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Abstract: Background: Receptor tyrosine kinase-like orphan receptor 2 (ROR2) has a vital role in osteogenesis. However,

the mechanism underlying the regulation of ROR2 in osteogenic differentiation is still poorly comprehended. A previous

study by our research group showed that a novel compound heterozygous ROR2 variation accounted for the autosomal

recessive Robinow syndrome (ARRS). This study attempted to explore the impact of the ROR2: c.904C>T variant

specifically on the osteogenic differentiation of BMSCs. Methods: Coimmunoprecipitation (CoIP)-western blotting

was carried out to identify the interaction between ROR2 and Wnt5a. Double-immunofluorescence staining was used

for determining the expressions and co-localization of ROR2 and Wnt5a in bone marrow mesenchymal stem cells

(BMSCs). Western blot (WB) analysis and quantitative reverse transcription polymerase chain reaction (RT-qPCR)

were conducted to identify the expression levels of ROR2 in the BMSCs transfected with LV-shROR2 or LV-ROR2-

c.904C>T. The alkaline phosphatase (ALP) activity was detected, and Alizarin Red S staining was done for evaluating

the osteogenic differentiation of BMSCs. RT-qPCR was employed to identify the expression of the sphingomyelin

synthase 1 (SMS1) mRNA in the BMSCs transfected with LV-shROR2 or LV-ROR2-c.904C>T and the mRNA

expression levels of Runt-related transcription factor 2 (RUNX2), osteocalcin (OCN), and osteopontin (OPN). WB

was performed to confirm the protein expressions of extracellular regulated protein kinases1 (ERK), P-ERK, Smad

family member1/5/8 (Smad1/5/8), P-Smad1/5/8, P-P38, P38, RUNX2, OCN, and OPN in the BMSCs transfected with

LV-shROR2/LV-ROR2-c.904C>T and sphingomyelin (SM). Results: The ROR2: c.904C>T mutant altered the

subcellular localization of the ROR2 protein, which caused an impaired interaction between ROR2 and Wnt5a. The

depletion of ROR2 restricted the osteogenic differentiation capability of BMSCs and downregulated the expression of

SMS1. SM treatment could reverse the inhibition of osteoblastic differentiation in ROR2-depleted BMSCs.

Conclusion: The findings of this work revealed that the ROR2: c.904C>T variant led to the loss of function of ROR2,

which impaired the interaction between ROR2 and Wnt5a and also controlled the osteogenic differentiation capability

of BMSCs. Furthermore, SM was revealed to be engaged in the osteoblastic differentiation of BMSCs regulated by

ROR2, which renders SM a potential target in the therapy for ARRS.

Introduction

Receptor tyrosine kinase-like orphan receptor 2 (ROR2) refers
to a 943-amino-acid transmembrane protein tyrosine kinase
encoded by the ROR2 gene (van Bokhoven et al., 2000).
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ROR2 codes for a member of the ROR receptor tyrosine
kinase family that is expressed widely in multiple tissues.
This includes the heart, the lung, and the brain, and is
involved in developing the nervous and skeletal systems
(Huang et al., 2015). Researchers have verified the vital role
of ROR2 in controlling cell polarity, migration, proliferation,
differentiation, developmental morphogenesis, and tissue/
organogenesis (Debebe and Rathmell, 2015). The biallelic
gene mutations in ROR2 are responsible for the autosomal
recessive Robinow syndrome (ARRS). Missense, nonsense,
and frameshift mutations have been reported in both
intracellular and extracellular domains of ROR2, which
suggests that ARRS is associated with the loss of function of
ROR2 (Chen et al., 2005). A previous study by our research
group showed that a novel missense variant, ROR2:
c.904C>T accounted for ARRS (Yang et al., 2020).
Accumulating evidence from studies conducted using
ROR2-knockout mice and ARRS patients indicates a
significant function of ROR2 in bone formation and
development (DeChiara et al., 2000; Schwabe et al., 2004;
Weissenböck et al., 2019). However, till now, the
mechanism underlying the regulation of ROR2 in
osteogenesis is poorly comprehended.

ROR2 is the inherent receptor of Wnt5a and a
component of the non-canonical Wnt pathway (Yu et al.,
2016; Hasegawa et al., 2018). Mutations in any of the
components of the non-canonical Wnt pathway, including
Wnt5a, are reported to be associated with dysmorphic
skeletal disorders, the manifestations of which include short
limbs and facial anomalies (Michigami, 2019). Mutations in
Wnt5a are responsible for the autosomal dominant
Robinow syndrome (ADRS) (Bolzoni et al., 2013). The
binding of ROR2 to Wnt5a has been documented to
contribute to the cytoskeletal arrangement, cell migration,
cell polarity, and cell proliferation (Ma et al., 2021).
Evidence suggests that Wnt5a stimulates osteoblastogenesis
in humans via its co-receptor ROR2 (Bolzoni et al., 2013)
and that the loss of function of ROR2 could impair the
Wnt5a/ROR2 signaling pathway to result in skeletal
abnormalities (Kaissi et al., 2020). However, whether
c.904C>T could impair the interaction between ROR2 and
Wnt5a remains unknown so far.

Sphingolipids are important components of the
mammalian cell membranes of which SM is the major
subgroup (Wang et al., 2019). The biogenesis of SM
involves two key synthetases belonging to the SM synthase
(SMS) family, namely, SM synthase 1 (SMS1) and SM
synthase 2 (SMS2), which are selectively localized in the
Golgi apparatus and the plasma membrane of the cells
(Villani et al., 2008; Yeang et al., 2008; Matsumoto et al.,
2019). SM forms an SM-rich microdomain on the cell
membrane to control signal transduction for various
processes, such as cell proliferation/survival, migration, and
inflammation (Taniguchi and Okazaki, 2021). It was
reported that local SM catabolism is vital for the
mineralization process in healthy bones (During et al.,
2015). Nuclear magnetic resonance (NMR) analysis also
revealed that the amount of SM is increased during
osteogenic differentiation in human adipose tissue stem cells
(Bispo et al., 2022). On the basis of a previous study

performed by our research group, SM was involved in the
senescence of dental pulp stem cells (DPSCs) regulated by
ROR2 (Dong et al., 2021). BMSCs are reported to possess a
high osteogenic capacity (Lee et al., 2019). The potential
involvement of SM in the osteoblast differentiation of
BMSCs mediated by ROR2 warrants further investigation.

Hence, this work aimed to explore the specific impact of
the ROR2: c.904C>T variant on the osteogenic differentiation
of BMSCs and the potential novel mechanism underlying
ARRS.

Materials and Methods

Cell isolation, culture, and transfection
The approval of this study was acquired from the Ethics
Committee of Shijiazhuang Obstetrics and Gynecology
Hospital. BMSCs isolation has been described in a previous
study (You et al., 2022). The SM transfection was performed
as follows. A mixture of sphingomyelin (125 µM, Sigma,
MO, USA, #85615) together with Lipofectamine (10 µL,
Thermo, MA, USA, STEM00003) was prepared by thorough
mixing, followed by 15–20-min incubation at room
temperature for allowing the formation of Lipo-SM. Next,
BMSCs were placed the into the freshly prepared medium
and subsequently incubated using Lipo or Lipo-SM at 37°C
for 72 h to allow SM transfection (Ishida et al., 2016).

Western blotting analysis
The RIPA lysis buffer was used to isolate the protein from the
cultured BMSCs, according to the protocol in previous studies
(Yang et al., 2019; Yang et al., 2017). Next, the isolated
proteins were subjected to separation through sodium
dodecyl-sulfate polyacrylamide gel electrophoresis (SDS-
PAGE: 8% or 10%) followed by electro-transfer onto the
polyvinylidene difluoride (PVDF) membrane (Millipore,
MA , USA,). Then, membranes were blocked for a 2-h
period with 5% milk diluted in TBS (Mahmood and Yang,
2012). The membranes were later incubated overnight with
primary antibodies at 4°C. The antibodies used were anti-
Smad1/5/8 (Abcam, Cambridge, UK, 1:1000), anti-P-Smad1/
5/8 (Cell Signaling Technology, Boston, USA, 1:1000), anti-
ERK (Abcam, Cambridge, UK, 1:1000), anti-P-P38 (Abcam,
Cambridge, UK, 1:1000), anti-RUNX2 (Abcam, Cambridge,
UK, 1:1000), anti-P-ERK (Abcam, Cambridge, UK, 1:1000),
anti-P38 (Abcam, Cambridge, UK, 1:1000), anti-ROR2
(Abcam, Cambridge, UK, 1:1000), anti-OPN (Abcam,
Cambridge, UK, 1:1000), anti-OCN (Abcam, Cambridge,
UK, 1:1000), and anti-GAPDH (Abcam, Cambridge, UK,
1:1000). Using FuazonFx (VilberLourmat), next day, blots
were examined by ECL (enhanced chemiluminescence).
After capturing blot images, FusionCapt Advance Fx5
software (VilberLourmat) was employed for processing.
Moreover, each assay was carried out three times.

RNA isolation and quantitative reverse transcription
polymerase chain reaction
BMSC cells were lysed using QIAzol Lysis Reagent (QIAGEN,
Dusseldorf, GER) for subsequent RNA extraction. The
quantity and quality of the extracted RNA were analyzed
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using NanoDrop 2000 (Thermo Fisher, MA, USA) (Sun et al.,
2017). The mRNA was reverse transcribed by using the M-
MLV First-Strand Kit (Life Technologies, Cal, USA). Later,
qRT-PCR analysis of the mRNAs was carried out using the
Platinum SYBR Green qPCR SuperMix-UDG Kit
(Invitrogen, Cal, USA). In addition, RT-PCR assay was
performed with the CFX96TM Real-Time System (Bio-Rad).
Gene levels were calculated by the 2–DDCt method, with
GAPDH being the reference.

Osteogenic induction
To evaluate the cell osteogenic differentiation potential in
vitro, we inoculated BMSCs (1 × 105 cells) into 6-well plates.
Then, the cells were subjected to the appropriate treatments
in accordance with the experimental design. The Lv-
Subconfluent cultures were subject to 14-day incubation in
an osteogenic medium (Invitrogen, Cal, USA), with the
medium being changed at 2-day intervals. Subsequently,
70% ethanol was added for cell fixation, followed by the

identification of cell osteogenic differentiation potential
based on their ALP activity and Alizarin Red S staining. In
addition, the Image-Pro Plus 6.0 program (Media
Cybernetics) was used for measuring mineralization.

Immunofluorescence analysis
4% formaldehyde was added to fix cells for 15 min, followed
by a wash with PBS. Next, cell smears were prepared and
subjected to 30-min pre-incubation using 10% normal goat
serum (710027, KPL, MA, USA). Subsequently, we
incubated cell smears using primary antibodies anti-Wnt5a
and anti-ROR2 for 2 h, at 37°C, followed by incubation with
the fluorescence-labeled rabbit IgG secondary antibody
(021516, KPL, MA, USA). Finally, 4′,6-diamidino-2-
phenylindole (DAPI) was added to the cell smears and
incubated for 15 min to counterstain the nucleus. A
confocal microscope (DM6000CFS, Leica) was employed for
image acquisition, followed by digitization using the LAS AF
software.

FIGURE 1. The ROR2: c.904C>T
mutation led to a loss of function
of receptor tyrosine kinase-like
orphan receptor 2 (ROR2),
which resulted in an impaired
interaction between Wnt5a and
ROR2. Coimmunoprecipitation
(CoIP)–Western blotting was
performed for detecting the
interaction between ROR2 and
Wnt5a (A). Double-
Immunoflorescence (IF) staining
was carried out for determining
expressions and ROR2 and
Wnt5a co-localization in BMSCs.
Scale bar = 50 µm (B).
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Co-immunoprecipitation assay
We incubated the cell lysates using a specific antibody at 4°C
overnight, followed by another protein A-agarose incubation
for 1 h at 4°C. The resultant protein A-agarose-antigen-
antibody complex was harvested by centrifugation at 12000 g
for 2 min at 4°C, and washed with the immunoprecipitation-
HAT buffer (each wash was performed for 20 min using 1
mL of the buffer) five times under 4°C. Subsequently, SDS-
PAGE separation was carried out to resolve bound proteins,
and western blot analysis was conducted using specific
antibodies.

Statistical analysis
Results were depicted as mean ± standard error of mean
(SEM). All assays were conducted in triplicate. Student’s
t-test was adopted to analyze the differences in the averages
between the two groups. The threshold of statistical
significance for the differences was p < 0.05.

Results

The ROR2: c.904C>T mutation led to the loss of function of
ROR2 and subsequent impaired of ROR2-Wnt5a interaction
ROR2, the receptor of Wnt5a, has a critical effect on
regulation via the activation of the non-canonical Wnt/β-
catenin pathway (Dave et al., 2019; Yu et al., 2016).
According to the results of the present study, mutant ROR2
c.904C>T was retained in the endoplasmic reticulum (ER),
while wild-type ROR2 was exported to the plasma
membrane (Fig. 1B). The co-immunoprecipitation analysis
revealed that the ROR2: c.904C>T mutation impaired the
interaction between ROR2 and Wnt5a (Fig. 1A). The

in vitro findings indicated that the ROR2 c.904C>T
mutation altered subcellular ROR2 protein localization
which consequently induced the loss of function of ROR2,
thereby affecting the interaction between ROR2 and Wnt5a.

The loss of function of ROR2 led to an inhibited cell osteogenic
differentiation capability
For exploring the effect of ROR2 on osteogenic differentiation,
we evaluated the osteogenic capacity following osteogenic
induction in ROR2-depleted BMSCs transfected with LV-
shROR2 and LV-ROR2-c.904C>T. Based on quantitative
RT-PCR as well as WB assays, ROR2 expression was
downregulated in the ROR2-depleted BMSCs (Figs. 2A and
2B). Furthermore, , ROR2 depletion inhibited the Alizarin
Red S accumulation in the Alizarin Red S staining assay and
ALP staining in ALP activity assays (Figs. 2C and 2D).
These results demonstrated that the loss of function of
ROR2 led to an inhibited osteogenic differentiation
capability of BMSCs.

Sphingomyelin was related to BMSCs osteoblastic
differentiation mediated via ROR2
Previous studies have verified that SM belongs to the
sphingolipid signaling pathway (Bienias et al., 2016). SM
production and metabolism involve several reactions and
enzymes (Brodowicz et al., 2018). Our prior work
documented that ROR2 downregulation facilitated DPSC
aging by promoting SM biosynthesis (Dong et al., 2021).
However, whether SM is related to cell osteogenic
differentiation remains unclear. SMS1 is a key enzyme that
generates SM (Dong et al., 2021). According to our RT-PCR
analysis, SMS1 expression was downregulated in ROR2-
depleted BMSCs (Fig. 3A). In order to determine whether

FIGURE 2. The loss of function of receptor tyrosine kinase-like orphan receptor 2 (ROR2) led to a lowered osteogenic differentiation capability
of bone marrow mesenchymal stem cells (BMSCs). We conducted WB assays for detecting ROR2 protein levels in the BMSCs subjected to LV-
shCon, LV-shROR2, LV-ROR2-WT, and LV-ROR2-c.904C>T transfections (A). We carried out RT-qPCR for identifying ROR2 mRNA levels
in BMSCs subjected to LV-shCon, LV-shROR2, LV-ROR2-WT, and LV-ROR2-c.904C>T transfections (B). Alizarin Red S staining together
with quantification of BMSC osteogenesis were performed after transfection of the cells with LV-shCon, LV-shROR2, LV-ROR2-WT, and LV-
ROR2-c.904C>T (C). The alkaline phosphatase (ALP) activity determination and the quantitative measurements of the BMSC osteogenesis
were performed after transfection with LV-shCon, LV-shROR2, LV-ROR2-WT, and LV-ROR2-c.904C>T (D). All data are shown as the
Mean ± SEM (n = 3). In each analysis, *p < 0.05 relative to the corresponding controls was considered the threshold of significance.
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SM is related to ROR2-mediated osteogenic differentiation of
BMSCs, SM was supplemented to the osteogenic medium, and
the cells were evaluated for osteogenic markers. The canonical
Smad-dependent pathway and the MAPK pathway have been
shown to be inextricably linked with the osteogenesis process
(Tang et al., 2018; Zhang et al., 2019). Smad1/5/8
phosphorylation levels together with associated proteins
involved in the MAPK pathway were, therefore, examined.
The depletion of ROR2 was observed to inhibit the
phosphorylation of P38, Smad1/5/8, and ERK1/2. Moreover,
SM treatment could reverse the downregulation of P-P38, P-
Smad1/5/8, and P-ERK1/2 in the ROR2-depleted BMSCs
(Figs. 4A and 4B). RUNX2 has a critical effect on stem cell
osteogenic differentiation, which can directly stimulate the
transcription of downstream targets that encode OCN and
OPN (Huang et al., 2014). In the present study, RT-PCR
and WB assays revealed that the expression of OPN, OCN,
and RUNX2 was obviously lowered in ROR2-depleted
BMSCs. The SM treatment could reverse the
downregulation of OCN, OPN, and RUNX2 expression
(Figs. 3B–3D; Figs. 4A and 4B). Consequently, it was
inferred that SM positively regulated osteoblast

differentiation. Based on these results, SM was related to
ROR2-mediated BMSC osteoblastic differentiation. Hence,
SM supplementation could maintain the osteoblastic
differentiation of BMSCs.

Discussion

ROR2 is an essential gene for bone development. Nonetheless,
the molecular mechanism related to the role of ROR2 in
regulating osteogenic differentiation remains largely
unknown so far. Intending to shed more light on cell
mechanisms underlying ROR2-regulated, this study
analyzed how decreased ROR2 levels affected in vitro
osteogenesis. It was revealed that the ROR2 c.904C>T
mutation resulted in the loss of function of ROR2, resulting
in an impaired interaction between Wnt5a and ROR2. This
consequently inhibited the osteogenic differentiation of
BMSCs. Furthermore, SM participated in the ROR2-
mediated osteoblastic differentiation of BMSCs. Indeed, SM
supplementation could maintain the osteoblastic
differentiation of BMSCs.

FIGURE 3. The quantitative reverse transcription polymerase chain reaction (RT-qPCR) confirmed that sphingomyelin (SM) was related to
receptor tyrosine kinase-like orphan receptor 2 (ROR2)-mediated bone marrow mesenchymal stem cells (BMSC) osteoblastic differentiation.
RT-qPCR was done for determining sphingomyelin synthase 1 (SMS1) mRNA levels in BMSCs subjected to LV-shCon, LV-shROR2,
LV-ROR2-WT, and LV-ROR2-c.904C>T transfection (A). RUNX2, OCN, and OPN mRNA expression in BMSCs subjected to LV-
shROR2, LV-ROR2-WT, LV-ROR2-c.904C>T, and lipo-SM (lipofectamine-SM) transfection was analyzed by RT-qPCR (B–D). Results are
represented as the Mean ± SEM (n = 3). *p < 0.05 vs. controls was considered the threshold of significance.
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ROR2 was previously suggested to have a significant
effect on cell polarity, migration, growth, aging, and
differentiation (Debebe and Rathmell, 2015). ROR2
reportedly promotes osteoblast differentiation and enhances
bone formation (Awais et al., 2020). Our prior work
suggested that the novel variation c.904C>T of the ROR2
gene, which caused ARRS expanded the disease mutation
spectrum (Dong et al., 2021). Nonetheless, its associated
mechanism in regulating ROR2 during osteogenesis
differentiation remained unknown. In the present study,
according to functional assays conducted in vitro, the ROR2
c.904C>T mutation could alter ROR2 protein subcellular
localization. This protein with the ROR2 c.904C>T mutation
was retained in the ER and was not transported to the
plasma membrane, which presumably led to its loss of
function. Wnt5a, the non-canonical Wnt agonist, can
promote human osteoblastogenesis via the co-receptor
ROR2 (Bolzoni et al., 2013). Evidence suggests that the
ROR2 loss-of-function would probably reduce limb
deformity and Wnt signal transduction (Wang et al., 2011).
The present study demonstrated that the ROR2 c.904C>T
mutation resulted in an impaired interaction between ROR2
and Wnt5a, thereby restraining BMSC osteogenic
differentiation capability. It is hence suggested that ROR2
c.904C>T mutation led to its loss of function, and the
mutated ROR2 protein was still in the ER because of
misfolding and, therefore, did not reach its site of action,
i.e., the plasma membrane. Accordingly, the impact of the
ROR2 c.904C>T mutation on osteogenic differentiation
might be consistent with the above mechanism.

SM is an integral component in different lipid
membranes and is a critical second messenger in several
pathways that affects cell proliferation and differentiation

(Lahiri and Futerman, 2007). Previous studies by our
research group have demonstrated that decreased ROR2
expression enhances DPSCs aging by inhibiting the STK4-
FOXO1/SMS1 axis during SM biosynthesis (He et al., 2022).
According to our RT-qPCR analysis, the SMS1 level
decreased in ROR2-depleted BMSCs. SM is recognized to be
the growth-regulating molecule that regulates tissue
homeostasis as well as skeletal development (Matsumoto et
al., 2019). These findings raised a query whether SM could
be engaged in ROR2-regulated BMSCs osteogenic
differentiation. There are different transcriptional factors
regulating osteogenic differentiation. Several studies have
also reported the involvement of MAPK pathways, such as
the P38 and ERK pathways during osteoblastogenesis (Kim
et al., 2015; Zhu et al., 2018). The constitutively active form
of ERK could reportedly activate in vivo and in vitro
osteoblast differentiation (Ge et al., 2007; Lai et al., 2001),
while P38 was reported to be involved in the Smad-1
phosphorylation, thereby activating osteoblasts (Nöth et al.,
2003). RUNX2 was shown to be expressed in preosteoblasts,
which has vital effects on preosteoblast differentiation into
immature osteoblasts (Komori, 2020). OPN and OCN are
formed in osteogenesis as well as the late stage of the
mineralization process and are known to exert synergistic
effects on detecting bone shape and size (Bailey et al., 2017).
In the present study, the expressions of P-ERK, P-Smad1/5/
8, P38, RUNX2, OCN, and OPN were observed to be
significantly decreased in ROR2-depleted BMSCs. This
suggested that ROR2 had a critical effect on BMSC
osteogenic differentiation. Furthermore, the treatment with
SM rescued impaired osteogenic differentiation in ROR2-
depleted BMSCs, and SM supplementation could maintain
BMSC osteogenic differentiation. Further, research also

FIGURE 4.Western blotting confirmed that SM was related to receptor tyrosine kinase-like orphan receptor 2 (ROR2)-mediated bone marrow
mesenchymal stem cells (BMSC) osteoblastic differentiation. WB assays were done for verifying ERK, P-ERK, Smad1/5/8, P-Smad1/5/8, P-P38,
P38, RUNX2, OCN, and OPN protein expression in the BMSCs transfected with LV-shROR2, LV-ROR2-WT, LV-ROR2-c.904C>T, and lipo-
SM (A–B). All data are shown as the Mean ± SEM (n = 3). In all analyses, *p < 0.05 vs. controls was considered to be the threshold of
significance.
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suggested that ROR2 might facilitate osteogenic
differentiation through STAT3 (Lei et al., 2020). That means
there is no single mechanism through which ROR2 works.
There must be multiple pathways through which ROR2
facilitates osteogenic differentiation and SM is not a lone
potential target for ARRS therapy. Therefore, whether ROR2
interacted directly with SM in BMSC osteogenesis warrants
further research.

Collectively, the findings of the current work revealed
that the ROR2: c.904C>T variant could cause the loss of
function of ROR2, which resulted in an impaired interaction
between ROR2 and Wnt5a, and inhibited the osteogenic
differentiation capability of BMSCs. Moreover, SM was
engaged in osteoblastic differentiation of BMSCs regulated
by ROR2, which renders SM a potential target in the
therapy for ARRS.
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