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Introduction
Ankylosing spondylitis (AS) is a type of chronic arthritis charac-
terized by inflammatory spondylitis, peripheral arthritis, and 
enthesitis. Typically, it occurs in young adult males and has a 
strong association with human leukocyte antigen-B27 (HLA-B27) 
(1). In addition to chronic spinal inflammation, the heterotop-
ic formation of new bone frequently starts from the enthesis, 
where the ligament or tendon connects to bone, in one-third of 
patients within 2 years, resulting in ossification and ankylosis of 
adjacent vertebral bodies (“syndesmophytes”) that can lead to 
permanent disability (2, 3). Despite treatments such as NSAIDs, 
anti–TNF-α, or IL-17A inhibitor that inhibit inflammation, there 
are no treatment modalities that completely arrest syndesmo-
phyte formation (4–11). The lack of treatments is associated with 
our incomplete understanding of the causative pathological roles 

of stromal activation, lack of a proper platform for drug screen-
ing, and absence of good biomarkers to select a high-risk group of 
patients who are most likely to exhibit radiographic progression. 
Although the accelerated osteogenesis of AS patient–derived bone 
marrow (BM) mesenchymal stem cells (MSCs) from hips or bone- 
derived precursors from facet joints has been reported (12–15), the 
role of MSCs from the enthesis or nidus of syndesmophytes, and 
the underlying genetic pathways involved, are largely unknown. 
Herein, we isolated MSCs from the enthesis involved in the spi-
nal ankylosis of AS patients (AS MSCs) and found that the genet-
ic HLA-B27–mediated spliced X-box–binding protein 1 (sXBP1)/
retinoic acid receptor-β (RARB)/tissue-nonspecific alkaline phos-
phatase (TNAP) pathway contributed to the syndesmophyte for-
mation of AS. In addition, we established a novel in vivo disease 
model that mimics the pathological bony apposition induced by 
AS MSCs, which might be a useful platform for the drug explora-
tion of AS. We demonstrated that the repurposing drug pamidro-
nate, with dual effects on TNAP inhibition and osteoporosis pre-
vention, is a prospective candidate for blocking syndesmophyte 
formation. In a clinical setting, we used serum from AS patients of 
Western and Eastern cohorts, and found that serum bone-specific 
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downregulated, respectively (consistently >2-fold in AS MSCs at 
3 time points) in comparison with the control MSCs, after osteo-
genic induction (Supplemental Tables 2 and 3). The distribution 
of the 10 most significant terms in the biological process ontolo-
gy was obtained by Gene Ontology (GO) analysis (Supplemental 
Figure 4A). Results of the Ingenuity Pathway Analysis (IPA) of gene 
networks involved in osteogenesis pathways are shown in Figure 
2A. Further validation of these genes involved in osteogenesis 
revealed that elevation of tissue-nonspecific alkaline phosphatase 
(TNAP) expression (Supplemental Figure 4, B–R, and Figure 2, B 
and C) and elevation of alkaline phosphatase (ALP) activity (Sup-
plemental Figure 5A) were most closely linked with accelerated 
mineralization in AS MSCs compared with control MSCs, both 
before and after osteogenic induction. ALP is a large superfam-
ily of ubiquitous ectoenzymes that catalyze dephosphorylation 
and transphosphorylation reactions. They include 4 isoenzymes 
— TNAP and placental, germ cell, and intestinal ALP — encoded 
by separate genes. Among them, TNAP is encoded by the ALPL 
gene and distributed in liver/bone/kidney tissues with alternative 
splicing transcript variants. It hydrolyzes the anti-mineral factor 
pyrophosphate into procalcifying inorganic phosphate to promote 
mineralization (21–23).

To determine the role of TNAP in the abnormal mineralization 
of AS MSCs, we treated osteogenic cultures with uncompetitive 
(levamisole or pamidronate) (22, 23) and competitive (beryllium 
sulfate) (24) TNAP inhibitors. Notably, accelerated mineralization 
in AS MSCs was blocked effectively by TNAP inhibitors (Figure 2, 
D and E). A similar reduction of accelerated mineralization in AS 
MSCs was observed when the expression of TNAP was silenced by 
2 independent shRNAs against TNAP (Figure 2, F–I, and Supple-
mental Figure 5B). Moreover, TNAP overexpression via lentiviral 
transduction in control MSCs showed enhanced mineralization 
(Figure 2, J–L). To demonstrate whether spontaneous mineraliza-
tion occurred in AS MSCs, we cultured MSCs in growth medium 
(GM) in the presence of β-glycerophosphate (BGP; a substrate 
of TNAP for mineralization) (ref. 21 and Figure 2, M and N). As 
expected, MSCs cultured in GM did not calcify. However, AS MSCs 
exhibited spontaneously accelerated mineralization in the pres-
ence of BGP, suggesting that TNAP upregulation in AS MSCs was 
sufficient to enhance spontaneous mineralization in the presence 
of its substrate only. Similar results were demonstrated in 3 addi-
tional AS MSCs (Supplemental Table 4 and Supplemental Figure 
6). Taken together, these results demonstrate that the enhanced 
expression of TNAP is essential for accelerated and spontaneous 
mineralization in AS MSCs.

TNAP blockade inhibits new bony appositions induced by AS 
MSCs in NOD-SCID mice. Next, we established an AS MSC–based 
in vivo disease model to mimic pathological bony appositions, 
which was used to test the therapeutic potential of TNAP inhibi-
tors. For this purpose, AS MSCs delivered in fibrin were implant-
ed in the eroded right lamina of the lumbar spine segment (L4–5) 
after the decortication procedure to promote new bone ingrowth 
(25), which mimicked the pathophysiological scenario of micro-
trauma in AS. Entheses are regarded as sites of microtrauma 
resulting from increased biomechanical stress, in which new bone 
appositions tend to fill in the erosion of the cortical bone, joining 
the deeper bone in the eroded ends of ligaments (26, 27). Nota-

TNAP levels may be a prognostic biomarker to select high-risk AS 
patients with a propensity for radiographic progression. Our find-
ings delineate that HLA-B27 mediates stromal activation in the 
pathogenesis of syndesmophyte formation, which might help the 
development of a new therapeutic strategy to prevent spinal anky-
losis in AS in the future.

Results
AS MSCs derived from the enthesis involved in spinal ankylosis exhibit 
accelerated mineralization in a Runt-related transcription factor 2–inde-
pendent manner. Multipotent MSCs have the capacity for self- 
renewal and differentiation into multiple mesenchymal lineages, 
including osteoblasts, adipocytes, and chondrocytes (16). Here, 
we established an ex vivo cell culture model from MSCs within the 
enthesis involved in spinal ankylosis of 3 AS patients (AS MSCs) 
to study the activation of the stromal progenitor cells in AS. We 
compared these cells with MSCs from non-AS controls who under-
went traumatic surgery (control MSCs) at a similar site (Supple-
mental Table 1; supplemental material available online with this 
article; https://doi.org/10.1172/JCI125212DS1). These cells adopt-
ed a fibroblastic-like morphology (Supplemental Figure 1A) and 
expressed surface markers characteristic of MSCs (Supplemental 
Figure 1B). They possessed trilineage differentiation potential as 
assayed by specific standard induction methods (Supplemental 
Figure 1C and ref. 17).

AS MSCs and control MSCs were cultured in defined osteogen-
ic induction media to assess their osteogenic potential. Remark-
ably, alizarin red S (ARS) staining for calcium deposition and von 
Kossa staining for phosphates showed a significantly accelerated 
rate of mineralization in the 3 AS MSCs compared with the 3 con-
trol MSCs (Figure 1, A and B, and Supplemental Figure 2). Gen-
erally, the deposition of calcium phosphate crystals suggests the 
differentiation of MSCs into osteoblasts regulated by Runt-related 
transcription factor 2 (Runx2) (18). The Wingless (Wnt) and bone 
morphogenetic protein (BMP) (19, 20) pathways are important for 
normal MSCs’ commitment to osteoblastogenesis through Runx2. 
However, we found that neither of these pathways contributed to 
the accelerated mineralization in the ex vivo AS MSCs culture or 
in vivo BM specimens from AS patients (Supplemental Figure 3). 
In addition, although accelerated mineralization was observed in 
AS MSCs, Runx2 expression was comparable between AS MSCs 
and control MSCs (Figure 1C). Furthermore, Runx2 knockdown 
in AS MSCs by 2 independent shRNAs (Figure 1D) did not affect 
the accelerated mineralization (Figure 1, E and F). Likewise, the 
expressions of Runx2 downstream osteoblastic markers, includ-
ing osteoadherin, osteocalcin, and collagen 1A1 (Col1), were not 
higher in AS MSCs compared with control MSCs after osteogenic 
induction (Figure 1, G–I). These results suggest that Runx2-inde-
pendent acceleration in mineralization, but not mature osteoblas-
togenesis, may contribute to the pathological phenotype of AS 
MSCs after osteogenic induction.

Enhanced expression of TNAP is essential for abnormal mineral-
ization in AS MSCs. To investigate further the regulatory mecha-
nism of accelerated mineralization in AS MSCs, we analyzed gene 
expressions between AS MSCs and control MSCs after osteo-
genic induction at days 0, 3, and 7 by microarray analyses. One 
hundred fifty-three genes and 109 genes were upregulated and 
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chondral-like tissues. In contrast, the implanted control MSCs 
only formed fibrous-like tissues, without bone-like or osteochon-
dral tissues (Figure 3B). The time sequence of the development 
of new bony appositions in NOD-SCID mice implanted with AS 
MSCs is shown in Supplemental Figure 7. Furthermore, ectopic 

bly, NOD-SCID mice implanted with AS MSCs, but not control 
MSCs, developed new bony appositions (Figure 3A). Spinal tissues 
from implanted sites showed that AS MSCs formed bone-like tis-
sues bridging with host bone, which consisted of bone-forming 
cells wrapped with osteoid, osteocytes within lacunae, and osteo-

Figure 1. Runx2-independent accelerated mineralization in AS MSCs. (A) ARS staining of enhanced mineralization in AS MSCs cultured under osteogenic 
conditions at the indicated days compared with control MSCs. (B) Quantification of ARS staining showing the differential rate in mineralization between 
AS MSCs and control MSCs at the indicated days. (C) RT-qPCR of Runx2 mRNA levels in AS MSCs and control MSCs at days 0 and 7 under osteogenic 
induction. (D–F) MSCs were transduced with lentiviral vectors carrying 2 independent shRNAs against Runx2 (shRunx2) or control shRNA (shCtrl) under 
osteogenic conditions. (D) RT-qPCR showing the knockdown efficiency by shRunx2 in AS MSCs and control MSCs at day 7 under osteogenic induction, 
normalized to the value of control MSCs expressing shCtrl. (E) ARS staining showing the effects of Runx2 knockdown on the mineralization of AS MSCs 
and control MSCs with quantification (F) at day 18 under osteogenic induction. (G) Immunofluorescence staining of AS MSCs and control MSCs at day 14 
under osteogenic induction with DAPI (blue) and osteoadherin-specific antibody (green). (H and I) RT-qPCR of collagen 1A1 (H) and osteocalcin (I) mRNA 
levels in AS MSCs and control MSCs at days 0 and 7 under osteogenic induction. All experiments were done in the AS patient group using AS MSCs (derived 
from A1, A2, and A3 with experimental triplicates) and in the control group using control MSCs (derived from C1, C2, and C3 with experimental triplicates). 
Data are shown as the mean ± SEM. *P < 0.05; **P < 0.01; ****P < 0.0001 by 1-way ANOVA, followed by Tukey’s honestly significant difference (HSD) test. 
Representative images from AS (A1) MSCs and control (C3) MSCs are shown in E and G. Scale bars: 200 μm (A and E); 20 μm (G).
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Figure 2. Enhanced expression of TNAP is essential for abnormal mineralization in AS MSCs. (A) IPA of differentially expressed genes involved in osteo-
genesis between AS MSCs and control MSCs. (B and C) TNAP mRNA (B) and protein levels (C) in AS and control MSCs at the indicated days after osteogen-
ic induction. (D) ARS staining of AS MSCs or control MSCs treated with TNAP inhibitors (100 μM levamisole, 100 μM beryllium sulfate, or 1 μg/mL pamid-
ronate) under osteogenic induction with quantification (E). (F and G) TNAP mRNA (F) and protein levels (G) were suppressed by 2 shRNAs against TNAP 
in AS MSCs at day 7 under osteogenic induction. (H) ARS staining of AS MSCs expressing shTNAP or shCtrl under osteogenic induction with quantification 
(I). (J) ARS staining of control MSCs transduced with a control vector (pLAS2w) or vector overexpressing TNAP (pLAS2w-TNAP) with quantification (K). (L) 
Immunoblot shows TNAP protein expression in control MSCs transduced with pLAS2w or pLAS2w-TNAP. (M) ARS staining of AS MSCs and control MSCs 
cultured in GM with or without BGP at day 18 with quantification (N). All statistical data in the AS patient group and control group are from AS MSCs (A1, 
A2, and A3) and control MSCs (C1, C2, and C3), respectively, with 3 experimental repeats. Data are the mean ± SEM. **P < 0.01; ****P < 0.0001 by 2-tailed 
Student’s t test (2 groups) or 1-way ANOVA, followed by Tukey’s HSD test. Representative images from AS (A1) MSCs and control (C3) MSCs are shown in 
D, H, and M. Scale bars: 200 μm (D, H, J, and M).
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Figure 3. TNAP blockade inhibits new bony appositions induced by AS MSCs in NOD-SCID mice. (A, C, and D) Representative images of lumbar spine 
micro-CT of NOD-SCID mice implanted with AS MSCs (derived from A1, A2, and A3 with triplicates in each group) or control MSCs (derived from C1, C2, 
and C3 with triplicates in each group) in the artificial cortical defect of the right lamina of lumbar spine segment L4–5 (A); with AS MSCs (derived from 
A1, A2, and A3 with triplicates in each group) transduced with shCtrl or shTNAP (C); or with AS MSCs (derived from A1, A2, and A3 with triplicates in each 
group) plus daily oral administration of H2O (n = 9), levamisole (10 mg/kg) (n = 9), beryllium sulfate (7.5 mg/kg) (n = 9), or pamidronate (0.3 mg/kg) (n = 
9) (D). Images were taken 3 weeks after implantation. Longitudinal view over L4–6 (left), longitudinal view at high magnification over L4 (middle), and 
cross-sectional view over L4 (right) are shown. New bony appositions are highlighted by a red rectangle (middle) and white arrow (right). (B) Representa-
tive H&E staining images showing MSC-implanted sites (arrowhead-dotted areas) in the spinal tissues. AS MSCs (A1) formed new woven bone apposition 
(asterisks) bridging with host bone (HB), with some osteochondral-like tissues surrounding the newly formed bone (white arrow), while control MSCs (C3) 
formed fibrous-like tissues (black arrow) in direct contact with host bone. Higher-magnification views of areas in red rectangles in upper panels are shown 
in lower panels (scale bars: 200 μm). (E) The quantitative volumes of new bony appositions (mm3) between groups (A, C, and D). Data are the mean ± SEM 
(n = 9 in E). ****P < 0.0001 by 2-tailed Student’s t test (2 groups) or 1-way ANOVA, followed by Tukey’s HSD test.
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bony appositions induced by the implantation of AS MSCs were 
blocked when TNAP was silenced by shRNAs in contrast to con-
trol shRNA-transduced AS MSCs (Figure 3C). Consistently, the 
oral administration of TNAP inhibitors largely abrogated new 
bony appositions in NOD-SCID mice implanted with AS MSCs 
(Figure 3D), but did not alter the overall bone mineral density 
(Supplemental Figure 8). The quantitative volumes of new bony 
appositions between groups are shown in Figure 3E. Moreover, 
the administration of drugs did not induce whole-body weight 
loss (Supplemental Figure 9) or other systemic toxicity. These 
results suggest that TNAP blockade inhibits new bony appositions 
induced by AS MSCs in NOD-SCID mice.

TNAP in BM and serum from AS patients is elevated significantly  
compared with that from controls, and serum bone-specific TNAP 
levels are associated with radiographic severity in AS patients. Next, 
we examined whether the enhanced expression of TNAP could 
be detected in the BM and peripheral blood of AS patients. Immu-
nohistochemical (IHC) staining of BM specimens (Supplemental 
Table 5) revealed the increased expression of TNAP in the BM of 

AS patients compared with normal individuals and non-AS patient 
controls (Figure 4A and Supplemental Figure 10, A and B). IHC 
double staining showed that most TNAP-positive cells were of the 
monocyte (CD68+) or myeloid (myeloperoxidase-positive) lin-
eages, or were MSCs (CD44+) (Figure 4, B–D, and Supplemental 
Figure 10, C–E). These results imply that the enhanced expression 
of TNAP is involved in the accelerated mineralization of ex vivo AS 
MSC cultures, as is present in the immune cells/stromal cells of in vivo 
BM specimens from AS patients.

To determine whether enhanced TNAP levels could be detect-
ed in the peripheral blood of AS patients, we measured the serum 
levels of bone-specific TNAP (BAP) to exclude interference of 
TNAP from the liver and kidney using samples from 2 separate 
cohorts: one was a Taiwanese cohort that included 104 AS patients 
and 50 healthy controls, and the other was a British cohort with 
184 AS patients. Their demographic characteristics and the com-
parative differences between the subgroups/cohorts are shown 
in Supplemental Tables 6–8. The percentages of AS patients with 
increased serum BAP levels (>20.2 μg/L) in the Taiwanese and 

Figure 4. TNAP in the BM from AS patients is enhanced significantly in comparison with controls. (A) IHC staining of the BM from AS patients (A1 and 
A2) and normal controls (C4 and C5) with a TNAP-specific antibody. Inset represents high magnification of the boxed area. (B–D) Double IHC staining of 
BM sections from AS patients (A1 and A2) with TNAP antibody (in brown) and the indicated second primary antibodies (in blue). The colocalizations of 
TNAP/CD68 (monocyte lineage) (B), TNAP/myeloperoxidase (MPO) (myeloid lineage) (C), and TNAP/CD44 (MSC) (D) were visualized as dark purple. Inset 
represents high magnification of the boxed area; top image is the microscopic image, and bottom image is the composite pseudocolored image by spectral 
unmixing technique with a spectral library (staining with TNAP antibody in brown and secondary antibody in blue). The colocalizations of TNAP/CD68, 
TNAP/MPO, and TNAP/CD44 are presented as turquoise. Scale bars: 100 μm (A–D).
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British cohorts were 9.61% and 25.54%, respectively. Overall, 
serum BAP levels were significantly higher in AS patients than 
in healthy controls (12.954 ± 5.538 μg/L and 6.296 ± 2.110 μg/L;  
P < 0.001) in the Taiwanese cohort, while serum BAP levels in AS 
patients were 17.607 ± 8.055 μg/L in the British cohort.

We then tested whether serum BAP levels were correlated 
with clinical parameters. Radiographic severity was measured by 
the modified Stoke Ankylosing Spondylitis Spinal Score (mSASSS). 
Remarkably, there were significant positive correlations between 
serum BAP levels and radiographic severity in AS patients (P < 
0.05 for both cohorts by mSASSS) (Table 1). Likewise, to clarify 
the relative contributions of various risk factors that might be used 
to predict radiographic severity in AS patients, multivariate regres-
sion analyses were performed. The results showed that serum BAP 
levels, disease duration, and C-reactive protein (CRP) were inde-
pendent risk factors in the Taiwanese cohort; while in the British 
cohort, serum BAP levels, disease duration, and male sexual phe-
notype were independent risk factors (Table 2). Notably, serum 
BAP levels and disease duration were the 2 common predictors for 
radiographic severity, regardless of the cohort analyzed. Next, we 
performed the retrospective subgroup analysis of 37 AS patients in 
the Taiwanese cohort who had a longitudinal follow-up of radio-
graphic change (Supplemental Table 9). In this longitudinal AS 
subgroup analysis, we found that serum BAP levels and CRP were 
2 independent risk factors for the prediction of yearly radiographic 
progression in AS patients (Table 3). To summarize, the analyses 
of Taiwanese and British cohorts validated our experimental find-
ings regarding the importance of TNAP in AS, and also demon-
strated that the serum BAP level may be a prognostic biomarker 
to predict a high-risk group of AS patients with a propensity for 
radiographic progression.

Upregulation of the transcription factor RARB promotes the 
expression of TNAP in AS MSCs. To investigate further the upstream 
regulatory mechanism of enhanced TNAP expression in AS MSCs, 
we analyzed the microarray data using the category of transcrip-
tion factors with at least a 2-fold change at 2 or more time points 

in AS MSCs compared with control MSCs. There were 36 differen-
tially expressed genes in this category (Figure 5A). We also used 
online software (PROMO and MALGEN on the ALGGEN server) 
to predict the binding of 44 transcription factors to the ALPL pro-
moter (Supplemental Figure 11A). By combining these 2 compu-
tational analyses, we identified 2 transcription factors present in 
both analyses, retinoic acid receptor-β (RARB) and leukocyte- 
enhancing factor 1 (LEF1), which are potential regulators of TNAP 
expression in AS MSCs. Quantitative reverse transcriptase PCR 
and immunoblot analyses (Figure 5, B–E) revealed that only RARB 
expression was increased in AS MSCs under osteogenic induction. 
More importantly, TNAP expression (Figure 5, F and G) and ALP 
activity (Supplemental Figure 11D) were reduced in MSCs deplet-
ed of RARB by 2 independent shRNAs (Supplemental Figure 11, B 
and C), consistent with a previous report showing that the RARB–
retinoic X receptor heterodimer binds to a retinoic acid–responsive 
element in the promoter region of ALPL in a human osteoblastic 
osteosarcoma line (28). Furthermore, the enhanced mineraliza-
tion in AS MSCs was inhibited by RARB knockdown (Figure 5, H 
and I). These data documented that RARB is an upstream tran-
scription factor that promotes enhanced TNAP in AS MSCs.

HLA-B27 mediates the upregulation of the RARB/TNAP axis in 
AS MSCs. Because AS is strongly associated with HLA-B27 (1), we 
investigated whether this genetic trait contributed to the upregu-
lated RARB/TNAP axis in AS MSCs. First, we performed HLA-B 
knockdown in AS MSCs by using 2 independent shRNAs (Supple-
mental Figure 12, A and B). Interestingly, the enhanced mineraliza-
tion in AS MSCs was inhibited by the 2 independent shRNAs against 
HLA-B (Figure 6, A and B), accompanied by the decreased expres-
sions of RARB and TNAP (Figure 6C). Notably, HLA-B27 overex-
pression via the lentiviral transduction of control MSCs (Figure 6D 
and Supplemental Figure 12C) induced enhanced mineralization 
(Figure 6, E and F) and increased the protein levels of RARB and 
TNAP (Figure 6G). These results demonstrated the causative rela-

Table 1. Correlations between serum levels of BAP and clinical 
parameters of AS patients in Taiwanese cohort and British cohort

Variables Serum BAP levels
Taiwanese cohort (n = 104) British cohort (n = 184)

Age (years old) 0.143 (0.149) 0.050 (0.503)
Onset age (years old) 0.181 (0.069) NR
Disease duration (years) –0.025 (0.805) –0.025 (0.735)
ESR (mm/h) –0.021 (0.834) NR
CRP (mg/dL) 0.065 (0.514) 0.205 (0.005A)
BASDAI –0.035 (0.723) 0.121 (0.103)
BASFI 0.10 (0.316) 0.227 (0.002A)
BAS-G 0.131 (0.186) 0.159 (0.031A)
mSASSS 0.221 (0.028A) 0.185 (0.012A)

Values are shown as r (P value); r, Spearman’s correlation coefficient. 
AStatistically significant. BASDAI, Bath Ankylosing Spondylitis Disease 
Activity Index; BASFI, Bath Ankylosing Spondylitis Functional Index; 
BAS-G, Bath Ankylosing Spondylitis Global Score; ESR, erythrocyte 
sedimentation rate; NR, not recorded.

 

Table 2. Multivariate linear regression analysis for prediction of 
radiographic severity in AS patients of Taiwanese and British 
cohorts

Models Regression coefficient  
(95% CI)

Standard  
coefficient

P value

Taiwanese cohort
Model 1: mSASSS
 Serum BAP 0.628 (0.049 to 1.206) 0.191 0.034A

 CRP 3.473 (0.332 to 6.615) 0.195 0.031A

 Disease duration 0.760 (0.468 to 1.052) 0.474 <0.001A

 Sexual phenotype –3.020 (–12.695 to 6.655) –0.057 0.537
 Adjusted R2 0.271
British cohort
Model 2: mSASSS
 Serum BAP 0.464 (0.104 to 0.825) 0.169 0.012A

 CRP 0.561 (–1.060 to 2.182) 0.045 0.495
 Disease duration 0.617 (0.402 to 0.832) 0.371 <0.001A

 Sexual phenotype –11.493 (–18.064 to –4.922) –0.228 0.001A

 Adjusted R2 0.216

Sexual phenotype: 1, male; 2, female. AStatistically significant.

 

https://www.jci.org
https://www.jci.org
https://www.jci.org/129/12
https://www.jci.org/articles/view/125212#sd
https://www.jci.org/articles/view/125212#sd
https://www.jci.org/articles/view/125212#sd
https://www.jci.org/articles/view/125212#sd
https://www.jci.org/articles/view/125212#sd
https://www.jci.org/articles/view/125212#sd
https://www.jci.org/articles/view/125212#sd


The Journal of Clinical Investigation   R E S E A R C H  A R T I C L E

5 3 6 4 jci.org   Volume 129   Number 12   December 2019

while HLA-B27 overexpression in control MSCs enhanced the 
expression of p-IRE1/sXBP1 (Figure 7E). These data suggest that 
the p-IRE1/sXBP1 axis is the downstream target of HLA-B27 in 
AS MSCs. Moreover, prediction of transcription factor binding by 
online software (PROMO and MALGEN on the ALGGEN server) 
revealed that XBP1 may bind to the RARB promoter. A chromatin 
immunoprecipitation (ChIP) assay further revealed the significant 
binding of sXBP1 at multiple regions spanning fragments 1, 2, 3, 
6, and 7 in the RARB promoter in AS MSCs (Figure 7F). Consis-
tently, knockdown of XBP1 by 2 independent shRNAs in AS MSCs 
under osteogenic induction (Supplemental Figure 14, A–C) caused 
reduced expression of RARB/TNAP (Figure 7G) as well as the abol-
ished mineralization of AS MSCs (Figure 7, H and I). Additionally, 
we overexpressed HLA-B7, which does not have unpaired Cys67 in 
its extracellular domain and thus does not misfold in control MSCs 
(refs. 29–31 and Supplemental Figure 15, A and D). As expected, 
no significant enhancement of the p-IRE1/sXBP1/RARB/TNAP 
axis and mineralization was found (Supplemental Figure 15, B–E). 
These data indicate that HLA-B27 misfolding mediates the acti-
vation of the p-IRE1/sXBP1/RARB/TNAP pathway and plays an 
important role in accelerating the mineralization of AS MSCs.

Discussion
Currently, there is no treatment to efficiently arrest the spinal 
ankylosis of AS patients. Current treatment strategies have most-
ly focused on the amelioration of inflammation (4–11). Although 
NSAIDs, long-term TNF-α blocker, or IL-17A inhibitor (4–11) slow 
down the rate of syndesmophyte formation, there is still an unmet 
need for new strategies to resolve this problem. Further under-
standing of the stromal pathway activation in AS is of high priority.

By studying AS MSCs derived from the enthesis involved in 
spinal ankylosis, we demonstrate that HLA-B27 misfolding medi-
ates the activation of the p-IRE1/sXBP1/RARB/TNAP pathway 
in AS MSCs, which contributes to the pathogenesis of syndesmo-
phyte formation. We further explored the therapeutic applica-
tion of this pathway to develop a new strategy to arrest AS spinal 
ankylosis. Currently, ER stress and the UPR triggered by the mis-
folding of HLA-B27 molecules was proposed as 1 of the 3 major 
mechanistic hypotheses for AS pathogenesis (34, 35). Prior mech-
anistic studies using HLA-B27–transgenic rats suggested that the 
upregulation of UPR via sXBP1 in macrophages was involved in 
AS development through the IL-23/IL-17 axis (36, 37). However, 
whether UPR is relevant to AS patients is controversial, because 
macrophages from AS patients exhibited greater IL-23 produc-
tion in response to lipopolysaccharide, but had no significant UPR 
induction (38). Here, we demonstrate that HLA-B27 misfolding 
upregulates p-IRE1/sXBP1 in the UPR pathway in AS MSCs.

Interestingly, accelerated mineralization in AS MSCs is 
Runx2-independent, indicating that syndesmophyte formation in 
AS may not reflect the standard osteoblast-mediated bone remod-
eling. Here, we used a standard cocktail of dexamethasone, ascor-
bic acid, and BGP to induce MSCs toward osteogenic differenti-
ation (39), in which dexamethasone induces Runx2 expression, 
ascorbic acid leads to the increased secretion of Col1, and BGP 
is a phosphate source for hydroxyapatite formation. This osteo-
genic induction system induced osteogenesis in control MSCs 
and AS MSCs. Runx2 and Col1 were induced in control MSCs and 

tionship of the genetic HLA-B27 trait in triggering abnormal RARB/
TNAP axis to promote enhanced mineralization of AS MSCs.

The HLA-B27–mediated activation of the p-IRE1/sXBP1 path-
way upregulates the RARB/TNAP axis in AS MSCs. Results from the 
HLA-B27–transgenic rat model suggested that misfolding of the 
HLA-B27 heavy chain (HC), whose formation of dimer structure 
in disulfide-linked complexes was dependent on the unpaired 
cysteine at position 67 (Cys67), can result in upregulated endo-
plasmic reticulum (ER) stress and the unfolded protein response 
(UPR), and lead to AS development (29–31). We thus examined 
whether HLA-B27 misfolding and UPR pathways participated in 
the upregulation of the RARB/TNAP axis in AS MSCs. We used 
the conformation-specific antibody HC10 to immunoprecipitate 
the free unfolded or misfolded MHC class I HCs that were not 
assembled with β2-microglobulin (32), subsequently perform-
ing immunoblotting analysis with HLA-B27–specific antibody. 
Our results showed that there were substantial accumulations of 
disulfide-linked HLA-B27 HC dimers (misfolded) and HLA-B27 
HC monomers (unfolded) in AS MSCs (Figure 7A), which were 
not observed in control MSCs. Moreover, HC10-reactive HCs 
were associated with the expression of the ER chaperone binding 
immunoglobulin protein (BiP), a global marker of UPR (30), in AS 
MSCs, but not in control MSCs. We then investigated the mole-
cules involved in the 3 main UPR pathways, the PERK/activating 
transcription factor 4 (ATF4)/CCAAT enhancer–binding protein–
homologous protein (CHOP) pathway, the inositol-requiring 1 
(IRE1)/spliced X-box–binding protein 1 (sXBP1) pathway, and the 
activating transcription factor 6 (ATF6) pathway (ref. 33 and Sup-
plemental Figure 13, A–F). Increased mRNA levels of ATF4 and 
sXBP1 were observed in AS MSCs compared with control MSCs. 
Because ATF4 is a downstream target of PERK, we treated AS 
MSCs with a PERK inhibitor to determine the association of the 
PERK/ATF4/CHOP pathway in the enhanced mineralization of 
AS MSCs. However, the enhanced mineralization of AS MSCs was 
not affected by treatment with a PERK inhibitor (Supplemental 
Figure 13, G and H). Phosphorylated IRE1 (p-IRE1) catalyzes the 
excision of introns from unspliced XBP1 (uXBP1) mRNA, resulting 
in a frameshift in the XBP1 coding sequence into sXBP1, which is 
more transcriptionally active (31). We found that the expression 
of p-IRE1/sXBP1 was elevated in AS MSCs compared with control 
MSCs (Figure 7, B and C). Notably, the knockdown of HLA-B in 
AS MSCs decreased the expression of p-IRE1/sXBP1 (Figure 7D), 

Table 3. Multivariate linear regression analysis for prediction 
of yearly radiographic change in longitudinal AS subgroup of 
Taiwanese cohort

Model Regression coefficient  
(95% CI)

Standard 
coefficient

P value

Yearly change in mSASSS
 Serum BAP 0.094 (0.005 to 0.183) 0.306 0.040A

 CRP 0.719 (0.398 to 1.040) 0.614 <0.001A

 Sexual phenotype –1.051 (–2.833 to 0.730) –0.170 0.238
 Adjusted R2 0.362

Sexual phenotype: 1, male; 2, female. AStatistically significant.  
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ferences in previous reports showing enhanced Runx2-mediated 
osteogenesis in AS patient–derived BM MSCs from hips or bone 
precursors from facet joints under osteogenic induction (12–15), 
our findings via enthesis-derived MSCs from the diseased niche 
of spinal ankylosis indicate that different sources of stromal cells 
may reflect different microenvironmental stimuli and determine 
the distinctive nature of stromal activation. Further study of the 
diseased MSCs and microenvironmental niche interaction might 
allow us to clarify the developmental process of syndesmophyte 
formation in situ.

In addition, we established a novel in vivo disease mod-
el that mimics the pathological bony apposition induced by AS 
MSCs, which might be a useful platform for drug screening for 
AS. Entheses in AS are thought to be sites of microtrauma result-

AS MSCs after osteogenic differentiation at day 7, compared with 
their primitive status without osteogenic induction. However, 
the osteoblastogenesis of AS MSCs was not as prominent as that 
in control MSCs, which was associated with their lower expres-
sion of extracellular matrix factors such as Col1/osteoadherin. 
This abnormal osteogenesis of AS MSCs was characterized by 
the enhancement of TNAP, which promotes prominent extracel-
lular matrix mineralization. Nevertheless, whether the calcium 
phosphate complexes formed in the abnormal osteogenesis of AS 
MSCs are mature hydroxyapatite with a mineral/matrix ratio close 
to that of bone remains to be investigated. Notably, pathological 
entheses in AS patients are collagen-rich tissues. These unique 
collagen-rich entheses might serve as scaffolds to support patho-
logical mineral depositions. In addition, compared with the dif-

Figure 5. RARB is an upstream regulator that promotes TNAP expression in AS MSCs. (A) Differential gene expression of transcription factors between 
AS MSCs and control MSCs under osteogenic induction at the indicated days. (B–E) Expression of transcription factors RARB and LEF1 in AS and control 
MSCs measured by RT-qPCR (B and C) and immunoblotting (D and E). (F and G) RT-qPCR (F) and immunoblot analyses (G) showing reduced TNAP expres-
sion in AS or control MSCs transduced with 2 shRNAs against RARB at day 7 under osteogenic induction compared with the effects of shCtrl. (H) ARS 
staining of mineralization in AS or control MSCs expressing shRARB or shCtrl under osteogenic induction with quantification (I). All experiments were 
done in the AS patient group using AS MSCs (derived from A1, A2, and A3 with experimental triplicates) and/or in the control group using control MSCs 
(derived from C1, C2, and C3 with experimental triplicates). Data are the mean ± SEM. *P < 0.05; **P < 0.01; ****P < 0.0001 by 1-way ANOVA, followed by 
Tukey’s HSD test. Representative immunoblots from AS (A1) MSCs and control (C3) MSCs are shown in G and H. Scale bar: 200 μm (H).
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isole has been used as an anthelmintic agent for several years 
(42) and was reported to marginally reduce the inflammation of 
AS patients by acting on T regulatory cells (43–45). The clinical 
application of levamisole in blocking syndesmophyte formation 
through TNAP inhibition has not been explored in AS patients. 
However, previous studies reported that the consumption of 
50–200 mg/d of levamisole caused agranulocytosis by inducing 
leukocyte agglutinating antibodies in 0.08%–5% of the patient 
population, especially HLA-B27+ patients (46, 47). Therefore, the 
prospective development of levamisole derivatives with reduced 
toxicity is important. Given that TNAP is also essential for bone 
homeostasis, the long-term effect of a TNAP inhibitor on the 
interference of bone remodeling should be considered. Although 
the bone mineral density in our animal model was not affected by 
levamisole treatment, the development of more specific TNAP 
inhibitors selectively targeting the specified stromal cells in AS 
patients deserves further investigation.

Another critical prospect would be to develop a dual-purpose 
drug with effects on TNAP inhibition and osteoporosis prevention; 

ing from increased biomechanical stress (26, 27). In this model, 
we implanted AS MSCs embedded in fibrin over the site of corti-
cal erosions after a decortication procedure, which mimicked the 
repetitive microtrauma in the syndesmophyte formation of AS. 
We also used a commercial fibrin sealant to provide an ideal 3D 
porous scaffold, which presented a better physiological environ-
ment for bone formation than a 2D culture system and has favor-
able properties for promoting bone engineering, including desir-
able porosity for new bone ingrowth and capillary infiltration (40, 
41). In addition, NOD-SCID mice are immunodeficient, which is 
ideal for the implantation of AS MSCs without immune rejection. 
This model might help us focus on the pathological alterations of 
AS MSCs, which have not been investigated in an in vivo mod-
el. Because the immunodeficiency trait of this model excludes 
immunity in the pathogenesis of ectopic calcification, the signif-
icance of the effects of a TNF-α blocker or IL-17A inhibitor was 
not assessed in this model. Nevertheless, we identified 2 approved 
drugs (levamisole and pamidronate) that may be repurposed for 
drug development in blocking new bone formation in AS. Levam-

Figure 6. HLA-B27 mediates the upregulation of the RARB/TNAP axis in AS MSCs. (A) ARS staining of mineralization in AS MSCs transduced with 
shHLA-B or shCtrl under osteogenic induction with quantification (B). (C) Immunoblot analyses showing the expression of RARB and TNAP in AS 
MSCs expressing shHLA-B or shCtrl at day 7 under osteogenic induction. (D) Immunoblot showing HLA-B27 expressions of control MSCs transduced 
with pLAS2w or pLAS2w-HLA-B27. (E) ARS staining of control MSCs transduced with control lentiviral vector (pLAS2w) or a vector expressing HLA-B27 
(pLAS2w-HLA-B27) with quantification (F). (G) Immunoblot analyses showing RARB and TNAP expressions in control MSCs transduced with pLAS2w or 
pLAS2w-HLA-B27. All experiments done in the AS patient group and the control group are from AS MSCs (A1, A2, and A3) and control MSCs (C1, C2, and 
C3), respectively, with at least 2–3 experimental repeats. Data are the mean ± SEM. ***P < 0.001; ****P < 0.0001 by 2-tailed Student’s t test (2 groups) or 
1-way ANOVA, followed by Tukey’s HSD test. Representative images from AS (A1) MSCs are shown in C. Scale bars: 200 μm (A and E).
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AS MSCs under osteogenic induction, but also inhibited new bony 
apposition in our AS MSC–based animal model. Although previ-
ous studies reported that the clinical application of pamidronate 
controlled AS disease activity through its antiinflammatory effects 
(48–51) such as the modulation of proinflammatory cytokines in 
macrophage/monocyte lineages, only one study suggested that 
it lowered serum BAP levels (50). To date, there are no available 

nitrogen-containing bisphosphates (such as pamidronate) are 
worthy of exploration for this purpose. While bisphosphates have 
been the prescription drug of choice for osteoporosis treatment, 
functioning by inhibiting osteoclastic bone resorption, they also 
inhibit TNAP enzymes through the chelation of Mg2+/Zn2+ with 
their bone hook structure (24). Interestingly, our data identified 
that pamidronate not only blocked the enhanced mineralization of 

Figure 7. The HLA-B27–mediated activation of the p-IRE1/sXBP1 pathway promotes the upregulation of the RARB/TNAP axis in AS MSCs. (A) Unfolded 
or misfolded HCs were immunoprecipitated (IP) from lysates of AS MSCs and control MSCs with HC10 antibody, followed by immunoblotting with HLA-B27 
and anti-BiP antibodies. In AS MSCs, monomers of HLA-B27 HCs and dimers of disulfide-linked HLA-B27 HCs are indicated by an arrow and an arrow-
head, respectively. (B and C) Immunoblot showing the expressions of p-IRE1 (B) and sXBP1 (C) protein in AS and control MSCs at day 7 under osteogenic 
induction. (D) Immunoblot showing the expressions of p-IRE1 and sXBP1 in AS MSCs transduced with shHLA-B or shCtrl. (E) Immunoblot showing the 
expressions of p-IRE1 and sXBP1 protein in control MSCs transduced with pLAS2w-HLA-B27 or pLAS2w. (F) ChIP assay showing sXBP1 binding at frag-
ments (Frags) 1, 2, 3, 6, and 7 within 1400 bp upstream of the RARB transcriptional start site in AS MSCs. RARB 3′-untranslated region (3′UTR) was used 
as the negative control locus. (G) Immunoblot showing the expressions of RARB and TNAP in AS MSCs expressing shXBP1 or shCtrl. (H) ARS staining of 
mineralization in AS MSCs transduced with shXBP1 or shCtrl under osteogenic induction with quantification (I). All experiments done in the AS patient 
group and control group are from AS MSCs (A1, A2, and A3) and control MSCs (C1, C2, and C3), respectively, with at least 2–3 experimental repeats. Data are 
the mean ± SEM. **P < 0.05; ***P < 0.001; ****P < 0.0001 by 2-tailed Student’s t test (2 groups) or ****P < 0.0001 by 1-way ANOVA, followed by Tukey’s 
HSD test. Representative immunoblots from AS (A1) MSCs are shown in G.
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duced by AS MSCs compared with control MSCs (Supplemental 
Figure 16). Although we did not check the levels of these cytokines 
in the entheses of our AS specimens, their presence in situ was 
identified in previous reports (65–68). Therefore, it is important 
to explore whether the interaction among diseased MSCs, cyto-
kines, and specific immune cells, such as group 3 innate lymphoid 
cells present in entheses (69), triggers HLA-B27–mediated RARB/
TNAP activation. Third, although our mechanistic studies used 
limited numbers of MSCs and should be validated using greater 
numbers of AS samples, our clinical data from 2 separate cohorts 
also indicated the importance of TNAP in the syndesmophyte for-
mation of AS. Fourth, we speculated that the decortication proce-
dure might provide osteogenic/vasogenic stimuli (70) to promote 
osteogenesis in AS MSCs because none of the in vitro osteogenic 
supplements was provided in our in vivo model. However, how tis-
sue factors relevant to the decortication procedure and AS MSCs 
are triggered toward ectopic bony apposition in vivo should be 
clarified in the future. Finally, we did not explore the pathologi-
cal mechanisms of AS MSCs from HLA-B27–negative AS patients, 
which should be explored in the future.

Taken together, the translational relevance of our study is 
highlighted by several findings: (a) Identification of “HLA-B27 
misfolding” mediates the activation of the p-IRE1/sXBP1/RARB/
TNAP pathway in AS MSCs within the enthesis, which is involved 
in spinal ankylosis and contributes to the pathogenesis of syn-
desmophyte formation. (b) Targeting the p-IRE1/sXBP1/RARB/
TNAP pathway may elucidate a new strategy for blocking syndes-
mophyte formation; the dual effects of pamidronate indicate that 
it is a prospective candidate for drug development. (c) Establish-
ment of an AS MSC–based animal model that mimics pathologi-
cal bony apposition might be a useful platform for drug screening 
for AS therapy. (d) Serum BAP levels can be used as a biomarker 
to select high-risk AS patients with a propensity for radiographic 
progression. In addition to current antiinflammatory agents, our 
identification of TNAP as a therapeutic target may aid the devel-
opment of a new strategy to protect AS patients from bony out-
growths in the future.

Methods
Study design. The primary goals of the study were to investigate the 
pathological role of MSCs from the diseased niche of syndesmophytes 
and to determine whether genetic traits contributed to the altered 
osteogenesis pathways in AS. Herein, we isolated MSCs within the 
enthesis involved in the spinal ankylosis of AS patients who underwent 
wedge osteotomy (AS MSCs) and non-AS patients who underwent 
traumatic surgery at similar sites (control MSCs). We established ex 
vivo AS MSC cultures and developed an AS MSC–based in vivo disease 
model to mimic the pathological bony apposition, both of which were 
used for mechanistic studies and drug development. We also collected 
2 separate cohorts from Taiwan and England to validate our experi-
mental findings of the altered mechanism involved in the pathogen-
esis of syndesmophyte formation. We identified a useful biomarker 
that might help clinicians select a high-risk group of AS patients with a 
propensity for radiographic progression.

Isolation of MSCs within entheseal tissues affected by spinal ankylo-
sis from AS patients and culture. MSCs from the enthesis (bone, bone 
marrow, periosteum, supraspinatus, and interspinous ligaments) 

data indicating that it blocks syndesmophyte formation in AS 
through TNAP inhibition. Therefore, our experimental findings 
revealed for the first time to our knowledge that pamidronate is an 
attractive target for AS drug development with dual effects on pre-
venting spinal fusion and osteoporosis. Collectively, although the 
equivalent human dosages of levamisole/pamidronate required 
to block syndesmophyte formation in AS should be examined in 
future studies, the effective therapeutic dosages used in this AS 
MSC–based mouse model (levamisole 10 mg/kg/d or pamidro-
nate 0.3 mg/kg/d, orally) are lower than the dosages used to treat 
mice with parasitic infections (20 mg/kg/d, orally) (52) or osteo-
porosis (5 mg/kg/d, orally) (53).

Based on these findings, we collected 2 separate cohorts from 
Taiwan and England to test whether serum TNAP levels may be 
used to screen AS patients with a high risk of developing radio-
graphic progression. We measured the serum levels of BAP to 
exclude the interference of TNAP derived from the liver and kid-
ney. Our multivariate regression analysis showed that serum BAP 
levels, disease duration, and/or CRP were independent predic-
tors of radiographic severity in AS. In addition, our longitudinal 
subgroup analysis also revealed that serum BAP and CRP levels 
were 2 predictors of yearly radiographic progression. Increased 
serum ALP levels were reported in 13%–47.5% of AS patients  
(54–57), and increased serum BAP levels in 40.0% of AS patients 
(56). However, few studies have reported that increased serum 
ALP levels, but not BAP levels as identified here, were correlated 
with radiographic severity (54). Our mechanistic studies uncov-
ered the causative role of HLA-B27 in mediating the upregulation 
of TNAP, which triggered syndesmophyte formation. A further 
longitudinal survey should be undertaken to validate the useful-
ness of serum BAP level as a biomarker for the early identifica-
tion of high-risk AS patients with a propensity for radiographic 
progression and test the effectiveness of early TNAP inhibitor 
treatment for preventing bony outgrowths.

There are still unresolved issues. First, in the BM of AS 
patients, most TNAP-positive cells are of myelocyte/monocyte 
lineages and MSCs. Although we found a diffuse enhancement of 
TNAP expression in MSCs of the BM of AS, it was reported that 
only the BM near cortical bone in AS showed localized enhance-
ment of osteogenesis (58). This discrepancy might be explained 
by a report stating that the unique microenvironmental niche of 
BM favored the stemness of MSCs and prevented their sponta-
neous osteogenesis (59). Moreover, it has been proposed that bio-
mechanical stress plays an important role in directing the lineage 
commitment of MSCs into osteogenesis (60). Because entheses 
are regions bearing high tensile forces (61), the biophysical charac-
teristics of entheses might be a link between biomechanical stress 
and stromal activation (62) and explain why new bone formation 
mainly exists in enthesis-related lesions or cortical bones near the 
entheses. Nevertheless, how the complex interaction between bio-
mechanical stress and enthesis MSCs triggers HLA-B27–mediated 
activation of the sXBP1/RARB/TNAP pathway deserves further 
investigation. Second, to examine the effects of autocrine cyto-
kines on the enhanced mineralization of AS MSCs, we measured 
cytokines reported to have proinflammatory effects in AS (63, 64), 
including TNF-α, IL-1β, IL-6, IFN-γ, IL-17A, IL-22, IL-23, and IL-33. 
However, we did not find an enhancement of these cytokines pro-
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Fisher Scientific) for 3 hours to precipitate the protein-antibody com-
plex. Immunoblot analysis was performed following previously pub-
lished protocols (71). The primary antibodies were mouse anti–active 
dephosphorylated β-catenin (clone 8E7; 1:500; Merck Millipore), rab-
bit anti–phosphorylated (serine 463/465) Smad 1/5/8 (clone 41D10; 
1:250; Cell Signaling Technology), rabbit anti-TNAP (clone EPR4477; 
1:500; Abcam), rabbit anti-RARB (catalog ab53161; 1:500; Abcam), 
goat anti-LEF1 (clone N-17; 1:500; Santa Cruz Biotechnology), rabbit 
anti-IRE1 (catalog ab37073; 1:1000; Abcam), rabbit anti–phosphory-
lated (serine 724) IRE1 (catalog ab4818; 1:500; Abcam), rabbit anti-
XBP1 (catalog ab37152; 1:2000; Abcam), anti–HLA-B27 (clone HLA-
ABC-m3; 1:300; Origene), anti–HLA-B7 [clone EPR2623(2); 1:500; 
Abcam], rabbit anti-GAPDH (catalog GTX100118; 1:10,000; Gene-
Tex), and mouse anti–β-actin (catalog MA5-15739; 1:10,000; Thermo 
Fisher Scientific). HRP-conjugated secondary antibodies used were 
goat anti-rat IgG, anti-rabbit IgG, anti-mouse IgG, and anti-goat IgG 
(all at 1:5000; Sigma-Aldrich). Immunoblotting experiments were 
done at least twice. All protein band densities were normalized to 
those of the GAPDH or β-actin loading control.

Immunofluorescence staining. MSCs were cultured under osteo-
genic induction for 14 days, rinsed with PBS, and fixed in 4% para-
formaldehyde, followed by permeabilization with 0.1% Triton X-100. 
Cells were blocked by 1% BSA in PBST. Mouse anti-osteoadherin 
antibody (clone 806001; 1:500; R&D) in blocking buffer was added 
and then incubated with secondary antibody (goat anti-mouse anti-
body conjugated with Alexa Fluor 488) (catalog A-210421; 1:400; 
Invitrogen). Cell nuclei were counterstained with DAPI (Sigma- 
Aldrich) in PBS. Fluorescent images were examined by a confocal 
microscope (Carl Zeiss LSM510) and captured by Zeiss EC Plan- 
Neofluar ×40/1.30 Oil DIC M27.

Microarray, Gene Ontology, and Ingenuity Pathway Analysis. AS 
MSCs and control MSCs under osteogenic induction at days 0, 3, and 
7 were harvested for microarray study according to the protocol pro-
vided by the manufacturer (3′ IVT Express kit, Thermo Fisher Scientif-
ic). The biotinylated cRNAs were hybridized to the GeneChip Human 
Genome U133 Plus 2.0 array (Affymetrix) at the GRC Microarray Core 
Facility, Academia Sinica. Data were acquired with GeneChip Scan-
ner 3000 (Thermo Fisher Scientific) and analyzed by GeneSpring 
GX version 12 (Agilent Technologies). Genes expressed differentially 
in AS MSCs with at least a consistent 2-fold change at 3 time points 
compared with control MSCs are shown in Supplemental Tables 2 
and 3. The distribution of enriched Gene Ontology (GO) terms was 
performed using the Biological Networks Gene Ontology program 
package with P ≤ 0.05. The 10 most significant terms in the biological 
process ontology were obtained to show the functional characteristics 
(Supplemental Figure 4A) of the given gene sets. Integrated analysis of 
gene networks involved in the osteogenesis pathway with reference to a 
database using Ingenuity Pathway Analysis (IPA) was performed (Figure 
2A). In addition, differentially expressed genes in the category of tran-
scription factors with at least a 2-fold change at 2 or more time points 
in AS MSCs compared with control MSCs were profiled, and the heat-
map is shown in Figure 5A. The microarray data were deposited in the 
NCBI Gene Expression Omnibus database (GEO GSE134290).

Lentiviral transduction and siRNA transfection. shRNA expres-
sion plasmids and bacteria clones for Runx2 (TRCN0000013653/ 
00000412281), TNAP (TRCN0000052005/0000052007), RARB  
(TRCN0000021196/0000021198), XBP1 (TRCN0000019804/ 

involved in spinal ankylosis from 3 AS patients (A1, A2, and A3) who 
had undergone spinal wedge osteotomy (AS MSCs) were isolated. 
MSCs from 3 non-AS individuals (C1, C2, and C3) who underwent 
traumatic surgery at similar sites (control MSCs) were used as con-
trols. All individuals were Taiwanese (Supplemental Table 1). These 
specimens were minced finely and digested with 1 mg/mL collage-
nase D (Roche) after rinsing with growth medium (GM) containing 
α-minimum essential medium (α-MEM) (Gibco), 10% FBS (Gibco), 
100 U/mL penicillin, and 100 μg/mL streptomycin (Sigma-Aldrich). 
After overnight incubation at 37°C, digested tissues were filtered 
through a 40-μm nylon filter to remove debris. Cells were collected 
by centrifugation and plated in culture dishes to allow attachment. 
Nonadherent cells were removed by changing of GM within 48 hours 
and then every 3 days. Upon reaching confluence, cells were harvest-
ed and subcultured. At passage 3, aliquots of primary MSCs were 
cryopreserved in liquid nitrogen. MSCs were reseeded at a density of 
103 cells/cm2 in GM at 37°C under 5% CO2 atmosphere for expansion. 
The GM was changed twice per week, and subculture was performed 
at 90% confluence. The same passages (p3 to p5) of AS MSCs and 
control MSCs were compared.

Characterization of MSCs. To characterize the trilineage differ-
entiation potential of MSCs, they were treated under 3 culture con-
ditions. For osteogenic induction, α-MEM was supplemented with 
10% FBS, 100 U/mL penicillin, 100 μg/mL streptomycin, 50 μg/
mL ascorbate-2 phosphate (Sigma-Aldrich), 10 nmol/L dexameth-
asone (Sigma-Aldrich), and 10 mmol/L BGP (Sigma-Aldrich). After 
the appearance of the morphological features of differentiation, cells 
were fixed with 4% paraformaldehyde. Cells treated in the osteogenic 
culture were stained for alizarin red S (ARS; Sigma-Aldrich) or by a 
von Kossa staining kit (Abcam) for mineralization. Quantification of 
ARS staining was conducted by measurement of the optical density 
of extracted dye at 550 nm with a plate reader (Molecular Devices). 
Detailed information on the adipogenic and chondrogenic induction 
is provided in Supplemental Methods.

MSCs cultured under osteogenic induction with or without treatment. 
MSCs were seeded at 8 × 104 cells per 6-well plate and grown in osteo-
genic induction medium at 37°C with 5% CO2, with or without levami-
sole (100 μM; Sigma-Aldrich), beryllium sulfate tetrahydrate (100 μM; 
Santa Cruz Biotechnology), pamidronate (1 μg/mL; Sigma-Aldrich), or 
PERK inhibitor (GSK2606414; 0.4, 4, or 20 nM; Merck Millipore). After 
morphological differentiation, cells were subjected to ARS staining.

Quantitative reverse transcriptase PCR. Total RNA was extracted 
using the RNeasy Mini kit (Qiagen). First-strand cDNA was synthesized 
from 2 μg of total RNA using a High-Capacity cDNA Reverse Tran-
scription kit (Applied Biosystems). Quantitative reverse transcriptase 
PCR (RT-qPCR) was carried out with a SYBR Green PCR Master Mix 
on a Prism 7300 Sequence Detection system (Applied Biosystems). 
The relative quantitation of marker genes was performed according to 
the ΔCt method using GAPDH as the internal control gene. The spe-
cific primers used for RT-qPCR are shown in Supplemental Table 10.

Immunoblotting and immunoprecipitation. Cell lysates were pre-
pared using M-PER Protein Extraction Reagent (Pierce) plus protease 
inhibitor cocktail (Halt, Pierce). Nuclear extracts used for immuno-
precipitation were prepared by the protocol previously described (71). 
Two hundred micrograms of total cell lysates were incubated with 2 
μg of mouse anti-HC10 antibody (catalog AM33035PU-N, Origene) at 
4°C overnight and then reacted with Dynabeads Protein G (Thermo 
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For double staining, after color development of the first stain-
ing with rabbit anti-TNAP antibody (clone EPR4477; 1:200; Abcam) 
using HRP as described above, sections were incubated with a second 
primary antibody: rabbit anti-myeloperoxidase (anti-MPO) (catalog 
A0398; 1:1000; Dako) for myeloid lineages, mouse anti-CD68 (catalog 
M0876; 1:200; Dako) for monocyte lineages, or rabbit anti-CD44 (cat-
alog ab157107; 1:200; Abcam) for MSCs, followed by incubation with 
ALP-conjugated secondary antibody (1:500; Southern Biotechnology). 
Blue color was carried out by incubation with nitro blue tetrazolium 
chloride/5-bromo-4-chloro-3-indolyl phosphate, toluidine salt (Roche).

To identify TNAP-positive cells, the colocalization of TNAP/
MPO-positive, TNAP/CD68-positive, and TNAP/CD44-positive cells 
was determined using a spectral imaging technique with MetaMor-
phic Offline version 7.8.2.0 software. After spectral unmixing using 
the spectral library (staining with TNAP antibody in brown and the 
indicated second antibody in blue), composite pseudocolored imag-
es were created, in which the colocalization of TNAP/MPO, TNAP/
CD68, and TNAP/CD44 was represented as turquoise.

Human peripheral blood samples and populations. Two independent 
cohorts were recruited to study predictive biomarkers for high-risk AS 
patients with a propensity for radiographic progression. The “Taiwanese 
cohort” comprised 104 patients who fulfilled the modified New York cri-
teria for AS diagnosis and 50 healthy controls from the Taipei Tzu Chi 
Hospital. A part of this population (37 AS patients who had retrospective 
follow-up of radiographic change) consisted of a longitudinal AS sub-
group of the Taiwanese cohort. One hundred eighty-four AS patients 
in the “British cohort” were recruited at the Royal National Hospital for 
Rheumatic Diseases, UK. Clinical assessments and radiographic assess-
ments were obtained on the same day. Clinical assessments included 
AS disease duration, serological tests (HLA-B27, C-reactive protein 
[CRP], or erythrocyte sedimentation rate [ESR]), and disease activity 
scoring with a validated version of the Bath Ankylosing Spondylitis Dis-
ease Activity Index (BASDAI). Radiographic severity was assessed by 
the modified Stoke Ankylosing Spondylitis Spinal Score (mSASSS). The 
Bath Ankylosing Spondylitis Functional Index (BASFI) to determine 
the degree of functional limitation and the Bath Ankylosing Spondylitis 
Global Score (BAS-G) to assess the perceived effect of the disease on 
patients’ well-being were obtained. Details on BASDAI, mSASSS, BASFI, 
and BAS-G are provided in Supplemental Methods.

Measurements of serum BAP levels. Human blood samples were col-
lected, and serum was used for the measurement of BAP levels using 
the DiaSorin LIASON BAP OSTASE assay (1-step delayed-addition 
sandwich chemiluminescence immune assay) by the LIASON analyz-
er (DiaSorin). A reference range of serum BAP levels between 5.1 and 
20.2 μg/L was considered normal according to the manufacturer.

Flow cytometry analysis and antibodies. To analyze the cell sur-
face expression of markers for MSCs, they were labeled with mouse 
anti-human antibodies (all from Ancell): CD31-PE (clone 158-2B3), 
CD34-PE (clone 43A1), CD44-PE (clone BU52), CD29-FITC (clone 
4B7E), CD45-FITC (clone C11), and CD105-FITC (clone SN6/
N1-3A1). In some experiments, AS MSCs were stained with mouse 
anti-human antibodies: HLA-B (clone JOAN-1, Abcam) or HLA-B7 
(clone BB7.1, Bio-Rad) with goat anti-mouse IgG H&L (DyLight 488) 
secondary antibody (catalog ab96879, Abcam). To analyze the cell 
surface expression of HLA-B27, AS MSCs were stained with mouse 
anti–human HLA-B27–FITC (clone HLA-ABC-m3, GeneTex) anti-
body. Mouse isotype IgG1 antibodies (clone MOPC31C, Ancell) were 

0000019808), and HLA-B (TRCN000057341/0000423192) were 
obtained from the RNAi Core Facility, Academia Sinica. The ALPL 
cDNA fragment was cut from plasmid obtained from the Mammali-
an Gene Collection of the Genome Research Center, National Yang-
Ming University (clone 066116), and amplified by PCR with Phusion 
High-Fidelity DNA polymerase (Thermo Fisher Scientific). In some 
experiments, the HLA-B2705 cDNA (72) or HLA-B7 cDNA was assem-
bled by cDNA synthesis by the Genomics Company or Tools Biotech 
Co. (both in Taipei, Taiwan), respectively. The ALPL fragment or the 
HLA-B2705 or HLA-B7 cDNA was inserted into a pLAS2w.Puro vec-
tor (RNAi Core Facility, Academia Sinica) by ligation at NheI and EcoRI 
sites (New England Biolabs). The procedure to prepare lentiviral vector 
and transduction was performed as previously described (73). Subcon-
fluent MSCs were transduced with lentiviral vector at a multiplicity of 
5 in the presence of 8 μg/mL Polybrene (Sigma-Aldrich). Twenty-four 
hours later, the culture medium was replaced with fresh GM containing 
puromycin (1 μg/mL; Gibco) to select transduced cells.

Animal models. NOD.CB17-Prkdcscid/NcrCrlBltw (NOD-SCID) 
mice (8–10 weeks) were purchased from BioLASCO and maintained 
in a specific pathogen–free environment. Human MSCs were treated 
with BGP (10 mmol/L) in culture for 5 days, and embedded in fibrin 
(106 cells in 10 μL fibrin) (Baxter). To mimic the pathophysiological 
scenario of microtrauma in AS, we applied a decortication procedure 
over the cortical bone in the right lamina of the lumbar spine segment 
L4–5 by forceps friction 10 times to produce repetitive microtrauma, 
thus leading to cortical erosions. We next implanted AS MSCs embed-
ded in fibrin over the site of cortical erosions. Mice were fed a 0.9% 
phosphate diet (Dyets) after surgery. Micro-CT (SkyScan 1076, Kon-
tich) over lumbar spines was performed 3 weeks after implantation. 
Bone mineral density over the femur was measured by micro-CT in 
NOD-SCID mice following implantation with AS MSCs and daily oral 
administration of H2O, levamisole (10 mg/kg), beryllium sulfate tetra-
hydrate (7.5 mg/kg), or pamidronate (0.3 mg/kg) for 12 weeks. Quan-
titative volumes of new bony appositions were acquired by Bruker 
CT-Volume version 2.0 software.

Histology and IHC staining. Lumbar spines of NOD-SCID mice 
were harvested 3 weeks after MSC implantation, decalcified with 5% 
formic acid (Sigma-Aldrich), fixed in 10% formalin, embedded in 
paraffin, and cut into 5-μm-thick sections for H&E staining. For IHC 
staining, human BM slices were obtained from 4 AS patients (A1, A2, 
A3, and A4), 2 healthy individuals (C4 and C5), and 1 non-AS patient 
control (C6) (Supplemental Table 5). Among them, the healthy con-
trols (C4 and C5) were White, and their BM slides of lumbar spines 
were purchased from US Biomax. AS patients with spinal ankylosis 
had undergone spinal wedge osteotomy over lumbar spines; their BM 
specimens of lumbar spines were from surgical sites near entheseal 
tissues involved in spinal ankylosis. Non-AS patient control was the 
individual who underwent a BM biopsy of the hip for lymphoma work-
up and was free of lymphoma. AS patients and non-AS patient control 
were Taiwanese. BM sections were incubated with rabbit anti-TNAP 
(clone EPR4477; 1:200; Abcam), mouse anti–active dephosphorylat-
ed β-catenin (clone 8E7; 1:500; Merck Millipore), or rabbit anti–phos-
phorylated Smad 1/5/8 (serine 463/465) (catalog ab3848-1; 1:50; Mer-
ck Millipore) antibody followed by incubation with HRP-conjugated 
secondary antibody (Dako). Brown color was carried out by incubation 
with the chromogen DAB, and nuclei were counterstained with hema-
toxylin (all from Thermo Fisher Scientific).
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Study approval. All human studies were approved by the Research 
Ethics Committees of Taipei Tzu Chi Hospital, Taipei Veterans Gen-
eral Hospital, Academic Sinica (all in Taipei, Taiwan), and the Royal 
National Hospital for Rheumatic Diseases (Bath, UK). All donors pro-
vided written informed consent before sampling in accordance with 
the Declaration of Helsinki. The animal experimental protocol was 
approved by the Animal Care and Utilization Committee of Taipei 
Tzu Chi Hospital.
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used as control. Overall, 100,000 labeled cells were acquired and 
analyzed using a FACSCanto Flow Cytometer (BD Biosciences). FCS 
Express version 3.0 (De Novo Software) was used for data analyses.

ChIP assay. The ChIP assay was performed according to the user’s 
manual for EZ-ChIP Kits (Merck Millipore). Briefly, 5 × 106 MSCs cul-
tured in GM were trypsinized and fixed with 1% formaldehyde (Sigma- 
Aldrich), and formaldehyde was quenched by 125 mM glycine (Sigma- 
Aldrich). After lysis of cells and nuclear fractionation, the DNA was 
sheared by sonication using a Bioruptor NGS system (Diagenode). 
The protein-DNA complexes were purified by immunoaffinity capture 
with magnetic beads that bind to anti-sXBP1 (Abcam) or normal rab-
bit IgG (Bethyl). After elution of the complex and de–cross-linking of 
the protein-DNA complexes at 65°C, DNA was purified by RNase and 
protease K (Invitrogen) treatments. The enriched DNA was subjected 
to qPCR with specific primers amplifying genomic fragments contain-
ing putative sXBP1 sites on the RARB promoter, which were predicted 
by online software (PROMO and MALGEN on the Algorithmics and 
Genetics Group [ALGGEN; Polytechnic University of Catalonia, Bar-
celona, Spain] server), using sequences retrieved from the Ensembl 
genome browser (https://uswest.ensembl.org/Homo_sapiens/Gene/
Sequence?db=core;g=ENSG00000077092;r=3:25174332-25597932). 
Data were expressed as the percentage of input DNA. The primer 
sequences used in qPCR are shown in Supplemental Table 10.

Other methods. Detailed information on the measurement of 
BMP-2 and DKK-1, intracellular ALP enzyme activity, and cytokine 
release is provided in Supplemental Methods.

Statistics. Data are shown as the mean ± SEM or mean ± SD. For 
MSCs or mouse experiments, comparisons between 2 or multiple 
groups were assessed using an unpaired, 2-tailed Student’s t test or 
an ANOVA test followed by Tukey’s honestly significant difference 
post hoc test. For human data, continuous values were analyzed by 
Mann-Whitney U test and categorical variables by Fisher’s exact test. 
Multivariate linear regression model was used to identify independent 
predictive factors of radiographic severity. Correlations between vari-
ables were determined by the Spearman’s rank correlation test. P val-
ues less than 0.05 were considered statistically significant. Data were 
analyzed by SPSS version 17 or GraphPad Prism version 6.01.
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