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CRP inhibits the osteoblastic differentiation of OPCs
via the up-regulation of primary cilia and repression of the Hedgehog
signaling pathway
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Abstract

Inflammation disrupts bone metabolism and leads to bone damage. C-reactive protein (CRP) is a typical inflammation marker.
Although CRP measurement has been conducted for many decades, how osteoblastic differentiation influences molecular
mechanisms remains largely unknown. The present study attempted to investigate the effects of CRP on primary cultured
osteoblast precursor cells (OPCs) while elucidating the underlying molecular mechanisms. OPCs were isolated from suckling
Sprague-Dawleyrats. Fewer OPCs were observed after recombinant C-reactive protein treatment. In a series of experiments,
CRP inhibited OPC proliferation, osteoblastic differentiation, and the OPC gene expression of the hedgehog (Hh) signaling
pathway. The inhibitory effect of CRP on OPC proliferation occurred via blockade of the G1-S transition of the cell cycle.
In addition, the regulation effect of proto cilium on osteoblastic differentiation was analyzed using the bioinformatics p. This
revealed the primary cilia activation of recombinant CRP effect on OPCs through in vitro experiments. A specific Sonic
Hedgehog signaling agonist (SAG) rescued osteoblastic differentiation inhibited by recombinant CRP. Moreover, chloral
hydrate, which removes primary cilia, inhibited the Suppressor of Fused (SUFU) formation and blocked Gli2 degradation.
This counteracted osteogenesis inhibition caused by CRP. Therefore, these data depict that CRP can inhibit the proliferation
and osteoblastic differentiation of OPCs. The underlying mechanism could be associated with primary cilia activation and
Hh pathway repression.
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Introduction

C-reactive protein (CRP) has five identical subunits, devel-
oping a planar ring that endows molecular stability to the
protein. It is a phylogenetically backward-looking plasma
protein [23], providing Ca®*-dependent binding to ligands
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and damaged cell membranes [40]. Inflammatory cytokines
(for instance, TNF-a) increase CRP generation during an
inflammatory response, indicated by the rising levels, a char-
acteristic employed for clinical targets [4, 30, 32, 49, 58].
Several publications have reported the CRP level association
with bone mineral density (BMD) [10, 11, 16, 29, 39, 46],
nonvertebral fractures [39, 46], and radiographic vertebral
fractures [46]. Furthermore, whether CRP can directly affect
osteoblastic differentiation and what molecular mechanisms
could occur remain unclear.

Primary cilia are non-motor microtubular organelles
located on the majority of vertebrate cells (such as osteo-
blasts and osteocytes) [62] and extend as a solitary unit from
the basal body [47]. During cell cycling and proliferation,
emerging evidence indicates that the primary cilia act as a
unique dynamic organelle carrying signals critical to prolif-
eration [7, 13, 19, 31, 38, 41, 45, 55]. This process is medi-
ated by the ciliary-dependent actions of Gli transcription
factors controlling the cell cycle regulator expression [8, 15,

@ Springer


http://orcid.org/0000-0002-2595-1369
http://crossmark.crossref.org/dialog/?doi=10.1007/s12032-024-02301-z&domain=pdf

72 Page2of 14

Medical Oncology (2024) 41:72

22]. As the cell cycle begins, primary cilia are broken down
and assembled in non-dividing cells during the GO/G1 phase
[42]. In particular, many studies have observed that primary
cilia also regulate skeletal development in adult embryos [3,
5, 17, 18, 36, 48], mechanically controlling bone formation
[26, 59]. The ciliary-associated proteins polycystin-1 (Pkd1)
and Kif3a impair osteoblastic differentiation [44, 60]. Addi-
tional research demonstrated that conditional knockout of
Pkd1 or Kif3a impairs the sensory function of osteoblasts
while destroying mechanosensory-mediated skeletal homeo-
stasis [52, 59]. However, the mechanism of primary cilia
regulating osteoblast proliferation and differentiation during
skeletal development is unknown.

Hh signaling is the principal pathway involved in regu-
lating cell function significant for skeletal development and
repair [28, 37]. Hh ligands comprise three members: Indian
Hh (IHH), Sonic Hh (SHH), and Desert Hh (DHH) [24, 37,
54]. Without the SHH expression, the transporter-like recep-
tor Patched-1 (PTCHI1) is concentrated within the ciliary
membrane to prevent smoothened (SMO) accumulation. Ele-
vated cAMP enhances the hydrolysis of the full-length form
of the Gli transcription factor (Gli-FL) into its repressor
form (Gli-R). Conversely, SHH, binding to PTCH]1, results
in concomitant enrichment and activation of SMO in the
cilia [9, 34, 56, 64]. Active SMO leads to the dissociation of
the Suppressor of Fused (SUFU) from Gli transcription fac-
tors. This allows activated Gli proteins (Gli-A) to create and
transduce Hh signals to primary cilia [9, 34, 56, 64], caus-
ing transcriptional activation of Hh genes [1]. Primary cilia
directly affect the Hh signaling pathway transduction and
bone formation. Eduardo et al. observed that IFT88 silencing
reduced osteoblastic genes and Hh transcription factor Glil
within osteocytes and osteoblasts [35]. Suzuki et al. discov-
ered that changes in the number and length of primary cilia
in Dher7 and Insigl/2 mutant osteoblasts affected the Hh
signal transduction activity, leading to abnormal osteoblastic
differentiation [51].

Although CRP levels and other chronic inflammatory
mediators have been monitored for decades, little is known
about whether CRP can directly affect osteoblast prolifera-
tion or differentiation. The current study explored the inhibi-
tory effect of CRP over the proliferation and osteoblastic
differentiation of osteoblast precursor cells (OPCs) and the
underlying mechanisms.

Materials and methods
Cells and cell culture
Primary OPC isolation was performed with procedures

approved by the Institutional Animal Care and Use Com-
mittee (IACUC) of Chongqing Medical University. 3—4
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days old suckling Sprague Dawley (SD) rats were sacrificed
by cervical dislocation. The skull was removed on a sterile
table, and the periosteum with surrounding connective tis-
sue was discarded. The calvarial bone was rinsed with PBS
4-5 times and then cut into small pieces. The pieces were
digested in type I collagenase (EMD, Darmstadt, Germany)
and trypsin (Corning, Manassas, VA) at a ratio of 1:1 at
37 °C for 1-2 h. They were centrifuged at 1000 r/min for
5 min using a low-speed medical centrifuge (15011249,
Beijing), which retained the pellet. The digested cells were
washed, re-centrifuged, and then plated in a-MEM supple-
mented with 10% fetal bovine serum (FBS) (Gibco), 100 U/
mL penicillin, and 1 mg/mL streptomycin. Osteoblastic dif-
ferentiation was induced using OS medium consisting of
10~ M dexamethasone (SLBS5298, Sigma, USA), 50 pg/
mL ascorbic acid (SLBQO061V, Sigma, USA), and 10 mM
-glycerophosphate (154804-51-0, Sigma, USA).

Cell treatment

The study used 5 mg/mL recombinant CRP (BBI, D620482-
0100, Shanghai) to treat primary OPCs and observe the
effect of CRP on osteoblasts. The role of primary cilia was
investigated in osteoblastic differentiation after recombi-
nant CRP treatment. Cells were incubated overnight with
10 mM chloral hydrate (BBI, Songjiang, Shanghai, China)
to remove the primary cilia. The role of the Hh signaling
pathway in osteoblastic differentiation after recombinant
CRP treatment was explored by processing primary OPCs
using a 10 nM Sonic Hedgehog signaling agonist (SAG,
sc-212905, Santa Cruz).

Cell counting kit 8 (CCK8) assay

CCKS8 assay helped evaluate the CRP effect on cell prolif-
eration. OPCs were cultured in 96-well plates (2 10° cells/
well), and 5 mg/mL of recombinant CRP was added. After
24,48, and 72 h, 10 pL CCKS solution (Beyotime, China)
was added and incubated for 2 h. Finally, cell viability was
determined by recording the absorbance at 450 nm with a
microplate reader (Thermo, USA).

Flow cytometry

OPCs were seeded in 6-well plates at 2x 10° cells/well den-
sity and then treated with recombinant CRP for 72 h. The
supernatant was discarded after centrifugation. OPCs were
washed thrice in PBS, and the supernatant was discarded
after every wash. After harvesting the OPCs, the cells were
fixed overnight in ice-cold 70% ethanol and stained using
propidium iodide (Sigma) for 30 min. After staining, a BD
FACSAria I (USA) flow cytometer helped assess the cell
cycle phase distribution.
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The cells were collected, including those floating within
the culture medium. Then, 200 pL binding buffer was added
before the cells were mixed and resuspended. Later, a 5 pL
aliquot of Annexin V-FITC was added and incubated for
10 min in the dark at room temperature. The cells were cen-
trifuged at 1000 rpm for 5 min, following which the super-
natant was discarded. A 200 pL aliquot of binding buffer
was added to the cells and resuspended before staining using
5 pL of propidium iodide (Sigma). The stained CRP-treated
cells were analyzed using flow cytometry to determine the
apoptosis extent.

Alizarin red staining

Osteoblastic differentiation was induced with OS medium
for 21 days, after which Alizarin Red S solution helped
measure the formation of bone nodules. The protocol was
followed: adherent OPCs were washed three times using
PBS, then fixed with 5% paraformaldehyde for 10 min. Then,
they were rinsed with PBS three times, stained with Alizarin
Red S, and rinsed twice using deionized water (pH 4.2).
After drying at room temperature, the OPCs were imaged
with a light microscope. Then, the OPCs were decolorized
with 10% (w/v) cetylpyridinium chloride (Sigma) in 10 mM
sodium phosphate (pH 7.0) for 10 min. The absorbance at
562 nm of specified aliquots transferred to a fresh 96-well
plate was recorded, and the experiment was repeated thrice.

ALP activity analysis

OPCs were permeabilized with 0.5% Triton X-100. ALP was
determined in an alkaline solution (1.5 M, pH 10.3) supple-
mented with 10 mM p-nitrophenyl phosphate. NaOH solu-
tion (0.1 N) helped stop the reaction, after which a micro-
plate reader helped record the optical density at 405 nm.
DNA content was used to normalize ALP activity, expressed
as nmol of p-nitrophenol produced per mg of total DNA
per min.

Immunofluorescence

12 mm circular micro coverslips (§89015-724, VWR, USA)
on which cells were cultured were sterilized, dried with
ethanol, and then placed inside the wells of a 24-well plate.
OPCs were seeded at a density of 4 x 10* cells/well and cul-
tured with recombinant CRP (5 mg/mL) for three days. The
OPCs were washed with PBS three times, fixed with 4%
methanol for 10 min, and then permeabilized with 0.05%
Triton X-100. The cells were incubated using 5% BSA for
60 min with a specified antibody panel overnight at 4 °C to
avoid non-specific binding. After staining the nuclei with
DAPI (1:1000, Sigma), the cells were observed and imaged

using a Leica DM4000 microscope. The experiment was
performed in quadruplicate.

Immunofluorescence helped visualize the structure of the
primary cilia using antibodies against acetylated a-tubulin
(1:1000, T6793, Sigma), y-tubulin (1:1000, T3320, Sigma),
Gli2 (1:1000, YN3016, ImmunoWay), SUFU (1:1000,
C54G2, CST), Ki67 (1:200, Santa Cruz), and Osteocal-
cin (OCN, 1:1000, 16157-1-AP, Proteintech, USA). Alexa
Fluor568-conjugated (1:1000, A-11011, Invitrogen) or Alexa
Fluor647-conjugated anti-mouse (1:1000, A-21235, Invitro-
gen) antibodies were procured as secondary antibodies.

Western blot analysis

Total protein was extracted from recombinant CRP-treated
cells, and its concentration was measured with a bicin-
choninic acid (BCA) assay kit (Pierce, Rockford, IL, USA).
The proteins were separated using 10% sodium dodecyl sul-
fate—polyacrylamide gel electrophoresis (SDS-PAGE). Then,
they were transferred to polyvinylidene fluoride (PVDF)
membranes in a buffer of 192 mM glycine, 25 mM Tris,
and 20% methanol. The membranes were blocked using 5%
milk and incubated overnight with various primary antibod-
ies at 4 °C against the following epitopes: y-tubulin (1:1000,
T3320, Sigma) and acetylated a-tubulin (1:1000, T6793,
Sigma) for primary cilia staining, OPN (1:200, 225952-
1-AP, Proteintech), ALP (1:1000, A5111, Selleckchem),
and Collagen Type I (1:1000, 14695-1-AP, Proteintech) to
assess osteoblastic differentiation, Gli2 (1:1000, YN3016,
ImmunoWay), SHH (1:1000, A5115, Selleckchem), PTCH1
(1:1000, C53A3, CST), and SUFU (1:1000, C54G2, CST)
to determine Hh protein expression, and Cyclin D1 (1:1000,
60186-1-LG, Proteintech), Cyclin D2 (1:1000, 10934-1-AP,
Proteintech) and Cyclin E (1:1000, 11554-1-AP, Proteintech)
to examine cell cycling. GAPDH (1:1000, YT5052, Immu-
noWay) demonstrated the internal control. The membranes
were incubated using HRP-conjugated goat anti-rabbit [gG
(1:5000, A-11034, Novex, Carlsbad, CA) or goat anti-mouse
IgG (1:5000, #7074, CST) secondary antibodies at room
temperature for 1 h. The protein bands were visualized with
a Bio-Rad ChemiDoc™ Touch Imaging System (USA), and
the entire experiment was performed in triplicate.

Selection and GO enrichment analyses of hub genes

Two microarray datasets from the Gene Expression Omni-
bus (GEO) database were downloaded: the GSE12266 and
GSE37558. A total of 778 differentially expressed genes
(DEGs) were identified using the R package DESeq2. The
MCODE plugin in the Cytoscape software helped determine
the 20 genes controlled in the key module. From them, 10
were identified as hub genes with the cytoHubba plugin in
Cytoscape software. Gene Ontology (GO) analysis helped
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explore the functional role of the genes of interest. The iden-
tified Hub genes underwent GO analysis with the David tool
(https://david.ncifcrf.gov/) for comprehensive functional
annotations. A false discovery rate (FDR) <0.05 in GO
analysis was selected as the significant enrichment threshold.

Statistical analysis

All the data are represented as mean + SEM (N > 3). A stu-
dent t-test helped compare the difference between the two
groups and a two-way ANOVA for multiple group compari-
sons. P <0.05 was considered statistically significant. All
the statistical analyses were performed using the GraphPad
Prism software [43].

Results and discussion

Recombinant CRP inhibits the proliferation of OPCs
by blocking the cell cycle in the G1-S transition

OPC proliferation treated with various recombinant CRP
concentrations (5, 10, and 20 mg/mL) was determined to
explore the role of CRP in osteogenesis [14, 25, 63]. Pro-
liferation decreased significantly at recombinant CRP con-
centrations of 5, 10, and 20 mg/mL with dose-dependent
inhibition (Fig. 1A). Apoptosis increased significantly at
recombinant CRP concentrations of 10 and 20 mg/mL, dose-
dependently (Supplemental Fig. 1). Staining of Ki67, a pro-
liferation marker, was dramatically lower in the CRP group
than in the control (Fig. 1B, C). Cell cycling was investi-
gated using immunofluorescence to explore the underlying
mechanisms of CRP-mediated OPC proliferation. Cyclins
D1, D2, and E are G1 phase-associated proteins. Immu-
nofluorescence depicted that incubation with recombinant
CRP decreased the protein expression levels of Cyclins
D1, D2, and E in the nuclear region while inhibiting their
nuclear translocation (Fig. 1D-F). Western blot analysis
also depicted that CRP decreased the levels of G1 phase-
associated proteins (Fig. 1G, H). Finally, flow cytometry
indicated that OPC percentages in the G2/M phase decreased
significantly. However, those in the GO/G1 phase increased
in the recombinant CRP-treated group (Fig. 11, J).

Recombinant CRP suppresses osteoblastic
differentiation

Since inflammation increases bone resorption and inhibits
bone formation [33], osteoblastic differentiation of OPCs
treated with recombinant CRP was evaluated by culturing
OPCs in OS medium with and without recombinant CRP.

@ Springer

After 14 days, OPCs treated with recombinant CRP showed
fewer mineralized nodules (Fig. 2A, B). Quantitative measure-
ments depicted that calcium deposits were smaller than in the
control group (Fig. 2C). Western blot analysis indicated that
protein marker levels of osteoblastic differentiation were lower
in recombinant CRP-treated OPCs than in the control, includ-
ing ALP and OPN (Fig. 2D, E). Fluorescence staining helped
evaluate the expression levels of the osteoblastic differentiation
marker OCN. On day 3, the OCN expression was significantly
lower than in the control group (Fig. 2F, G). Finally, the early
osteoblastic differentiation marker ALP activity was evaluated.
The data describe that ALP activity was lower in OPCs treated
with recombinant CRP after seven days than in the control
group (Fig. 2H).

Recombinant CRP abnormally activates
the expression of primary cilia
during the osteoblastic differentiation of OPCs

The R package DESeq?2 helped identify 778 differentially
expressed genes (DEG) before performing GO and KEGG
analysis to determine the vital biological processes associated
with osteoblastic differentiation. The results depicted that the
DEGs were primarily relevant to three biological processes
(BPs): negative apoptotic process regulation, inflamma-
tory response, and signal transduction (Fig. 3A). Then, the
MCODE plugin in Cytoscape software was used to identify
the 20 + genes regulated in the key module. Among them,
10 were identified as hub genes with the cytoHubba plugin
in the Cytoscape software. These could be the differentially
expressed genes required for osteoblastic differentiation
and proliferation (Fig. 3B). Table 1 depicts the description
and function of the 10 Hub genes. Microtubule activity was
essential for each of these biological processes and cellular
components. Since microtubules are a critical component
of primary cilia, primary cilia regulate cell cycle processes.
They can prevent abnormal cell growth by restricting the
cell cycle in studies of the CRP effect on the primary cilia of
OPCs [2, 12]. The present study showed more primary cilia
on recombinant CRP-treated OPCs than on control OPCs,
indicating that CRP abnormally activated primary cilia for-
mation (Fig. 3C-E). Whether CRP influenced primary cilia
disassembly or assembly was also investigated. The primary
cilia on OPCs treated with 5 mg/mL recombinant CRP were
longer (mean: 5.065 +1.45 pm) than those of control cells
(mean: 2.195 +1.30 pm) (Fig. 3F, G). Thus, CRP positively
affected primary cilia assembly in OPCs. Similarly, Western
blot analysis also confirmed that incubation in recombinant
CRP was accompanied by higher acetylated-a-tubulin and
y-tubulin expression (Fig. 3H, I).
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Fig.1 CRP inhibits OPC proliferation by blocking the cell cycle
at the G1-S transition. OPCs were treated with 5 mg/mL CRP for
3 days (n=3). A CRP effects on OPC proliferation were evalu-
ated using a CCKS8 assay at different CRP concentrations for 24 h,
48 h, and 72 h (n=3). B Ki67 expression was estimated in OPCs;
Nuclei were stained using DAPI. Scale bars: 100 pm. C Percentage
of Ki67-positive cells. The results from five random fields. Scale
bars: 100 pm. The cell numbers were quantified with Image J. D
Fluorescence staining of Cyclins D1 and D2 describe their location
and expression. Cyclin D1 antibody (green) and D2 antibody (red).
Nuclei were stained using DAPI (blue). Scale bars: 100 pm. E Fluo-

Chloral hydrate removes longer primary cilia
and rescues the reduction in osteoblastic
differentiation of OPCs caused by treatment
with recombinant CRP

The cells were treated with chloral hydrate to confirm
the changes in primary cilia during the osteoblastic OPC
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differentiation, damaging the primary cilia junction
with the basal body. Compared with the control group,
immunofluorescence staining established that the chlo-
ral hydrate successfully removed primary cilia from
the OPCs within the recombinant CRP-treated group
(Fig. 4A-D). Whether chloral hydrate could enhance
osteogenesis was also investigated by assessing the effect
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Fig.2 CRP suppresses osteoblastic differentiation. A Alizarin Red
staining of OPCs with or without CRP on day 21 of osteoblastic
induction (n=3). B The representative microscopic images of OPCs
stained using Alizarin Red. Scale bars: 100 pm. C The mineraliza-
tion levels depended on Alizarin Red staining (n=3). D OPCs were
treated using 5 mg/mL CRP for 3 days (n=3). Western blotting of
ALP and OPN in OPCs. E Quantitative ALP and OPN protein level
analysis using immunoblots in (D). ALP and OPN expression levels

of chloral hydrate on gene expression involved in OPC
osteogenesis. Western blot analysis depicted that, com-
pared with recombinant CRP treatment alone, treatment
with recombinant CRP and chloral hydrate (10 mM) for
three days led to a marked increase in Collagen Type I
and OPN expression levels (Fig. 4E, F). Finally, ALP
activity assays described that chloral hydrate signifi-
cantly rescued the recombinant CRP-mediated reduction
in ALP activity (Fig. 4G).
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were normalized to GAPDH (n=3). F OPCs were treated using 5
mg/mL CRP for 3 days (n=3). Fluorescence staining of OCN loca-
tion and expression (red). Nuclei stained using DAPI (blue). Scale
bars: 100 pm. G The fluorescence intensity quantification in (F)
(n=3). H ALP activity of OPCs treated with or without CRP on day
7 of osteoblastic induction (n=3). The data were analyzed with a stu-
dent t-test. Error bars: SEM.; *p<0.05, **p<0.01, ***p <0.001

Recombinant CRP inhibits OPC osteogenesis
via the primary cilia/Hh signaling pathway

The Hh pathway plays a significant role in regulating bone
formation and osteoblastic differentiation. Recombinant
CRP enhanced the protein expression levels of PTCH1 and
SUFU in OPCs. However, SAG (10 nM) treatment resulted
in promoting SUFU to be partially inhibited, but that of
PTCHI1 remained unaltered (Fig. 5A). In contrast, recombi-
nant CRP significantly reduced protein expression levels of
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Gli2 and SHH in OPCs, while SAG treatment was partially
rescued in Gli2. Still, the low SHH expression was unal-
tered (Fig. 5B). OPCs were treated using chloral hydrate to
remove primary cilia and clarify the relationship between
primary cilia and the Hh pathway. Later, the difference in
Hh pathway activity was observed with or without primary
cilia. Chloral hydrate showed the same effect as SAG on
the Hh signaling pathway expression (Fig. 5C, D). Gli2,
SUFU, and primary cilia were co-stained with immuno-
fluorescence experiments to clarify the relationship. After
co-staining acetylated a-tubulin and Gli2, Gli2 was attached
to the bottom of the primary cilia. The expression location
was highly coincident with the primary cilia (Supplemen-
tal Fig. 2A). The SUFU expression increased with the co-
staining of acetylated a-tubulin and SUFU; however, its site
of expression was inconsistent with that of primary cilia
(Supplemental Fig. 2B, C). The results indicated that the
primary cilia may control the Hh signaling pathway by regu-
lating Gli2 expression. We also investigated whether SAG
enhanced osteogenesis. Fluorescence staining depicted that
SAG significantly enhanced OCN expression levels, which
was decreased due to recombinant CRP treatment (Fig. 5E,
F). The SAG influence on gene expression participating in
OPC osteogenesis was investigated. Western blot analysis
depicted that compared with treatment using recombinant
CRP alone, recombinant CRP combined with SAG (10 nM)
for three days led to a marked increase in Collagen Type
I expression and OPN (Fig. 5G, H). Finally, ALP activity
assays depicted that SAG significantly rescued a recombi-
nant CRP-mediated reduction in ALP activity (Fig. 5I). In
summary, the results indicated that recombinant CRP inhib-
ited OPC proliferation by preventing G1-S transition of the
cell cycle in vitro, inhibited the Hh pathway, and restricted
OPCs osteoblastic differentiation by abnormally activating
cilia expression.

Discussion

CRP is an inflammatory response factor against infection
and tissue damage. The CRP plasma levels are a reliable
marker of systemic inflammation. There have been reports
published on the association between CRP levels and bone
mineral density (BMD) [10, 11, 16, 29, 39, 46], nonvertebral
fractures [39, 46], and radiographic vertebral fractures [46].
However, retrospective analyses have not clarified whether
CRP directly affects osteoblastic differentiation or is a causal
factor. Therefore, the present study treated OPCs using
recombinant CRP to observe their effects on osteoblast
precursor cells. Thus, recombinant CRP inhibited the cell
cycle, proliferation, differentiation, and mineralization
of OPCs, reduced the expression of osteoblast-specific
genes, and increased the length and number of primary

cilia in OPCs. The addition of SAG (Smoothened agonist)
and chloral hydrate (removal of primary cilia) to assess
functional gain enabled the salvage of osteoblastic
differentiation partially inhibited by recombinant CRP.
These findings demonstrate that recombinant CRP could
influence the proliferation and cell cycle of OPCs and
control the osteoblastic differentiation and mineralization of
osteoblasts via the Hh pathway. Primary cilia are critical in
this process. For the first time, the current report established
that CRP directly regulates osteoblastic differentiation by
stimulating primary cilia expression and its influence on the
Hh pathway.

There has been little agreement about the effect of CRP
on proliferation. CRP has appeared to perform different
roles based on the treatments it faces. Wang et al. studied
the effect of CRP on the proliferation of vascular smooth
muscle cells (VSMs) in a rat carotid artery balloon injury
model. They found that CRP enhanced their proliferation
in vitro [57]. Yang et al. observed that CRP improved the
proliferation of myeloma cells when stressed and protected
them from apoptosis caused by drugs [61]. Conversely,
Yoshida et al. observed that CRP inhibited the proliferation
of activated CD4 + and CD8 + T cells in melanoma patients
in vitro. CRP inhibited the expansion of CD8 +Tcells in a
dose-dependent manner by affecting the T cells [63]. Since
the effect of CRP on osteoblast precursor cells has rarely
been studied, the present study could be the first to report
on its effect on OPCs. This study observed that 5 mg/mL of
recombinant CRP inhibited OPC proliferation. Moreover,
it significantly enhanced OPC apoptosis with increasing
recombinant CRP concentration dose-dependently (Supple-
mental Fig. 1). Based on the microscopic images of OPCs,
5 mg/mL was the lowest concentration of recombinant CRP
exerting a biological effect for subsequent processing. How-
ever, recombinant CRP inhibited the expression of Cyclins
D1, D2, and E and their nuclear translocation. Addition-
ally, the percentage of cells in the GO/G1 phase significantly
increased and decreased in the G2/M phase in recombinant
CRP-treated cells, compared with the control group. These
findings confirm that recombinant CRP treatment down-reg-
ulated levels of G1 phase-associated proteins and induced
G1-S transition arrest while inhibiting OPC proliferation.

Recently, Cho et al. observed that CRP decreased the
osteoblastic differentiation of MC3T3-E1 cells and inhib-
ited the osteoblast-specific genes osterix and Runx2 expres-
sion. No studies have examined CRP’s effect on osteoblast
precursor cells [6]. While using primary calvarial OPCs is
a strength of the present study, a limitation is that these are
osteogenic cells from the ectoderm of the neural crest rather
than the mesoderm. Interestingly, the findings are like those
of Cho et al., who investigated MC3T3.E1 cells derived from
calvaria. Consistent with previous studies, the present study
demonstrated that CRP inhibited OPC osteogenesis in vitro.
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Similarly, recombinant CRP decreased calcium concentra-
tions and protein expression levels of ALP, OPN, and OCN,
reducing ALP activity in OPCs undergoing osteoblastic dif-
ferentiation. When stimulated by the Hh protein, the molec-
ular expression that stimulates osteoblastic differentiation
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is regulated by Hh signaling [50, 53]. Similarly, Onodera
observed that McCune-Albright syndrome (MAS)-specific
human induced pluripotent stem cells (iPSCs) displayed
low Hh signal activity and poor mineralization in osteoblast
cultures. Osteogenesis was restored to its normal levels by
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«Fig.3 CRP abnormally activates the primary cilia expression dur-
ing osteoblastic differentiation in OPCs. A Bar graph showing the
GO and KEGG analysis of differentially expressed genes. B Key
modules within the network analysis of hub genes. C Fluorescent
staining depicts the cilia location and expression. OPCs were treated
using 5 mg/mL CRP for 3 days (n=3). The cilia were stained using
y-tubulin (basal body: red) and acetylated-a-tubulin (axoneme:
green) antibodies. Nuclei were stained using DAPI (blue). Scale bars:
100 pm. D The quantification of fluorescence intensity in (C) (n=3).
E Number of ciliated cells (n=3 with at least 200 analyzed cells)
were counted. F The representative images of primary cilia in OPCs.
Scale bars: 20 pm. G The calculated length of cilia (nn=15 cells)
in (F). H Acetylated-a-tubulin and y-tubulin expression in OPCs as
observed using Western blotting. I Quantitative analysis of protein
expression levels from immunoblots in (H). Acetylated-a-tubulin and
y-tubulin expression levels were normalized to GAPDH (n=3). The
data were analyzed with a student’s #-test. Error bars: SEM; *p <0.05,
*¥p<0.01, #**¥p<0.001

activating small Hh signaling molecules to restore osteoblast
precursor cells [6]. The results demonstrated that PTCH1
and SUFU expression were up-regulated, but Gli2 and SHH
were down-regulated using recombinant CRP in OPCs.
Therefore, recombinant CRP suppresses SHH expression,
allowing PTCHI1 to prevent SMO accumulation. SUFU

Table 1 Descriptions and functions of the 10 Hub genes

terminally binds to Gli2, preventing Gli2 from undergoing
nuclear translocation and causing target gene transcription
(Fig. 6®). Thus, adding SAG did not change the expres-
sion of PTCH1 or SHH but inhibited SUFU overexpression
and increased the low Gli2 expression. SAG mechanisms
have been widely investigated. Kanke et al. observed that
SAG reduced the expression of osteoblast-related proteins
and genes among pluripotent stem cells [27]. Hojo et al.
described SAG-induced osteoblastic marker gene expression
and osteoblastic differentiation [21]. These reports confirm
that recombinant CRP treatment in OPCs inhibits osteoblast
differentiation. Thus, adding SAG may induce Hh signal-
ing pathway transduction and partially rescue osteoblastic
differentiation (Fig. 6®). Primary cilia could act as a nega-
tive regulator of the Hh pathway and as a positive regulator.
Ho et al. treated explanted human chondrosarcomas using
chloral hydrate and chemically removed the primary cilia
from cells. Thus, the primary cilia suppressed Hh signal-
ing in tumor cartilage cells [20]. Consistent with those find-
ings, the study results indicate that treatment with chloral
hydrate exhibits an effect like SAG, i.e., Chloral hydrate
does not change SHH or PTCH1 expression but inhibits

Gene.symbol Description Function

AURKA Aurora kinase A

NUSAPI Nucleolar spindle associated protein 1
MAD2L1 Mitotic arrest deficient 2-like protein 1
CDC45 Cell division cycle 45

CDC20 Cell division cycle 20

TYMS Thymidylate synthase

PRC1 Protein regulator of cytokinesis 1
CCNA2 Cyclin A2

TRIP13 Thyroid hormone receptor interactor 13
TOP2A DNA topoisomerase II alpha

Cell cycle regulating kinases appear to be involved in the formation and/or stability of
microtubules at the spindle pole during segregation of chromosomes

NUSAPI is a nucleolar-spindle-associated protein that plays a role in spindle micro-
tubule organization. Proteins related to microtubules that promote the formation of
mitotic spindles and microtubules

Component of the spindle-assembly checkpoint that prevents the onset of anaphase until
all chromosomes are correctly aligned at the metaphase plate

The protein encoded by this gene was identified by its strong similarity with Saccha-
romyces cerevisiae Cdc45, an essential protein required for the initiation of DNA
replication, important for early steps of DNA replication in eukaryotes

Target of the spindle assembly checkpoint and positive regulator that promotes the com-
plex after mitosis which guides the ubiquitination and degradation of certain proteins
in the cell cycle and ensures the normal separation of chromosomes

The encoded thymidylate-forming enzyme (TS) is the rate-limiting enzyme for pyrimi-
dine nucleotide synthesis and an important factor for tumor growth

Proteins involved in cytokinesis are the substrates of several cyclin-dependent kinases
(CDK). It is necessary for polarizing parallel microtubules and concentrating factors
responsible for contractile ring assembly

A protein that binds and activates cyclin-dependent kinase 2 and thus promotes transi-
tion through G1/S and G2/M

Gene that encodes a protein that interacts with thyroid hormone receptors, also known
as hormone-dependent transcription factors. The gene product specifically interacts
with the ligand binding domain. This gene is one of several that may play a role in
early-stage non-small cell lung cancer

This gene encodes a DNA topoisomerase, an enzyme that controls and alters the topo-
logic states of DNA during transcription. This nuclear enzyme is involved in processes
such as chromosome condensation, chromatid separation, and the relief of torsional
stress that occurs during DNA transcription and replication. It catalyzes the transient
separation and rejoining of the two strands of duplex DNA which allows the strands to
pass through one another, thus altering the topology of DNA
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Fig.4 Chloral hydrate removes the longer cilia but rescues osteo-
blastic differentiation reduction of OPCs after CRP treatment. OPCs
were cultured in osteoblast medium, CRP, or CRP using chloral
hydrate (10 mM) for 3 days. A The expression and location of cilia
were tested by fluorescent staining. Primary cilia were stained using
acetylated-a-tubulin (axoneme, green) and y-tubulin (basal body,
red). Nuclei were stained using DAPI (blue). Scale bars: 100 pm. B
The fluorescence intensity quantification in (A) (n=3). C The repre-
sentative images of primary cilia in OPCs. Scale bars: 20 pm. D The
calculated cilia length (n=15 cells) is shown in (C). The expression

SUFU overexpression and increases the low Gli2 expres-
sion. We co-stained Gli2, SUFU, and primary cilia using
immunofluorescence experiments to clarify the relationship
with primary cilia. Gli2 was attached to the bottom of the
primary cilia by co-staining acetylateda-tubulin and Gli2,
the expression site was highly coincident with the primary
cilia (Supplemental Fig. 2A). We found that SUFU expres-
sion increased by co-staining with acetylated a-tubulin and
SUFU, but its expression site was inconsistent with that of

@ Springer

&

B
® OPC
¥ OPC+CRP
05 m OPC+CRP+chloral hydrate
. NS
ek k%
0.4
2
2
I Fkk
€ 0.3 *k
o ek
o
]
S 0.2
o
o
2
0.1 ‘ \ rl n
0.0 ﬂ
E a-tubulin y-tubulin
kK -
v 9 Collagen Type |
\ T R |
- OPN
70kDa

GAPDH
35kDa
— Fekk
Z 8-
a
20
2 E 6+
53
Q-
Jc 4+
< ‘g
i
Q o
x! @ O <3
OQ- OQ.Q RS OQ XQ~ OQ. RS
) O xS
© «’7}‘\ & & «’Z}V\\
Oé\\o EF\O

levels of osteoblastic differentiation markers were evaluated using
Western blotting. F The quantitative analysis of collagen-1 and OPN
protein expression levels from immunoblots € (E). The expression
levels of collagen-1 and OPN normalized to GAPDH (n=3). G The
OPCs were cultured in osteoblast medium, CRP, or CRP with chlo-
ral hydrate (10 mM) and analyzed for intracellular ALP (n=3). All
the data are represented as mean +SD. One-way ANOVA using post-
mortem testing was performed. The following thresholds represent
significance: *p<0.05, **p<0.01, ***p<0.001, NS=Not statisti-
cally significant

primary cilia (Supplemental Fig. 2B, C). The results above
indicate that the primary cilia may mediate the Hh signal-
ing pathway by regulating Gli2 expression. Thus, treatment
with chloral hydrate can eliminate primary cilia and partially
restore the Hh signaling pathway, thereby improving osteo-
blastic differentiation (Fig. 6).

The results indicate that recombinant CRP inhibits
OPC proliferation by arresting the G1-S phase of the cell
cycle in vitro. Furthermore, recombinant CRP inhibited
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Fig. 5 CRP inhibits OPC osteogenesis through the cilia/Hh signaling
pathway. OPCs were cultured in osteoblast medium, CRP, and CRP
with SAG (10 mM) or chloral hydrate (10 mM) for 3 days. A The
expression levels of Hh pathway proteins were tested using Western
blotting. B Quantitative analysis of Hh pathway protein levels from
immunoblots in (A). Hh pathway protein expression levels were nor-
malized to GAPDH (n=3). C The expression levels of Hh pathway
proteins were tested using Western blotting. D Quantitative analysis
of Hh pathway protein levels from immunoblots in (C). Hh pathway
protein expression levels were normalized to GAPDH (n=3). E Fluo-
rescence staining of levels and location of OCN expression (red). The
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nuclei were stained using DAPI (blue). Scale bars: 100 pm. F The
fluorescence intensity quantification in (E) (n=3). G The expression
levels of osteoblastic differentiation markers tested were using West-
ern blotting. H The quantitative analysis of Collagen Type I and OPN
levels from immunoblots in (G). Collagen Type I and OPN expres-
sion levels were normalized to GAPDH (n=3). I OPCs were cultured
in osteoblast medium, CRP, or CRP with SAG (10nM) for 7 days, and
then intracellular ALP activity was measured (nn=3). All the data are
represented as means + SD. One-way ANOVA with post-mortem test-
ing was performed. The significance was recorded with the following
thresholds: *p <0.05, **p<0.01, ***p<0.001
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Fig.6 Schematic illustration of the Hh pathway function in normal and inflammatory conditions

osteoblastic differentiation of OPCs by inhibiting Hh
signaling. We also observed that recombinant CRP-treated
primary cilia exhibited higher expression and had a longer
length than the control group. Recombinant CRP regulates
the Hh pathway by abnormally activating the expression of
primary cilia, affecting osteoblast marker genes’ expression
in OPCs. Adding SAG and chloral hydrate can partially
rescue osteoblastic differentiation due to recombinant CRP.
The present study’s findings represent a novel gene therapy
method and drug targets for bone loss diseases caused by
inflammation.
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