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Abstract 

Background Ectopic ossification is an important cause of disability in patients with ankylosing spondylitis (AS). 
Whether fibroblasts can transdifferentiate into osteoblasts and contribute to ossification remains unknown. This study 
aims to investigate the role of stem cell transcription factors (POU5F1, SOX2, KLF4, MYC, etc.) of fibroblasts in ectopic 
ossification in patients with AS.

Methods Primary fibroblasts were isolated from the ligaments of patients with AS or osteoarthritis (OA). In an in vitro 
study, primary fibroblasts were cultured in osteogenic differentiation medium (ODM) to induce ossification. The level 
of mineralization was assessed by mineralization assay. The mRNA and protein levels of stem cell transcription factors 
were measured by real-time quantitative PCR (q-PCR) and western blotting. MYC was knocked down by infecting pri-
mary fibroblasts with lentivirus. The interactions between stem cell transcription factors and osteogenic genes were 
analysed by chromatin immunoprecipitation (ChIP). Recombinant human cytokines were added to the osteogenic 
model in vitro to evaluate their role in ossification.

Results We found that MYC was elevated significantly in the process of inducing primary fibroblasts to differentiate 
into osteoblasts. In addition, the level of MYC was remarkably higher in AS ligaments than in OA ligaments. When MYC 
was knocked down, the expression of the osteogenic genes alkaline phosphatase (ALP) and bone morphogenic pro-
tein 2 (BMP2) was decreased, and the level of mineralization was reduced significantly. In addition, the ALP and BMP2 
were confirmed to be the direct target genes of MYC. Furthermore, interferon-γ (IFN-γ), which showed high expres-
sion in AS ligaments, was found to promote the expression of MYC in fibroblasts in the process of ossification in vitro.

Conclusions This study demonstrates the role of MYC in ectopic ossification. MYC may act as the critical bridge that 
links inflammation with ossification in AS, thus providing new insights into the molecular mechanisms of ectopic 
ossification in AS.
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Background
Ankylosing spondylitis (AS) is a highly heritable 
chronic inflammatory disease that primarily affects 
the spine and pelvis [1–3]. It causes pain and initially 
reversible stiffness, ultimately leading to joint ankylo-
sis due to ectopic ossification [4, 5]. Ectopic ossification 
can result in the loss of joint mobility and ankylosis, 
leading to severe disability. Despite the clinical impact 
of ankylosis and its consequences of pain and negative 
lifestyle changes in patients, the mechanisms of ectopic 
ossification in AS remain largely unknown [6, 7].

Osteoblasts are the primary cells involved in ectopic 
ossification [8]. It has been reported that subchon-
dral granulation tissue carries osteoblasts leading to 
intraarticular ankylosis of the facet joints in AS [9]. The 
upregulation of calcium-sensing receptors induced by 
various inflammatory cytokines could promote ossifica-
tion in AS in osteoblasts [10]. However, these studies 
did not address the progenitors of osteoblasts, which 
are essential for the process of ossification.

Earlier studies have indicated that osteoblasts may 
originate from mesenchymal stem cells (MSCs) [11, 12]. 
Bone morphogenic protein 2 (BMP2) overexpression in 
AS-MSCs led to enhanced osteogenic differentiation 
by activating the Smad1/5/8 and ERK signalling path-
ways [13]. However, fibroblasts, which are the primary 
cells in ligament tissue, also showed high BMP2, TGF-
β1 and TβRIII expression and auto-osteogenic capacity 
in the AS spinal supraspinous ligament [14]. It has also 
been reported that fibroblasts show the potential to dif-
ferentiate into osteoblasts under specific circumstances 
in vitro [15, 16]. All of the above research supports the 
possibility that the fibroblasts may trans-differentiate 
into osteoblasts to participate in ectopic ossification in 
AS. Thus, the mechanisms of transdifferentiation merit 
exploration.

The discovery that somatic cells can be reprogrammed 
to induced pluripotent stem (iPS) cells by merely four 
transcription factors (POU5F1, SOX2, KLF4, and MYC) 
was an important breakthrough in stem cell research 
[17]. These four transcription factors play an essential 
role in maintaining stemness, dedifferentiation, and 
redifferentiation. A study revealed that mouse embryonic 
fibroblasts could be transdifferentiated into a wide range 
of somatic lineages in vitro [18]. It was also reported that 
MYC and KLF4 could convert murine fibroblasts into 
osteoblasts in vitro, and overexpression of MYC strongly 
promoted osteoblast differentiation [19, 20]. However, 
whether these transcription factors play a role in the 
transdifferentiation of fibroblasts to osteoblasts in AS 
remains unknown. In the presence of tumour necrosis 
factor (TNF), astrocytes were able to dedifferentiate by 
inducing the expression of POU5F1 through the NF-κB 

pathway, indicating an association between reprogram-
ming and inflammation [21].

Inflammation is an early characteristic of AS [22, 23], 
but how inflammation proceeds to ossification remains 
unknown. Since stem cell transcription factors play a 
critical role in cell reprogramming, whether transcription 
factors link inflammation with new bone formation in AS 
is worth addressing.

Thus, we hypothesized that resident fibroblasts in liga-
ments could be transdifferentiated to osteoblasts via 
pivotal transcription factors in the inflammatory environ-
ment, which may contribute to ectopic ossification in AS. 
To test this hypothesis, we first screened the transcrip-
tion factors in both the osteogenic model and ligament 
samples and then knocked down the specific transcrip-
tion factor to verify its possible role in transdifferen-
tiation. Then, a chromatin immunoprecipitation (ChIP) 
assay was performed to test the relationship between 
the transcription factor and osteogenic genes. Finally, we 
explored the potential inflammatory cytokines that may 
be involved in fibroblast transdifferentiation.

Methods
Patients and samples
In total, 12 AS and 12 osteoarthritis (OA) patients who 
underwent a hip replacement procedure were recruited 
in this study (Additional Table  1). These patients’ liga-
ment samples were collected after the surgical procedure. 
AS diagnosis was based on New York-modified criteria 
[24]. The study was conducted in accordance with the 
principles expressed in the Declaration of Helsinki and 
was approved by the ethics committee of Shanghai Ninth 
People’s Hospital, Shanghai Jiao Tong University School 
of Medicine (SH9H-2019-T177-2). Informed consent was 
obtained from all patients.

Ligaments and cells
The ligaments obtained from the hip replacement opera-
tion were cut into small fragments of approximately 5 
 mm3 in size. Some fragments were plated in a 100-mm 
dish with fresh DMEM (Corning, 10–013-CVR) and 10% 
foetal bovine serum [FBS] (Sigma, F141) to isolate the 
primary fibroblasts. Fibroblasts between 3 and 8 passages 
were used in the experiments.

Primary fibroblast identification
Immunohistochemistry (IHC) and flow cytometry were 
performed for fibroblast verification. Vimentin (Abcam, 
ab92547, clone EPR3776), CD29 (BioLegend, 303,007, 
clone, TS2/16) and CD90 (BioLegend, 328,109, clone 
5E10) were used to identify the fibroblasts. In addition, 
we excluded haematopoietic lineage cells positive for 
CD45 (BioLegend, 304,006, clone HI30), mesenchyme 
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stem cells and vascular endothelial cells positive for 
CD106 (BioLegend, 305,805. clone STA) [25, 26].

Osteogenic model in vitro 
The osteogenic differentiation medium (ODM) con-
sisted of α-MEM (HyClone, SH30265.01) with 10% 
FBS, 100  nM dexamethasone (Sellack, S1322), 3.5  mM 
β-glycerophosphate (Stemcell, 05,406) and 50  µg/ml 
ascorbic acid (Sigma, A4544). The control medium 
(CON) consisted of α-MEM with 10% FBS.

Knockdown of the MYC gene in vitro 
shRNA targeting human MYC and a nonspecific 
scramble shRNA were cloned into the lentiviral vector 
U6-Cherry-Puromycin. The fibroblasts were exposed to 
the lentivirus at a multiplicity of infection (MOI) of 20 
once they reached 50% confluence. Polybrene (10  µg/
ml) was added to enhance the infection efficiency. After 
72 h, fibroblasts were selected by culture with complete 
DMEM and 4 µg/ml puromycin for 48 h.

Reverse transcription polymerase chain reaction (RT‑PCR) 
and real‑time quantitative PCR (q‑PCR) analyses
Total RNA was extracted with an RNA fast2000 kit 
(Fastagen, 220,011). The complementary DNA was syn-
thesized with PrimeScript™ RT Master Mix (Takara, 
036A). SYBR Green (Takara, 820A) was used following 
the manufacturer’s instructions for quantitative analy-
ses. GAPDH was used as the reference gene. The relative 
expression in the tissues was calculated using  2−(∆Ct). The 
fold changes in CON and ODM or cytokine stimulation 
were calculated using  2−(∆∆Ct). The primer sequences are 
listed in Additional Table 2.

Western blot
The frozen ligament tissue was crushed by steel balls and 
lysed with RIPA buffer. The protein concentration was 
detected by a BCA kit (Beyotime, P0010). Equal amounts 
of proteins were loaded onto precast 10% SDS-PAGE cri-
terion gels (GeneScript, M00664) and transferred onto 
polyvinylidene fluoride membranes. The membranes 
were blocked with 5% nonfat milk at room temperature 
for 2  h and then incubated with anti-MYC (Millipore, 
06–340) or anti-GAPDH (Cell Signaling Technology, 
2118 s) overnight at 4 °C. After washing three times, the 
membranes were incubated with anti-mouse or anti-
rabbit antibodies (Cell Signaling Technology, 7076S and 
7074S) for 1 h at room temperature. The resulting mem-
branes were detected via the enhanced chemilumines-
cence method and quantified using ImageG.

Alkaline phosphatase (ALP) staining
ALP was stained with a BCIP/NBT kit (Beyotime, 
C3206). First, the cells were washed 3 times with PBS 
and fixed with ethanol for 20 min. Then, the fibroblasts 
were washed 3 times again and incubated with the 
ALP dye solution for 1 to 4 h. Finally, the solution was 
replaced with distilled water, and photographs were 
taken.

Mineralization staining
The level of mineralization was assessed by an OsteoIm-
age™ Mineralization Assay (Lonza, PA-1503). The cells 
were first fixed with ethanol for 20 min, rinsed 1–2 times 
with wash buffer, incubated in the dark with staining rea-
gent for 30 min at room temperature, and washed 3 times 
with wash buffer for microscope viewing.

Cytokine stimulation
Primary fibroblasts were treated with 100 ng/ml recom-
binant human interleukin-17 (IL-17), interleukin-22 
(IL-22), interleukin-23 (IL-23), TNF-α and interferon-γ 
(IFN-γ) in the presence of CON or ODM. Then, the 
cells were collected for q-PCR analysis.

ChIP
A ChIP assay was performed according to the manu-
facturer’s protocols (Millipore, 17–10,085). Briefly, the 
primary fibroblasts were cultured in ODM for 20 days 
and cross-linked with 1% formaldehyde for 10 min. The 
cells were lysed with lysis buffer. DNA was fragmented 
to 200 ~ 1000  bp using a sonicator (Tomy Seiko Co., 
UR-20P) (Additional Fig.  1). Then, 1% of the chroma-
tin was removed and used as the input control. Normal 
mouse IgG and an MYC antibody (Millipore, 06–340) 
were used for immunoprecipitation [27]. Purified DNA 
was further used for q-PCR. The fold enrichment of the 
target genes was calculated against mouse IgG.

IHC
Immunohistochemistry analysis of the paraffin-
embedded ligaments was performed to detect MYC-, 
IL-23- and IFN-γ-positive cells using an anti-MYC 
antibody (ZSGB-BIO, ZA-0555, clone, EP121), anti-
IL-23 antibody (Abcam, ab45420, polyclone) and 
IFN-γ antibody (Abcam, ab9657, polyclone). For quan-
tification of MYC-, IL-23- or IFN-γ-positive cells, the 
cells with nuclear or cytoplasmic signals in high-power 
fields (hpf ) were counted.

Data analysis
An unpaired nonparametric test was used for the tis-
sue data. A paired parametric t test was used for paired 
comparisons. Two-way analysis of variance (ANOVA) 
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followed by Tukey’s post hoc test and multiple t test was 
used for multiple comparisons. The Wilcoxon matched-
pairs signed rank test was used for short-term cytokine 
stimulation. Data used for analysis were from at least 
three independent tests. A P value < 0.05 was con-
sidered significant. Parametric data are shown as the 
mean ± standard error of the mean (SEM).

Results
MYC was upregulated in an osteogenic cell model 
and ligaments from patients with AS
We isolated and identified primary fibroblasts from 
the hip ligaments of patients with OA and AS, with the 
detailed data shown in Additional Fig. 2  . To simulate 
the dynamic osteogenic process and assess the changes 
in stem cell transcription factors, a classic in  vitro 
osteogenic model was used to induce fibroblasts to 
ossification [28].

Fibroblasts isolated from the ligaments were cul-
tured in ODM or CON for 10 days or 20 days, and the 
mRNA levels of classic stem cell transcription factors 
were measured by q-PCR. As shown in Fig. 1a, FOXO1 
was significantly upregulated in AS fibroblasts on D10. 
MYC was significantly upregulated in AS fibroblasts 
on D10 and D20. Although the differences were not 
significant, FOXO1 and MYC were also upregulated 
in the ODM group in OA fibroblasts, and LEF tended 
to increase in the ODM groups from both OA and AS 
fibroblasts. Presumed to be critical in the ‘turn-on’ of 
the osteogenic gene transcription, the 3 upregulated 
stem cell transcription factors were further assessed 
in ligament samples from patients by q-PCR. The 
results showed that only MYC expression was higher 
in AS ligaments than in OA ligaments (Fig. 1b). Thus, 
we further tested the protein level of MYC in liga-
ments via western blotting and IHC and confirmed the 
upregulation of MYC in AS samples (Fig.  1c, d). Col-
lectively, MYC was upregulated in both the osteogenic 
model and AS ligament samples, which indicates its 
possible role in promoting the transdifferentiation of 
resident fibroblasts to osteoblasts.

MYC promoted fibroblast transdifferentiation 
by upregulating ALP and BMP2
To explore the possible mechanism of transdifferen-
tiation, MYC was knocked down by infecting primary 
fibroblasts (from AS) with MYC knockdown lentivi-
rus (MYC-KD). The control group was infected with a 
negative control lentivirus (NC). Both groups were cul-
tured in ODM for 10  days or 20  days. The osteogenic 
genes ALP, BMP2, Runt-related transcription factor 2 
(RUNX2), Runt-related transcription factor 3 (RUNX3) 

and osteocalcin (OCN) were detected by qPCR to evalu-
ate the effect of MYC on ossification. As shown in Fig. 2a, 
ALP and BMP2 showed significantly lower expression on 
D10 when MYC was knocked down. Notably, ALP con-
tinued to show significantly lower expression on D20 in 
the MYC-KD group. Then ALP in fibroblasts was stained 
and compared between the NC and MYC-KD groups. As 
shown in Fig. 2b, the level of ALP was lower in the MYC-
KD group. Consistently, the degree of mineralization was 
dominantly lower in the MYC-KD group than in the NC 
group (Fig.  2c). Taken together, the above results indi-
cated that MYC may play an important role in fibroblast 
transdifferentiation, and ALP and BMP2 are the target 
genes of MYC.

To verify the above hypothesis, the relationship 
between MYC and osteogenic genes was further ana-
lysed in fibroblasts by ChIP assay in ODM for 20 days. As 
shown in Fig. 2d, a remarkably larger amount of chroma-
tin containing the ALP and BMP2 promoters was immu-
noprecipitated by the anti-MYC antibody than by the 
negative control IgG. ALP’s fold enrichment was approxi-
mately 70 times and that of BMP2 was approximately 60 
times, which strongly supported that MYC could bind 
the promoters of ALP and BMP2. These results suggested 
that MYC may contribute to the transdifferentiation of 
fibroblasts to osteoblasts by regulating the osteogenic 
genes ALP and BMP2, which may be involved in the 
mechanism of ectopic ossification in AS.

IFN‑γ promoted fibroblast transdifferentiation 
by regulating MYC in AS
Given that inflammatory cytokines play an important 
role in the pathogenesis of AS, it is of great interest to 
explore their possible role in the process of ossification. 
To evaluate the role of cytokines in regulating MYC, 
ALP and BMP2, the primary fibroblasts were treated 
with recombinant human TNF-α, IL-17, IL-23, IL-22 and 
IFN-γ for 24 h in vitro, respectively. As shown in Fig. 3a, 
IL-23 and IFN-γ significantly upregulated the mRNA 
expression level of MYC in the fibroblasts. Consistently, 
the level of ALP was also upregulated in the presence of 
IL-23 and IFN-γ. These findings suggested that IL-23 and 
IFN-γ may promote fibroblast transdifferentiation into 
osteoblast via MYC. In addition, we found that TNF-α 
significantly decreased MYC levels and upregulated 
BMP2 levels in the fibroblasts. This result indicated that 
there may be other mechanisms by which TNF-α to regu-
lates ossification in fibroblasts.

We further verified the expression of IL-23 and IFN-γ 
at the mRNA and protein levels in ligament samples 
from patients with OA and AS. As shown in Fig.  3b, 
there was no significant difference of the relative 
expression of IL23A between AS and OA samples. The 
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Fig. 1 MYC was upregulated in an osteogenic cell model and hip ligaments in patients with AS. a Fibroblasts from OA (n = 3) and AS (n = 4) 
patients were cultured in osteogenic differentiation medium (ODM) or control medium (CON). Stem cell transcription factors were measured 
by q-PCR on D10 and D20. b Upregulated transcription factors were assessed by q-PCR in ligaments from OA (n = 12) and AS (n = 12) patients. 
c Transcription factor MYC was measured by WB in ligaments from OA (n = 4) and AS (n = 4) patients. GAPDH was used as the housekeeping 
gene. The grouping of gels/blots was cropped from different parts of the same gel. No high-contrast (overexposure) of blots was performed. d 
Representative images shown MYC staining in the ligaments of patients with OA (n = 4) and AS (n = 3). Boxed areas in the left panels are shown at 
higher magnification in the right panels. Scale bar = 200 µm (left panels). Scale bar = 100 µm (right panels). Values are reported as the mean ± SEM. 
*p < 0.05
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relative expression of IFNG was significantly lower in 
AS samples. However, a significantly higher frequency 
of IL-23-positive cells in AS ligaments (mean ± SEM, 
454.3 ± 67.8/hpf) than in OA ligaments (mean ± SEM, 
50.4 ± 17.1/hpf) and a significantly higher frequency 
of IFN-γ-positive cells in AS ligaments (mean ± SEM, 
333.7 ± 49.1/hpf) than in OA ligaments (mean ± SEM, 
96.0 ± 10.6/hpf) were observed (Fig.  3d–g). The incon-
sistent trends between mRNA and protein levels may be 
due to negative feedback inhibition after IL-23 and IFN-γ 
overexpression. Collectively, the increased protein levels 
of IL-23 and IFN-γ indicated a more severe inflammatory 
response in AS ligaments and their potential role in the 
ectopic ossification.

Next, IL-23 and IFN-γ were added to the ossification 
model to verify their role over a longer culture time, 
which may imitate the chronic inflammatory environ-
ment. In the presence of IL-23, only ALP increased in 

the ODM group on both D10 and D20 (Fig. 4a). In the 
presence of IFN-γ, the levels of MYC (in ODM), ALP 
(in CON) and BMP2 (in CON and ODM) were sig-
nificantly upregulated on D10, and only the level of 
MYC (in ODM) was significantly upregulated on D20 
(Fig. 4b). In brief, IL-23 could only increase the level of 
ALP, while IFN-γ was able to upregulate MYC, ALP and 
BMP2. In summary, these results indicated that IFN-γ 
may play a more important role in promoting fibroblast 
transdifferentiation into osteoblasts via MYC and thus 
promote ectopic ossification in patients with AS.

Discussion
We hypothesized that fibroblasts in ligaments could be 
transdifferentiated to osteoblasts via pivotal transcrip-
tion factors after long-term inflammatory stimulation, 
which would then participate in ectopic ossification in 
AS patients. In the current study, we found that IFN-γ 

Fig. 2 MYC promoted fibroblast transdifferentiation by upregulating ALP and BMP2. a Fibroblasts were infected with negative control lentivirus 
(NC) and MYC knockdown lentivirus (MYC-KD) and cultured in ODM for 10 or 20 days. The expression levels of the transcription factor MYC and 
osteogenic genes were measured by q-PCR (n = 4). b ALP was stained in fibroblasts cultured in ODM from NC and MYC-KD groups on D20, shown 
in the culture dish (upper panel) and under the microscope (lower panel). Scale bar = 200 µm. c Levels of mineralization in fibroblasts were 
measured in NC and MYC-KD groups on D20 by OsteoImageTM Mineralization Assay, shown in light field (upper panel) and fluorescent light (lower 
panel) microscopically. Scale bar = 100 µm. d The interactions between the transcription factor MYC and osteogenic genes were confirmed by ChIP, 
and representative gels of the amplified promoters of ALP and BMP2 are shown in the left panel. The grouping of gels/blots was cropped from 
different gels. No high contrast (overexposure) of blots was performed. Fold enrichment of ALP and BMP2 was calculated over negative control 
mouse IgG (right panel). Values are reported as the mean ± SEM. *p < 0.05. **p < 0.01
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Fig. 3 IL-23 and IFN-γ showed higher frequencies in AS ligaments than in OA ligaments. a Primary fibroblasts were treated with 100 ng/ml 
recombinant human cytokines for 24 h. Stem cell transcription factors and osteogenic marker genes were measured with q-PCR (n = 4). b The 
relative expression of IL23A at the mRNA level in OA (n = 5) and AS (n = 8) ligament samples. c The relative expression of IFNG at the mRNA level 
in OA (n = 5) and AS (n = 8) ligament samples. d Representative images shown IHC staining for IL-23 in the ligaments of patients with AS and OA. 
Boxed areas in the left panels are shown at higher magnification in the right panels. Positive cells (arrows). Scale bar = 100 µm (left panels). Scale 
bar = 50 µm (right panels). e Quantification of IL-23-positive cells is displayed (n = 3). f Representative images shown IHC staining for IFN-γ in the 
ligaments of patient with AS and OA. Boxed areas in the left panels are shown at higher magnification in the right panels. Positive cells (arrows). 
Scale bar = 100 µm (left panels). Scale bar = 50 µm (right panels). g Quantification of IFN-γ-positive cells is displayed (n = 3). Values are reported as 
the median ± SEM. *p < 0.05. **p < 0.01
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can upregulate the expression of MYC in fibroblasts, and 
MYC further binds the promoters of ALP and BMP2 
to induce their expression, which results in fibroblasts 
transdifferentiated to osteoblasts and ligament ossifica-
tion (Fig. 5).

Our data supported previous findings that MYC also 
serves as a target gene of the Wnt signalling pathway, 
which is the classic pathway involved in osteogenesis and 
that the downregulation of Dickkopf-1 (DKK1), a Wnt 
inhibitor, in AS fibroblasts by shRNA silencing could 

result in the upregulation of MYC [29]. On the one hand, 
MYC has already been proven to be a key regulator of 
osteoblast differentiation. Previous studies reported that 
the doxycycline-inducible expression of MYC and KLF4 
could convert murine fibroblasts into osteochondrogenic 
cells and that the overexpression of MYC strongly pro-
moted osteoblast differentiation [19, 20]. On the other 
hand, MYC also plays an important role in osteoclast dif-
ferentiation, since MYC has been reported to be strongly 
upregulated in RANKL-induced osteoclast-like cells [30]. 

Fig. 4 IFN-γ promoted fibroblast transdifferentiated to osteoblasts via MYC in AS. a, b Primary fibroblasts were treated with 100 ng/ml recombinant 
human IL-23 and IFN-γ for 10 or 20 days in the presence of CON or ODM. Stem cell transcription factors and osteogenic marker genes were 
measured with q-PCR (n = 4). *p < 0.05. **p < 0.01
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These multiple roles of MYC suggest that more studies 
are needed to elucidate its function.

The mammalian RUNX protein family comprises three 
transcription factors—RUNX1, RUNX2, and RUNX3. 
RUNX1 is involved in haematopoiesis, RUNX2 has mul-
tiple roles in osteogenesis and RUNX3 is associated with 
neural and gut development [31]. Runx2 is the osteogenic 
master regulator that integrates signals from various 
developmental cues [32]. However, an increasing number 
of studies have reported that RUNX3 is also involved in 
osteogenesis. The Runx3-deficient mice develop severe 
congenital osteopenia, and the rs6600247 AS risk allele, 
located in an enhancer-like region upstream of the 
RUNX3 promoter, modulates c-MYC binding [33, 34]. 
However, there was no significant difference in the level 
of RUNX3 between the MYC-KD and NC groups in this 
study, indicating that MYC may regulate the transdiffer-
entiation of fibroblasts by some other mechanisms.

Since AS is an immune-mediated inflammatory dis-
order, it is a significant milestone in AS treatment that 
tumour necrosis factor inhibitors (TNFis) have proven to 
be effective in alleviating symptoms and reducing disease 
activity [22, 23, 35]. Recent studies have also found that 
cytokines, including TNF-α, migration inhibitory factor 
(MIF), IL-22 and IL-17, can promote bone formation [28, 
36–39]. However, some other reports have shown the 
independence of inflammation and ossification because 
the majority of vertebral syndesmophytes occur at sites 
with no previous inflammation [40]. These controversial 
findings indicate that more efforts are needed to elucidate 

the mechanism between inflammation and ossifica-
tion. Several studies have reported that fibroblasts can 
effectively respond to IL-23 and IFN-γ stimulation. For 
example, IL-23 may induce joint inflammation and bone 
destruction by stimulating RANKL expression in fibro-
blast-like synoviocytes in RA [41]. IFN-γ had a greater 
effect on inhibiting cell proliferation by Down syndrome-
derived fibroblast cells [42]. These studies supported that 
fibroblasts may express IL-23 receptors (or IFN-γ recep-
tors) in response to stimulation. Thus, we explored the 
relationship between transcription factors and inflamma-
tion and found that IFN-γ could activate the reprogram 
of fibroblasts to osteoblasts via upregulating MYC. Con-
sistent with our findings, another recent study showed 
that IFN-γ could regulate the transformation of micro-
glia into dendritic-like cells via the ERK/MYC signal-
ling pathway [43]. Furthermore, IFN-γ was proved to be 
able to regulate myc expression in mouse fibroblasts [44], 
while MYC could respond to IFN-γ signalling [45].

Although it is not as well known as IL-17, there is 
a reasonable body of literature to support the patho-
genic role of IFN-γ in AS. The expression of HLA–B27 
leads to a significant alteration in IFN-γ signalling in 
antigen-presenting cells in both B27-transgenic rats 
and spondyloarthritis patients [46]. Notably, the serum 
level of IFN-γ is significantly higher in AS patients than 
in normal people [47]. IFN-γ rs2430561 and rs2069727 
polymorphisms may contribute to the risk of AS by 
influencing IFN-γ expression, especially in the Chi-
nese population [48, 49]. Interestingly, a recent study 

Fig. 5 Possible role of MYC in fibroblasts during ectopic ossification in AS. IFN-γ may upregulate the expression of MYC in fibroblasts, and MYC 
further binds the promoters of ALP and BMP2 to induce their expression, resulting in fibroblast transdifferentiation to osteoblasts and ligament 
ossification
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identified  anatomically  distinct  fibroblasts with permis-
sive or repressive IFN-γ responses as the key determinant 
of body-level patterns of lesions in vitiligo [50]. This find-
ing may provide clues that fibroblasts from different sites 
may have different responses to IFN-γ, which may help to 
explain why ectopic ossification in AS occurs mainly in 
some specific ligaments.

It has been shown in other studies that the IL-23/IL-17 
pathway plays a significant role in the pathogenesis of AS 
[51–53]. According to our data, although more IL-23 was 
found in AS ligaments than in OA ligaments in situ, there 
was little impact of IL-23 and IL-17 on MYC, possibly 
because IL-17 enhanced T-cell priming and stimulated 
other cells to activate the inflammatory cascade at an early 
stage [54, 55]. It has also been verified that IL-17 promotes 
osteoclastogenesis by upregulating RANKL  expression, 
while IFN-γ exerts inhibitory effects on osteoclastogene-
sis [56, 57]. Taken together, these findings further support 
our results that IFN-γ, rather than the IL-23/IL-17 path-
way, had an effect on MYC and osteogenic genes.

Taken together, this study revealed that stem cell tran-
scription factors established a bridge between inflamma-
tion  and ectopic ossification, and the direct conversion 
of fibroblasts to osteoblasts enriched the sources of oste-
oblasts.  While osteoblasts originating from MSCs are 
considered crucial for ossification in general, fibroblasts, 
as the resident cells in ligaments and entheses, represent 
a potential cell bank participating in ectopic ossification.

Conclusions
Our work highlights the significant role of MYC in fibro-
blast transdifferentiation and the function of IFN-γ as a 
potentially vital cytokine activating MYC to promote 
osteogenesis in patients with AS. Hopefully, these results 
could offer new insights into the mechanism of ectopic 
ossification and provide a novel treatment strategy for 
patients with AS.

Abbreviations
ALP  Alkaline phosphatase
AS  Ankylosing spondylitis
BMP2  Bone morphogenic protein 2
ChIP  Chromatin immunoprecipitation
CON  Control medium
DKK1  Dickkopf-1
IFN-γ  Interferon-γ
IHC  Immunohistochemistry
iPS  Induced pluripotent stem
MIF  Migration inhibitory factor
MOI  Multiplicity of infection
MSCs  Mesenchymal stem cells
MYC-KD  MYC knockdown lentivirus
NC  Negative control lentivirus
OA  Osteoarthritis
OCN  Osteocalcin
ODM  Osteogenic differentiation medium
RUNX2  Runt-related transcription factor 2

TNF  Tumour necrosis factor
TNFis  Tumour necrosis factor inhibitors

Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s13075- 023- 03011-z.

Additional file 1: Supplementary file 1. 

Additional file 2:Supplementary file 2. 

Acknowledgements
We would like to extend our gratitude to Dr. Kai Cheng, Dr. Lei Lu and Dr. 
Shupeng Liu, from the Department of Clinical Laboratory Center, Changhai 
Hospital, Shanghai, China, for their help in technical guidance for experiments.

Authors’ contributions
QMJ and YYL conducted the experiments. QMJ, ZGZ, XZW and ZQC analysed 
the data and interpreted the results. HJT provided the ligament samples. ZJK 
assisted with flow cytometry experiments. QMJ and HJX wrote the manu-
script. HJX and XW designed experiments. All the authors read and approved 
the final version before submission.

Funding
This work was supported by the National Natural Science Foundation of 
China (31821003 to HX), the China Ministry of Science and Technology 
(2018AAA0100302 to HX), the Shanghai Municipal Key Clinical Specialty 
Fund (shslczdzk02602 to HX), National Natural Science Foundation of China 
(82071769 to LY).

Availability of data and materials
The datasets used and/or analysed during the current study are available from 
the corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate
The study was conducted in accordance with the principles expressed in the 
Declaration of Helsinki and was approved by the ethics committee of Shang-
hai Ninth People’s Hospital, Shanghai Jiao Tong University School of Medicine 
(SH9H-2019-T177-2).

Consent for publication
Not applicable.

Competing interests 
The authors declare that they have no competing interests.

Received: 23 August 2022   Accepted: 9 February 2023

References
 1. Li Z, Wu X, Leo PJ, Guzma L, Akkoc N, Breban M, et al. Polygenic risk scores 

have high diagnostic capacity in ankylosing spondylitis. Ann Rheum Dis. 
2021;80:1168–74.

 2. Wu X, Wang G, Zhang L, Xu H. Genetics of Ankylosing Spondylitis – focus-
ing on the ethnic difference between East Asia and Europe. Front Genet. 
2021;12: 671682.

 3. Brown MA, Xu H, Li Z. Genetics and the axial spondyloarthritis spectrum. 
Rheumatology. 2020;59:iv58–iv66

 4. Ritchlin C, Adamopoulos IE. Axial spondyloarthritis: new advances in 
diagnosis and management. BMJ. 2021;372: m4447.

 5. Sieper J, Poddubnyy D. Axial spondyloarthritis. Lancet (London, England). 
2017;390:73–84.

https://doi.org/10.1186/s13075-023-03011-z
https://doi.org/10.1186/s13075-023-03011-z


Page 11 of 12Jin et al. Arthritis Research & Therapy           (2023) 25:28  

 6. Taurog JD, Chhabra A, Colbert RA. Ankylosing Spondylitis and Axial Spon-
dyloarthritis. N Engl J Med. 2016;374:2563–74.

 7. van Lunteren M, Ez-Zaitouni Z, de Koning A, Dagfinrud H, Ramonda R, 
Jacobsson L, et al. In Early Axial Spondyloarthritis, Increasing Disease 
Activity Is Associated with Worsening of Health-related Quality of Life 
over Time. J Rheumatol. 2018;45:779–84.

 8. Liu L, Yuan Y, Zhang S, Xu J, Zou J. Osteoimmunological insights into the 
pathogenesis of ankylosing spondylitis. J Cell Physiol. 2021;236:6090–100.

 9. Bleil J, Maier R, Hempfing A, Sieper J, Appel H, Syrbe U. Granulation Tissue 
Eroding the Subchondral Bone Also Promotes New Bone Formation in 
Ankylosing Spondylitis. Arthritis & rheumatology. 2016;68:2456–65.

 10. Li X, Chen S, Hu Z, Chen D, Wang J, Li Z, et al. Aberrant upregulation of 
CaSR promotes pathological new bone formation in ankylosing spondyli-
tis. EMBO Mol Med. 2020;12: e12109.

 11. Pineault KM, Song JY, Kozloff KM, Lucas D, Wellik DM. Hox11 expressing 
regional skeletal stem cells are progenitors for osteoblasts, chondrocytes 
and adipocytes throughout life. Nat Commun. 2019;10:3168.

 12. Gong Y, Li Z, Zou S, Deng D, Lai P, Hu H, et al. Vangl2 limits chaperone-
mediated autophagy to balance osteogenic differentiation in mesenchy-
mal stem cells. Dev Cell. 2021;56:2103-20.e9.

 13. Zheng G, Xie Z, Wang P, Li J, Li M, Cen S, et al. Enhanced osteogenic dif-
ferentiation of mesenchymal stem cells in ankylosing spondylitis: a study 
based on a three-dimensional biomimetic environment. Cell Death Dis. 
2019;10:350.

 14. Zhang Y, Chen Wg, Yang Sz, Qiu H, Hu X, Qiu Yy, et al. Up‐regulation of TβRIII 
facilitates the osteogenesis of supraspinous ligament‐derived fibroblasts 
from patients with ankylosing spondylitis. J Cell Mol Med. 2021;25:1613–23.

 15. Zou YC, Yang XW, Yuan SG, Zhang P, Li YK. Celastrol inhibits prostaglandin 
E2-induced proliferation and osteogenic differentiation of fibroblasts 
isolated from ankylosing spondylitis hip tissues in vitro. Drug Des Devel 
Ther. 2016;10:933–48.

 16. Jiang N, Liu H-X, Liang H-Y, Feng X-H, Liu B-Y, Zhou Y-Y. Osteogenic dif-
ferentiation characteristics of hip joint capsule fibroblasts obtained from 
patients with ankylosing spondylitis. Annals of Translational Medicine. 
2021;9:331.

 17. Takahashi K, Yamanaka S. Induction of pluripotent stem cells from 
mouse embryonic and adult fibroblast cultures by defined factors. Cell. 
2006;126:663–76.

 18. Han X, Yu H, Huang D, Xu Y, Saadatpour A, Li X, et al. A molecular 
roadmap for induced multi-lineage trans-differentiation of fibroblasts by 
chemical combinations. Cell Res. 2017;27:386–401.

 19. Piek E, Sleumer LS, van Someren EP, Heuver L, de Haan JR, de Grijs I, et al. 
Osteo-transcriptomics of human mesenchymal stem cells: accelerated 
gene expression and osteoblast differentiation induced by vitamin D 
reveals c-MYC as an enhancer of BMP2-induced osteogenesis. Bone. 
2010;46:613–27.

 20. Wang Y, Wu MH, Cheung MPL, Sham MH, Akiyama H, Chan D, et al. 
Reprogramming of Dermal Fibroblasts into Osteo-Chondrogenic Cells 
with Elevated Osteogenic Potency by Defined Transcription Factors. Stem 
Cell Reports. 2017;8:1587–99.

 21. Gabel S, Koncina E, Dorban G, Heurtaux T, Birck C, Glaab E, et al. Inflam-
mation Promotes a Conversion of Astrocytes into Neural Progenitor Cells 
via NF-κB Activation. Mol Neurobiol. 2015;53:5041–55.

 22. Koo BS, Oh JS, Park SY, Shin JH, Ahn GY, Lee S, et al. Tumour necrosis factor 
inhibitors slow radiographic progression in patients with ankylosing spon-
dylitis: 18-year real-world evidence. Ann Rheum Dis. 2020;79:1327–32.

 23. Ji X, Wang Y, Hu Z, Ma Y, Man S, Li K, et al. Effectiveness of Subcutaneous 
Tumor Necrosis Factor Inhibitors in Patients With Ankylosing Spondylitis: 
A Real-World Prospective Observational Cohort Study in China. Front 
Pharmacol. 2019;10:1476.

 24. van der Linden S, Valkenburg HA, Cats A. Evaluation of diagnostic criteria 
for ankylosing spondylitis. A proposal for modification of the New York 
criteria. Arthritis Rheum. 1984;27:361–8.

 25. Mizoguchi F, Slowikowski K, Wei K, Marshall JL, Rao DA, Chang SK, et al. 
Functionally distinct disease-associated fibroblast subsets in rheumatoid 
arthritis. Nat Commun. 2018;9:789.

 26. Ji Q, Zheng Y, Zhang G, Hu Y, Fan X, Hou Y, et al. Single-cell RNA-seq 
analysis reveals the progression of human osteoarthritis. Ann Rheum Dis. 
2019;78:100–10.

 27. Gonzalez-Rellan MJ, Fondevila MF, Fernandez U, Rodríguez A, Varela-Rey 
M, Veyrat-Durebex C, et al. O-GlcNAcylated p53 in the liver modulates 
hepatic glucose production. Nat Commun. 2021;12:5068.

 28. Li X, Wang J, Zhan Z, Li S, Zheng Z, Wang T, et al. Inflammation intensity-
dependent expression of osteoinductive Wnt proteins is critical for 
ectopic new bone formation in ankylosing spondylitis. Arthritis & rheu-
matology. 2018;70:1056–70.

 29. Zou YC, Yang XW, Yuan SG, Zhang P, Ye YL, Li YK. Downregulation of dick-
kopf-1 enhances the proliferation and osteogenic potential of fibroblasts 
isolated from ankylosing spondylitis patients via the Wnt/beta-catenin 
signaling pathway in vitro. Connect Tissue Res. 2016;57:200–11.

 30. Indo Y, Takeshita S, Ishii K-A, Hoshii T, Aburatani H, Hirao A, et al. Metabolic 
regulation of osteoclast differentiation and function. J Bone Miner Res. 
2013;28:2392–9.

 31. Chuang LSH, Ito Y. The multiple interactions of RUNX with the hippo-YAP 
pathway. Cells. 2021;10:2925.

 32. Komori T. Roles of Runx2 in Skeletal Development. Adv Exp Med Biol. 
2017;962:83–93.

 33. Bauer O, Sharir A, Kimura A, Hantisteanu S, Takeda S, Groner Y. Loss of 
osteoblast Runx3 produces severe congenital osteopenia. Mol Cell Biol. 
2015;35:1097–109.

 34. Cohen CJ, Davidson C, Selmi C, Bowness P, Knight JC, Wordsworth BP, 
et al. RUNX3disruption of c-MYC binding and chromosomal loop-
ing involving genetic variants associated with ankylosing spondylitis 
upstream of the promoter. Front Genet. 2021;12: 741867.

 35. Xu H, Li Z, Wu J, Xing Q, Shi G, Li J, et al. IBI303, a biosimilar to adali-
mumab, for the treatment of patients with ankylosing spondylitis in 
China: a randomized, double-blind, phase 3 equivalence trial. Lancet 
Rheum. 2019;1:e35-43.

 36. Ranganathan V, Ciccia F, Zeng F, Sari I, Guggino G, Muralitharan J, et al. 
Macrophage migration inhibitory factor induces inflammation and pre-
dicts spinal progression in ankylosing spondylitis. Arthritis & rheumatol-
ogy. 2017;69:1796–806.

 37. El-Zayadi AA, Jones EA, Churchman SM, Baboolal TG, Cuthbert RJ, 
El-Jawhari JJ, et al. Interleukin-22 drives the proliferation, migration and 
osteogenic differentiation of mesenchymal stem cells: a novel cytokine 
that could contribute to new bone formation in spondyloarthropathies. 
Rheumatology (Oxford). 2017;56:488–93.

 38. Papagoras C, Chrysanthopoulou A, Mitsios A, Ntinopoulou M, Tsironidou 
V, Batsali AK, et al. IL-17A expressed on neutrophil extracellular traps 
promotes mesenchymal stem cell differentiation toward bone-forming 
cells in ankylosing spondylitis. Eur J Immunol. 2021;51:930–42.

 39. Xie Z, Yu W, Zheng G, Li J, Cen S, Ye G, et al. TNF-α-mediated m6A modifi-
cation of ELMO1 triggers directional migration of mesenchymal stem cell 
in ankylosing spondylitis. Nat Commun. 2021;12:5373.

 40. van der Heijde D, Machado P, Braun J, Hermann KG, Baraliakos X, Hsu B, 
et al. MRI inflammation at the vertebral unit only marginally predicts new 
syndesmophyte formation: a multilevel analysis in patients with ankylos-
ing spondylitis. Ann Rheum Dis. 2012;71:369–73.

 41. Li X, Kim K-W, Cho M-L, Ju J-H, Kang C-M, Oh H-J, et al. IL-23 induces 
receptor activator of NF-κB ligand expression in fibroblast-like 
synoviocytes via STAT3 and NF-κB signal pathways. Immunol Lett. 
2010;127:100–7.

 42. Iwamoto T, Yamada A, Yuasa K, Fukumoto E, Nakamura T, Fujiwara T, et al. 
Influences of interferon-gamma on cell proliferation and interleukin-6 
production in Down syndrome derived fibroblasts. Arch Oral Biol. 
2009;54:963–9.

 43. Zhang H, Zhang T, Wang D, Jiang Y, Guo T, Zhang Y, et al. IFN-γ regulates 
the transformation of microglia into dendritic-like cells via the ERK/c-myc 
signaling pathway during cerebral ischemia/reperfusion in mice. Neuro-
chem Int. 2020;141: 104860.

 44. Ramana CV, Grammatikakis N, Chernov M, Nguyen H, Goh KC, Williams 
BR, et al. Regulation of c-myc expression by IFN-gamma through Stat1-
dependent and -independent pathways. EMBO J. 2000;19:263–72.

 45. Söderberg O, Gullberg M, Jarvius M, Ridderstråle K, Leuchowius K-J, 
Jarvius J, et al. Direct observation of individual endogenous protein 
complexes in situ by proximity ligation. Nat Methods. 2006;3:995–1000.

 46. Fert I, Cagnard N, Glatigny S, Letourneur F, Jacques S, Smith JA, et al. 
Reverse interferon signature is characteristic of antigen-presenting cells 
in human and rat spondyloarthritis. Arthritis & rheumatology (Hoboken, 
NJ). 2014;66:841–51.



Page 12 of 12Jin et al. Arthritis Research & Therapy           (2023) 25:28 

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

 47. Gracey E, Yao Y, Green B, Qaiyum Z, Baglaenko Y, Lin A, et al. Sexual 
Dimorphism in the Th17 Signature of Ankylosing Spondylitis. Arthritis & 
rheumatology (Hoboken, NJ). 2016;68:679–89.

 48. Xu H, Li B. Effect of Interferon-γ polymorphisms on ankylosing spondylitis: 
a case-control study. Med Sci Monit. 2017;23:4126–31.

 49. Liu Y, Zhang G, Guan Y, Zhao X, Wang Q, Li H, et al. Association of 
IFN-γ polymorphisms with ankylosing spondylitis risk. J Cell Mol Med. 
2020;24:10615–20.

 50. Xu Z, Chen D, Hu Y, Jiang K, Huang H, Du Y, et al. Anatomically dis-
tinct fibroblast subsets determine skin autoimmune patterns. Nature. 
2022;601:118–24.

 51. Zhu W, He X, Cheng K, Zhang L, Chen D, Wang X. Ankylosing spondylitis: 
etiology, pathogenesis, and treatments. 2019;7:22.

 52. Sieper J, Poddubnyy D, Miossec P. The IL-23–IL-17 pathway as a therapeu-
tic target in axial spondyloarthritis. Nat Rev Rheumatol. 2019;15:747–57.

 53. Klavdianou K, Tsiami S, Baraliakos X. New developments in ankylos-
ing spondylitis-status in 2021. Rheumatology (Oxford, England). 
2021;60:vi29-vi37.

 54. Jethwa H, Bowness P. The interleukin (IL)-23/IL-17 axis in ankylosing spon-
dylitis: new advances and potentials for treatment. Clin Exp Immunol. 
2016;183:30–6.

 55. Tsukazaki H, Kaito T. The Role of the IL-23/IL-17 Pathway in the Pathogen-
esis of Spondyloarthritis. Int J Mol Sci. 2020;21:6401.

 56. Takayanagi H. Osteoimmunology and the effects of the immune system 
on bone. Nat Rev Rheumatol. 2009;5:667–76.

 57. Walsh MC, Takegahara N, Kim H, Choi Y. Updating osteoimmunology: 
regulation of bone cells by innate and adaptive immunity. Nat Rev Rheu-
matol. 2018;14(3):146–56.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	MYC promotes fibroblast osteogenesis by regulating ALP and BMP2 to participate in ectopic ossification of ankylosing spondylitis
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Background
	Methods
	Patients and samples
	Ligaments and cells
	Primary fibroblast identification
	Osteogenic model in vitro 
	Knockdown of the MYC gene in vitro 
	Reverse transcription polymerase chain reaction (RT-PCR) and real-time quantitative PCR (q-PCR) analyses
	Western blot
	Alkaline phosphatase (ALP) staining
	Mineralization staining
	Cytokine stimulation
	ChIP
	IHC
	Data analysis

	Results
	MYC was upregulated in an osteogenic cell model and ligaments from patients with AS
	MYC promoted fibroblast transdifferentiation by upregulating ALP and BMP2
	IFN-γ promoted fibroblast transdifferentiation by regulating MYC in AS

	Discussion
	Conclusions
	Acknowledgements
	References


