
(D) RUNX2, (E) ALP, (F) COL1A1, (G) Osx and (H) OCN were measured by western blotting. ““P<0.01 vs. vector group, ““P<0.01 vs. control + vector group,
#P<0.01 vs. infected + vector. FRZB, frizzled related protein; RUNX2, runt-related transcription factor 2; ALP, alkaline phosphatase; COL1AL1, type [

collagen; Osx, osterix; OCN, osteocalcin; OE, overexpression.

respectively (Fig. 6C-E). These results showed that activation
of Wnt/B-catenin signaling pathway participated in the effect
of FRZB on hBMSCs induced by S. aureus.

Discussion

Bone marrow mesenchymal stem cells (BMSCs) have osteo-
genic differentiation ability and serve an important role in
bone formation (18,24). Osteomyelitis usually occurs during
bone healing and is known to inhibit osteogenesis and bone
formation (25,26). However, the regulatory mechanism of
osteomyelitis on osteogenic differentiation of BMSCs remains
to be elucidated. In vivo, the inflammatory environment
of osteomyelitis is complex, so it is difficult to replicate the
inflammatory environment of osteomyelitis. S. aureus is
the most common bacterial species causing bone infection,
causing 80% of osteomyelitis secondary to bone infection (27).

Previous studies have shown that S. aureus can induce inflam-
mation in vitro (28,29). In the present study, S. aureus was
selected to trigger the inflammatory environment in hBMSCs
to build a cell model that could partially replicate the inflam-
matory environment of osteomyelitis in vitro. The present
study then investigated the role of FRZB in hBMSCs infected
by S. aureus and confirmed that FRZB participated in the
regulation of bone differentiation of hBMSCs infected by
S. aureus by affecting Wnt/B-catenin signaling pathway.

In previous studies, FRZB has been implicated in a
range of developmental processes and diseases (30-32).
FRZB serves as a secreted Wnt antagonist that can decrease
growth and invasiveness of fibrosarcoma cells (33). In addi-
tion, FRZB expression level also shows a deep relationship
with the Wnt/B-catenin pathway in gastric cancer (11,34).
However, the correlation between FRZB and osteomyellitis,
along with the possible relevant regulatory mechanisms
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Figure 6. Silencing of FRZB represses Staphylococcus aureus-induced osteomyelitis in hBMSCs by regulating the Wnt/B-catenin pathway. (A) The cell viability was
assessed by CCKS assay. (B) The apoptosis was detected by caspase-3 activity assay. (C-E) The osteogenic differentiation was estimated by ARS staining (magni-
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therein, remain to be elucidated. The present study found that
FRZB was upregulated in hBMSCs with S. aureus infection.
To investigate the function of FRZB, FRZB expression was
firstly downregulated using shRNA. The role of FRZB on
osteogenic differentiation of hBMSCs treated with S. aureus
was then assessed. Based on these results, FRZB silencing
ameliorated S. aureus-inhibited proliferation and osteogenic
differentiation in hBMSC:s. It has been reported that FRZB
antagonizes Wnt signaling by binding to the Wnt ligands and
induces signal transduction (10). This initiates the transcrip-
tion of osteogenic canonical transducers, such as Runx2 and

[B-catenin, which further regulate cell proliferation and differ-
entiation (35,36). As the results of the present study showed,
downregulation of FRZB in S. aureus-infected BMSCs could
amplify the expression of (3-catenin, RUNX2, ALP, COLIAI,
OSC and OCN, considered as markers of osteogenesis and
bone formation (37). Hence, a role of FRZB in either direct
or indirect regulation of the osteomyelitis through inhibiting
apoptosis and facilitating differentiation can be presumed in
hBMSCs.

As well as the potential salutary effects of the FRZB
downregulation, FRZB was overexpressed in hBMSCs to
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further affirm its functional role. The results indicated that
FRZB expression effectively activated caspase-3 and inhib-
ited osteogenic differentiation in S. aureus-infected BMSCs.
FRZB also acted as a major suppressor to the various trans-
ducers in Wnt signaling pathway. Thus, FRZB was confirmed
to be a key factor affecting osteomyelitis and it can be hypoth-
esized that the regulation center was located in Wnt signaling
pathway. To verify this hypothesis, an inhibitor (ICRT-3)
targeting the Wnt/B-catenin signaling pathway was used to
block the crosstalk between Wnt and other transducers. FRZB
cannot validly bind to the receptors and cause the inhibition
of B-catenin nuclear transcription (38,39). With Wnt inhibi-
tion, the elevation in cell activity, drive to differentiation and
apoptosis resistance caused by downregulation of FRZB were
all eliminated almost completely. Previous studies show that
aberrant changes in FRZB expression are associated with
pathophysiological states including osteoarthritis and cancer
(attenuated expression) (40,41) and limb-girdle muscular
dystrophy (increased expression) (42). Combined with the find-
ings of the present study, it could be concluded that silencing
of FRZB may inhibit osteomyelitis under the mediation of
Wnt/B-catenin signaling pathway.

However, S. aureus-induced osteomyelitis is associated
with multiple signaling pathways besides the Wnt/p3-catenin,
such as the NF-kB (43), SMAD (44), MyD88 and IL-1R
signaling pathways (45). Whether FRZB participates in the
regulation of osteomyelitis by mediating other signaling
pathways needs further research. Meanwhile, lack of
clinical samples and in vivo experimental data are two
limitations to the present study. In addition, the effects of
ICRT-3 alone on untransfected control and infected cells
were not assessed in the present study, which was a limita-
tion in experimental grouping. Those limitations will be
studied in future work.

The present study thereby proposed a novel controlling gene
involving FRZB in the pathogenesis of osteomyelitis, whereby
during S. aureus infection, FRZB inhibited the Wnt/f3-catenin
signaling pathway, which in turn reduced osteogenic differ-
entiation of hBMSCs, contributing to osteomyelitis. FRZB
may also serve as therapeutic targets for treatment against
osteomyelitis.
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