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Abstract: Background: Patients with ankylosing spondylitis (AS) have increased levels of protein
phosphatase magnesium-dependent 1A (PPM1A) and autoantibodies. We evaluated the usefulness
of serum anti-PPM1A antibodies as a biomarker for AS. Methods: Serum samples from 58 AS patients
were obtained from a multicenter registry prior to the initiation of anti-TNF agents. The serum levels of
anti-PPM1A antibodies were measured using ELISA. Spinal radiographic progression was defined as
an increase in the modified stoke ankylosing spondylitis spinal score (mSASSS) by ≥2 units or a newly
developed syndesmophyte. The role of exogenous PPM1A on bone mineralization was evaluated
using primary osteoprogenitors acquired from patients with AS and non-inflammatory controls.
Results: The baseline levels of anti-PPM1A antibodies and mSASSS were higher in the radiographic
progression group than in the non-progression group. In logistic regression analysis, baseline mSASSS
and serum anti-PPM1A antibodies were associated with a higher risk of progression. The level of
anti-PPM1A antibodies for predicting progression had an AUC of 0.716 (cut-off value: 43.77 ng/mL).
PPM1A stimulation increased matrix mineralization in AS-osteoprogenitors but not in controls.
Conclusion: Along with mSASSS, the serum levels of anti-PPM1A antibodies might be useful as
a predictor of radiographic progression after treatment with anti-TNF agents.
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1. Introduction

Ankylosing spondylitis (AS) is chronic inflammatory arthritis characterized by ankylosis of
the spine and sacroiliac joint [1]. Spinal ankylosis in AS causes functional disability, resulting in
a socioeconomic loss at a young age [2]. Recently, tumor necrosis factor (TNF) inhibitors have been
considered as an effective treatment for AS; however, despite their wide use, it remains uncertain
whether TNF inhibitors can prevent spinal progression [3,4].

Several serologic biomarkers have been shown to have clinical utility in AS, including HLA-B27
for diagnosis and erythrocyte sedimentation rate (ESR) and C-reactive protein (CRP) for disease
activity [5,6]. However, there is currently no available biomarker to detect structural damage caused in
AS. Since AS structural damage is irreversible, biomarker detection at the early stages of the disease
will be important to identify patients who are at the most risk of developing structural damage.

Protein phosphatase magnesium-dependent 1 A (PPM1A), a serine/threonine protein phosphatase,
regulates bone morphogenetic protein (BMP) and Wingless (Wnt) signaling pathway, and overexpression
of PPM1A enhances osteoblast differentiation [7–9]. Our previous study reported that the serum levels of
anti-PPM1A antibodies are higher in AS than in other autoimmune diseases [10]. Furthermore, the serum
levels of anti-PPM1A antibodies were higher in AS patients with high-grade sacroiliitis than those with
low-grade sacroiliitis. Interestingly, PPM1A was expressed in AS synovial tissue, and intracellular
PPM1A overexpression promoted osteoblast differentiation. However, anti-PPM1A antibodies have not
yet been implicated clinically because the levels were not measured quantitatively.

Here, we developed a method for quantitative measurement of the serum anti-PPM1A antibody
levels and evaluated the usefulness of serum anti-PPM1A antibodies as a biomarker of spinal
progression in AS patients beginning treatment with anti-TNF agents.

2. Experimental Section

2.1. Study Population

This multicenter cohort study included AS patients who took part in a prospective observational
study (ClinicalTrials.gov Identifier: NCT02557308) for the evaluation of the safety and effectiveness
of anti-TNF agents, including infliximab, etanercept, golimumab, and adalimumab between October
2014 and September 2015 in South Korea. We included patients who agreed to provide their clinical
information and blood samples for a similar research scope and comprehensive research purpose.
All included patients met the 1984 modified New York classification criteria [11] and were anti-TNF
agent-naïve. Patients with no measurable images of the cervical spine and lumbar spine at the start
of anti-TNF treatment and follow-up were excluded. Serum samples and clinical information were
collected before treatment with anti-TNF agents. Collected clinical information included the following:
age; sex; Bath Ankylosing Spondylitis Disease Activity Index (BASDAI); Bath Ankylosing Spondylitis
Functional Index (BASFI) score; Ankylosing Spondylitis Disease Activity Score (ASDAS); radiographic
finding; and laboratory findings, including ESR, and CRP.

2.2. Measurement of Anti-PPM1A Antibodies Levels

The levels of anti-PPM1A antibodies in sera were quantified as follows. Nunc-Immuno-Maxisorp
96-well plates were coated with 1 µg/mL of PPM1A (YbdY, Seoul, Korea) in PBS at 4 ◦C overnight.
The plates were washed with PBS-Tween 20 (PBST; 0.05%, v/v), and then blocked with 2% Chon Block
(Chondrex, Inc., Redmond, WA, USA) in 0.05% PBST for 1 h at room temperature. After washing,
100 µL of serum diluted with 2% Chon Block (1:50) in 0.05% PBST was added and incubated for
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1 h at room temperature. For standards, 10 µg/mL of anti-PPM1A (Abnova, Taipei, Taiwan) was
serially diluted 2-fold in 2% Chon Block in 0.05% PBST. After washing, HRP-conjugated protein G
(Thermo Fisher Scientific, Waltham, MA, USA) was added and incubated for 1 h at room temperature.
The reactions were developed with the 3,3′,5,5′-tetramethylbenzidine (TMB) substrate for 15 min
at room temperature. The color reactions were stopped with 50 µL H2SO4 and the optical density was
read at 450 nm.

2.3. Evaluation of Radiographic Progression

The radiographs of the lateral cervical spine and lumbar spine were taken at two time points
(baseline and follow-up) and were reviewed and graded by an independent radiologist. After blinding
the radiographs for the patient’s identity and the time point, all images of the cervical spine and lumbar
spine were scored using the modified stoke ankylosing spondylitis spinal score (mSASSS). Spinal
radiographic progression was defined as an increase in the mSASSS by ≥2 units or a newly developed
syndesmophyte, defined as mSASSS of at least 2 at a vertebral level, with a score of 0 or 1 at baseline [12]

2.4. Primary Human Osteoprogenitors

Studies involving human materials were performed in compliance with the Helsinki Declaration
and approved by the Ethics Committee of Hanyang University Hospital; written informed consent was
obtained from all subjects (IRB-2014-05-002). Human bone tissues were obtained during spine surgery
from the facet joints of 3 patients with AS and 4 patients with non-inflammatory spinal conditions such
as car accident injuries and spinal compression diseases as control. Bone-derived osteoprogenitors
were obtained from facet joints of patients. Isolation and characterization of osteoprogenitors were
performed as described previously [13,14]. Briefly, osteoprogenitors were seeded in growth medium
and then stimulated with osteogenic medium (OM) containing ascorbic acid, beta-glycerol phosphate,
and dexamethasone. The OM was changed every three days. Alkaline phosphatase (ALP) was
assessed using ALP activity colorimetric assay kit (K412, Biovision, San Francisco, CA, USA) and ALP
staining (85L2, Sigma, St. Louis, MO, USA). For the assessment of the matrix mineralization,
matrix mineralization was visualized using several staining methods including Alizarin red staining
(ARS; A5533, Sigma, St. Louis, MO, USA) for calcium deposition, and hydroxyapatite staining (HA;
PA-1503, Lonza, Basel, Basel-stadt, Switzerland) for hydroxyapatite formation. For ARS quantification,
the stained wells were extracted with absolute acetic acid at 37 ◦C. for 30 min followed by centrifugation.
The supernatant was transferred to a white 96 wells plate and read at the excitation wavelength of
405 nm with ELISA plate reader. For HA quantification, the stained cells were read at an excitation
wavelength of 492 nm and an emission wavelength of 550 nm with an ELISA plate reader.

2.5. Statistical Analysis

Continuous values are expressed as mean (standard deviations) for parametric data, or as median
(interquartile range) for nonparametric data. Mann-Whitney U-test was used to compare the clinical
parameters in the radiographic progression group and non-progression group. Logistic regression
analysis was performed to identify the factors associated with spinal radiographic progression,
and the odds ratios (ORs) and 95% confidence intervals (95% CIs) were reported. Receiver operating
characteristics (ROC) analysis was used to determine the predictive value of factors that were associated
with spinal radiographic progression. The cut-off value was determined at the level where Youden’s
index was maximum [15]. A p-value of < 0.05 was considered statistically significant in all analyses.
All analyses were conducted using IBM SPSS Version 20.0 (IBM Corp., Armonk, NY, USA).
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3. Results

3.1. Characteristics of Patients

Among the 153 patients in the prospective observational study, 58 patients who had measurable
baseline and follow-up images of the cervical spine and lumbar spine were included in this study.
As shown in Table 1, more than 80% of patients were male, and the mean age of the patients was
37.8 ± 10.9 years. The median disease duration at the initiation of anti-TNF agent treatment was 14
(4.0–85.8) months, and the median baseline mSASSS was 10 (6.8–24) units. Anti-TNF agents were used
in the order of infliximab (46.6%), etanercept (24.1%), golimumab (22.4%), and adalimumab (6.9%).

Table 1. Baseline characteristics of patients before treatment with anti-TNF agents.

All Patients
(n = 58)

Progression
(n = 25)

Non-Progression
(n = 33) p

Male, n (%) 47 (81) 24 (96.0) 23 (69.7) 0.016
Age (years) 37.8 ± 10.9 41.5 ± 11.2 35 ± 9.8 0.021

Smoking status 0.841
Current smoker 19 (32.8) 9 (36) 10 (30.3)
Never smoker 25 (43.1) 11 (44) 14 (42.4)
Ex-smoker 14 (24.1) 5 (20) 9 (27.3)

Disease duration (months) 14 (4.0–85.8) 29 (3.5–124) 9 (5–67.5) 0.588

Sacroiliitis 0.175
Grade 2 22 (37.9) 7 (28) 15 (45.5)
Grade 3 or 4 36 (62.1) 18 (72) 18 (54.5)

ESR (mm/h) 54.0 ± 34.4 52.4 ± 37.5 55.2 ± 32.4 0.759
CRP (mg/dL) 2.8 (0.8–6.2) 2.9 (0.9–6.4) 2.7 (0.8–6.2) 0.654
BASDAI 7.5 (6.2–8.5) 7.6 (5.7–8.8) 7.3 (6.2–8.4) 0.649
BASFI 5.7 (1.9–7.3) 5.9 (2.0–7.6) 5.0 (1.9–6.9) 0.350
ASDAS-CRP 3.2 ± 0.9 3.1 ± 0.9 3.2 ± 0.9 0.723
mSASSS 10 (6.8–24) 23 (12.5–45.5) 8 (5–10.5) <0.001
Anti-PPM1A Abs (ng/mL) 43.5 (24.9–56.3) 48.9 (38.9–84.6) 34.3 (21.2–50.2) 0.005

NSAIDs use 0.100
None 4 (6.9) 3 (12) 1 (3)
On demand 22 (37.9) 6 (24) 16 (48.5)
Regular use 32 (55.2) 16 (64) 16 (48.5)

Anti-TNF agents
Infliximab 27 (46.6) 9 (36) 18 (54.5) 0.161
Etanercept 14 (24.1) 9 (36) 5 (15.2) 0.066
Golimumab 13 (22.4) 5 (20.0) 8 (24.2) 0.701
Adalimumab 4 (6.9) 2 (8) 2 (6.1) 1.000

Values are presented as mean ± standard deviation or median (interquartile range). AS: ankylosing spondylitis,
TNF: tumor necrosis factor, ESR: Erythrocyte sedimentation rate, CRP: C-reactive protein, BASDAI: Bath Ankylosing
Spondylitis Disease Activity Index, BASFI: Bath Ankylosing Spondylitis Functional Index, ASDAS: ankylosing
Spondylitis Disease Activity Score, mSASSS: Modified Stoke Ankylosing Spondylitis Spinal Score, PPM1A: Protein
phosphatase magnesium-dependent 1A, NSAIDs: Non-steroidal anti-inflammatory drugs.

3.2. Radiographic Progression and Clinical Parameters

The median follow-up mSASSS was 11.5 (7–28.5) units, and the median time to follow-up mSASSS
was 22 (20–25) months. A total of 58 patients maintained anti-TNF agent treatment, among whom, 43.1%
(25/58) showed spinal radiographic progression (Table 1). The patients with radiographic progression
showed higher baseline anti-PPM1A antibody levels and baseline mSASSS than patients without
radiographic progression (Table 1 and Figure 1A,B). However, the serum level of anti-PPM1A antibodies
was not correlated with baseline mSASSS (r = −0.001, p = 0.993). Other baseline parameters, including
ESR, CRP, BASDAI, and BASFI, were not different between the radiographic progression group
and the non-progression group (Figure 1C–F). In the subgroup analysis among the patients having
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grade 2 sacroiliitis, baseline mSASSS was higher in the progression group than the non-progression
group (p = 0.03), but other baseline parameters were not different.

Figure 1. (A) Anti-PPM1A antibodies, (B) mSASSS, (C) ESR, (D) CRP, (E) BASDAI, and (F) BASFI
at baseline in patients with radiographic progression consequently. PPM1A: Protein phosphatase
magnesium-dependent 1A, mSASSS: Modified Stoke Ankylosing Spondylitis Spinal Score, ESR:
Erythrocyte Sedimentation Rate, CRP: C-reactive protein, BASDAI: Bath Ankylosing Spondylitis
Disease Activity Index, BASFI: Bath Ankylosing Spondylitis Functional Index. ** p < 0.01, *** p < 0.001,
ns: Not significant.

3.3. Factors Associated with Spinal Radiographic Progression

Logistic regression analysis was performed to evaluate the clinical factors associated with
radiographic progression (Table 2). Univariate analysis indicated that male, age, baseline mSASSS,
and baseline serum level of anti-PPM1A antibodies were associated with a higher risk of radiographic
progression; however, being a current smoker was not associated with radiographic progression.
In multivariable analysis, baseline mSASSS (OR, 1.083; 95% CI, 1.013–1.159; p = 0.019) and serum
level of anti-PPM1A antibodies (OR, 1.045; 95% CI, 1.011–1.080; p = 0.010) were associated with spinal
radiographic progression.

3.4. Predictive Value of Serum Anti-PPM1A Antibodies and Baseline mSASSS for Spinal
Radiographic Progression

The ROC analysis result is shown in Figure 2. The serum level of anti-PPM1A antibodies had
an area under the curve (AUC) of 0.716 (95% CI, 0.580–0.852) at a cut-off value of 43.77 ng/mL
(sensitivity 68%, specificity 70%). It showed higher accuracy for predicting radiographic progression
when analyzed in males (Supplementary Figure S1). The baseline mSASSS had an AUC of 0.819
(95% CI, 0.708–0.931) at a cut-off value of 13 units (sensitivity 76%, specificity 78%). When subgroup
analysis was performed according to the cut-off of the mSASSS, the predictive accuracy of anti-PPM1A
antibodies was increased in patients with an mSASSS less than 13 (AUC, 0.827; 95% CI, 0.653–1.000)
(Figure 2C).

When the patients were divided into four groups based on the cut-off of serum anti-PPM1A
antibodies and the baseline mSASSS, patients with a high level of serum anti-PPM1A antibodies,
defined as ≥43.77 ng/mL, and damage, defined as mSASSS ≥13 units at baseline, showed the highest
frequency of radiographic progression (Figure 3A). Logistic regression analysis also showed that high
anti-PPM1A antibodies and damage at baseline were associated with a higher risk of radiographic
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progression compared to low anti-PPM1A antibodies and no damage at baseline (OR, 58.5; p < 0.001)
(Figure 3B).

Table 2. Factors associated with radiographic progression in AS patients treated with anti-TNF agents.

Univariate Multivariable

OR CI p OR CI p

Male 10.435 1.235–88.133 0.031 11.760 0.848–163.066 0.066
Age 1.062 1.007–1.120 0.026
Current Smoker 1.294 0.429–3.901 0.647
Disease Duration 1.004 0.998–1.011 0.173
ESR 0.998 0.982–1.013 0.754
CRP 1.007 0.875–1.159 0.922
High-grade sacroiliitis 2.143 0.706–6.501 0.178
BASDAI 0.979 0.741–1.293 0.881
BASFI 1.079 0.899–1.295 0.417
mSASSS 1.057 1.017–1.099 0.005 1.083 1.013–1.159 0.019
Anti-PPM1A Abs 1.029 1.006–1.053 0.012 1.045 1.011–1.080 0.010
Length of treatment with anti-TNF agents 0.986 0.791–1.015 0.085
NSAIDs regular use 1.889 0.652–5.476 0.242
Infliximab 0.469 0.161–1.361 0.164
Etanercept 3.150 0.899–11.038 0.073
Golimumab 0.781 0.221–2.761 0.702
Adalimumab 1.348 0.177–10.292 0.774

AS: ankylosing spondylitis, TNF: tumor necrosis factor, OR: Odds ratio, CI: Confidence interval, ESR: Erythrocyte
sedimentation rate, CRP: C-reactive protein, BASDAI: Bath Ankylosing Spondylitis Disease Activity Index, BASFI:
Bath Ankylosing Spondylitis Functional Index, mSASSS: Modified Stoke Ankylosing Spondylitis Spinal Score,
PPM1A: Protein phosphatase magnesium-dependent 1A, NSAIDs: Non-steroidal anti-inflammatory drugs.

Figure 2. ROC analysis predicting radiographic progression in AS patients treated with anti-TNF
agents with regards to (A) anti-PPM1A antibodies, (B) mSASSS, (C) anti-PPM1A antibodies in
patients with mSASSS < 13 units, and (D) anti-PPM1A antibodies in patients with mSASSS ≥
13 units. ROC: Receiver operating characteristic, TNF: Tumor necrosis factor, PPM1A: Protein
phosphatase magnesium-dependent 1A, AUC: Area under the curve, mSASSS: Modified Stoke
Ankylosing Spondylitis Spinal Score.
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Figure 3. (A) Frequency of radiographic progression, (B) odds ratio for radiographic progression categorized
according to anti-PPM1A antibodies and mSASSS at baseline. Damage and high anti-PPM1A antibodies
were defined as mSASSS ≥13 units and anti-PPM1A antibodies ≥43.77 ng/mL, respectively. PPM1A: Protein
phosphatase magnesium-dependent 1A, mSASSS: Modified Stoke Ankylosing Spondylitis Spinal Score.

3.5. PPM1A Induces Matrix Mineralization of AS-Osteoprogenitor

There was no effect of exogenous PPM1A stimulation on ALP activity of both control-
and AS-osteoprogenitors (Figure 4A). However, as shown in Figure 4B,C, AS-osteoprogenitors
showed matrix mineralization features and its quantification was significantly increased by PPM1A
stimulation, whereas those in control-osteoprogenitors were not changed. These data suggested
that extracellular PPM1A might be responsible for matrix mineralization in AS patients particularly,
although the biologic role of anti-PPM1A antibodies was not defined.

Figure 4. Both control- (n = 4) and AS-osteoprogenitors (n = 3) were stimulated with as indicated PPM1A
dose during osteogenic differentiation, and subjected to analysis for (A) ALP staining and activity
at 0, 3, and 7 days, (B) ARS staining and quantification at 21 days, and (C) Hydroxyapatite staining
and quantification at 21 days. Data are presented as means + SD; ** p < 0.01 by unpaired two-tailed
t-tests. AS: Ankylosing spondylitis, PPM1A: Protein phosphatase magnesium-dependent 1A, ALP:
Alkaline phosphatase, ARS: Alizarin Red S, HA: Hydroxyapatite.
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4. Discussion

The present study demonstrates that the serum level of anti-PPM1A antibodies is associated
with a higher risk of spinal radiographic progression in patients at the initial stage of treatment with
anti-TNF agents, along with baseline mSASSS.

Several studies have determined clinical parameters that are useful for the prediction of
radiographic progression in AS patients [16–18]. That is, the presence of syndesmophytes at baseline,
increased acute phase reactants, male sex, older age, presence of uveitis, and smoking are considered
to be predictors of radiographic progression. Furthermore, a 12-year long-term study demonstrated
that radiographic progression occurred more severely in HLA-B27 positive male patients, and faster
in patients with an mSASSS ≥10 at baseline [19]. The present study showed that a high baseline
mSASSS was strongly associated with radiographic progression during anti-TNF agent treatment,
which is a similar result to those of the aforementioned studies. Moreover, we demonstrated that high
serum levels of anti-PPM1A antibodies were associated with a high risk of progression. These findings
suggest that anti-PPM1A antibodies could be an independent biomarker of radiographic progression
in AS with baseline mSASSS.

Several studies have reported the association between serum biomarkers and radiographic
progression in AS patients. Indeed, serum matrix metalloproteinase 3, a cartilage turnover marker,
has been proposed as a predictor of disease progression in AS, especially in patients with pre-existing
radiographic damage [20]. In other studies, the serum levels of sclerostin or dickkopf-1, inhibitory
molecules of Wnt signaling, and serum calprotectin could predict the formation of syndesmophytes in AS
patients [13,21,22]. Previously, endogenous PPM1A could be induced by TNF-α [23], and the endogenous
overexpression of PPM1A in preosteoblasts (MC3T3-E1) was shown to enhance the differentiation of
osteoblasts independently of the Wnt/β-catenin or BMPs pathway [10]. Interestingly, in the present
study, the bone mineralization was promoted by exogenous PPM1A in AS-osteoprogenitors, but not in
non-inflammatory controls. Although the role of anti-PPM1A antibodies on bone pathology was not
defined directly, the association between the radiographic progression and serum level of anti-PPM1A
antibodies may be explained.

There is still controversy surrounding whether anti-TNF agents can prevent radiographic
progression in AS [3,4]. Previous clinical trials showed no beneficial effect of anti-TNF agents on
radiographic progression [24–26]; however, some studies have reported that radiographic progression
in AS could be delayed, especially following long-term use of anti-TNF agents [13,27]. Furthermore,
use of anti-TNF agents in the early stages of AS could decrease the radiographic progression by
effective suppression of inflammation [28]. We considered that the measurement of anti-PPM1A
antibodies and the mSASSS could be applied in practice before initiating anti-TNF treatment. In patients
without damage, but with a high level of anti-PPM1A antibodies at baseline, a physician might expect
the development of radiographic progression in one third of patients during treatment with anti-TNF
agents. In other situations with a high level of anti-PPM1A antibodies and damage at baseline, treatment
with non-TNF agents may be considered since this group shows the highest risk of radiographic
progression during use of anti-TNF agents.

Our study has several limitations. First, the number of patients was small to reach a powerful
conclusion, and only patients who were treated with anti-TNF agents were enrolled. Moreover, more
than 40% of patients showed progression during the study period that might result in some selection
bias toward patients at higher risk of progression. Further studies with a larger number of patients with
varying degrees of disease activity are needed to confirm the present findings. Second, the follow-up
radiographs of the lateral cervical spine and lumbar spine were performed at 22 (20–25) months, which
was a relatively short time to evaluate spinal radiographic progression. Finally, mSASSS was evaluated
by one radiologist thus, we could not provide the inter-observer reliability.
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5. Conclusions

Anti-PPM1A antibody levels are correlated with disease activity and may be useful as a biomarker
for predicting radiographic progression in AS patients before initiating treatment with anti-TNF agents.

Supplementary Materials: The following are available online at http://www.mdpi.com/2077-0383/9/12/3968/s1,
Figure S1: ROC analysis according to sex predicting radiographic progression in AS patients treated with anti-TNF
agents with regards to anti-PPM1A antibodies.

Author Contributions: Conceptualization, Y.-G.K. and T.-H.K.; methodology, Y.-G.K., J.-S.L. and T.-H.K.;
validation, S.-H.L. (Sang-Hoon Lee), T.-J.K., S.-H.L. (Seung-Hun Lee) and T.-H.K.; formal analysis, J.-S.L.; data
curation, S.-S.J., Y.-S.P., S.-H.L. (Sang-Hoon Lee), T.-J.K., E.-J.L., and J.-H.L.; writing—original draft preparation,
J.-S.L., E.-J.L., and S.-S.J.; writing—review and editing, Y.-G.K. and T.-H.K.; supervision, J.-S.O., S.-C.H., C.-K.L.,
B.Y. and D.-H.Y.; funding acquisition, Y.-G.K. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by the National Research Foundation of Korea, grant number
NRF-2019-R1F1A1059736.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Taurog, J.D.; Chhabra, A.; Colbert, R.A. Ankylosing Spondylitis and Axial Spondyloarthritis. N. Engl. J. Med.
2016, 374, 2563–2574. [CrossRef] [PubMed]

2. Huang, J.-C.; Qian, B.-P.; Qiu, Y.; Wang, B.; Yu, Y.; Zhu, Z.-Z.; Hu, J.; Qu, Z. Quality of life and correlation
with clinical and radiographic variables in patients with ankylosing spondylitis: A retrospective case series
study. BMC Musculoskelet. Disord. 2017, 18, 1–9. [CrossRef] [PubMed]

3. Haroon, N.; Inman, R.D.; Learch, T.J.; Weisman, M.H.; Lee, M.; Rahbar, M.H.; Ward, M.M.; Reveille, J.D.;
Gensler, L.S. The impact of tumor necrosis factor α inhibitors on radiographic progression in ankylosing
spondylitis. Arthritis Rheum. 2013, 65, 2645–2654. [CrossRef] [PubMed]

4. Molnar, C.; Scherer, A.; Baraliakos, X.; De Hooge, M.; Micheroli, R.; Exer, P.; Kissling, R.O.; Tamborrini, G.;
Wildi, L.M.; Nissen, M.J.; et al. TNF blockers inhibit spinal radiographic progression in ankylosing spondylitis
by reducing disease activity: Results from the Swiss Clinical Quality Management cohort. Ann. Rheum. Dis.
2018, 77, 63–69. [CrossRef]

5. De Vlam, K. Soluble and Tissue Biomarkers in Ankylosing Spondylitis. Best Pract. Res. Clin. Rheumatol. 2010,
24, 671–682. [CrossRef]

6. Maksymowych, W.P. Biomarkers for Diagnosis of Axial Spondyloarthritis, Disease Activity, Prognosis,
and Prediction of Response to Therapy. Front. Immunol. 2019, 10, 305. [CrossRef]

7. Zolnierowicz, S. Type 2A protein phosphatase, the complex regulator of numerous signaling pathways.
Biochem. Pharmacol. 2000, 60, 1225–1235. [CrossRef]

8. Strovel, E.T.; Wu, D.; Sussman, D.J. Protein Phosphatase 2C Dephosphorylates Axin and Activates
LEF-1-dependent Transcription. J. Biol. Chem. 2000, 275, 2399–2403. [CrossRef]

9. Wang, D.; Christensen, K.; Chawla, K.; Xiao, G.; Krebsbach, P.H.; Franceschi, R.T. Isolation
and Characterization of MC3T3-E1 Preosteoblast Subclones with Distinct In Vitro and In Vivo
Differentiation/Mineralization Potential. J. Bone Miner. Res. 1999, 14, 893–903. [CrossRef]

10. Kim, Y.-G.; Sohn, D.H.; Zhao, X.; Sokolove, J.; Lindstrom, T.M.; Yoo, B.; Lee, C.-K.; Reveille, J.D.; Taurog, J.D.;
Robinson, W.H. Role of Protein Phosphatase Magnesium-Dependent 1A and Anti-Protein Phosphatase
Magnesium-Dependent 1A Autoantibodies in Ankylosing Spondylitis. Arthritis Rheumatol. 2014, 66,
2793–2803. [CrossRef]

11. Van Der Linden, S.; Valkenburg, H.A.; Cats, A. Evaluation of Diagnostic Criteria for Ankylosing Spondylitis.
A proposal for modification of the New York criteria. Arthritis Rheum. 1984, 27, 361–368. [CrossRef]
[PubMed]

12. Deminger, A.; Klingberg, E.; Geijer, M.; Göthlin, J.; Hedberg, M.; Rehnberg, E.; Carlsten, H.; Jacobsson, L.T.H.;
Forsblad-D’Elia, H. A five-year prospective study of spinal radiographic progression and its predictors in
men and women with ankylosing spondylitis. Arthritis Res. 2018, 20, 1–14. [CrossRef] [PubMed]

http://www.mdpi.com/2077-0383/9/12/3968/s1
http://dx.doi.org/10.1056/NEJMra1406182
http://www.ncbi.nlm.nih.gov/pubmed/27355535
http://dx.doi.org/10.1186/s12891-017-1711-1
http://www.ncbi.nlm.nih.gov/pubmed/28810915
http://dx.doi.org/10.1002/art.38070
http://www.ncbi.nlm.nih.gov/pubmed/23818109
http://dx.doi.org/10.1136/annrheumdis-2017-211544
http://dx.doi.org/10.1016/j.berh.2010.05.009
http://dx.doi.org/10.3389/fimmu.2019.00305
http://dx.doi.org/10.1016/S0006-2952(00)00424-X
http://dx.doi.org/10.1074/jbc.275.4.2399
http://dx.doi.org/10.1359/jbmr.1999.14.6.893
http://dx.doi.org/10.1002/art.38763
http://dx.doi.org/10.1002/art.1780270401
http://www.ncbi.nlm.nih.gov/pubmed/6231933
http://dx.doi.org/10.1186/s13075-018-1665-1
http://www.ncbi.nlm.nih.gov/pubmed/30075808


J. Clin. Med. 2020, 9, 3968 10 of 11

13. Karmacharya, P.; Duarte-García, A.; Dubreuil, M.; Murad, M.H.; Shahukhal, R.; Shrestha, P.; Myasoedova, E.;
Crowson, C.S.; Wright, K.; Davis, J.M. Effect of Therapy on Radiographic Progression in Axial
Spondyloarthritis: A Systematic Review and Meta-Analysis. Arthritis Rheumatol. 2020, 72, 733–749.
[CrossRef] [PubMed]

14. Jo, S.; Wang, S.E.; Lee, Y.L.; Kang, S.; Lee, B.; Han, J.; Sung, I.H.; Park, Y.S.; Bae, S.C.; Kim, T.H. IL-17A induces
osteoblast differentiation by activating JAK2/STAT3 in ankylosing spondylitis. Arthritis Res. 2018, 20, 1–10.
[CrossRef]

15. Habibzadeh, F.; Habibzadeh, P.; Yadollahie, M. On determining the most appropriate test cut-off value:
The case of tests with continuous results. Biochem. Medica 2016, 26, 297–307. [CrossRef]

16. Poddubnyy, D.; Haibel, H.; Listing, J.; Märker-Hermann, E.; Zeidler, H.; Braun, J.; Sieper, J.; Rudwaleit, M.
Baseline radiographic damage, elevated acute-phase reactant levels, and cigarette smoking status predict
spinal radiographic progression in early axial spondylarthritis. Arthritis Rheum. 2012, 64, 1388–1398.
[CrossRef]

17. Van Tubergen, A.; Ramiro, S.; Van Der Heijde, D.; Dougados, M.; Mielants, H.; Landewé, R. Development
of new syndesmophytes and bridges in ankylosing spondylitis and their predictors: A longitudinal study.
Ann. Rheum. Dis. 2012, 71, 518–523. [CrossRef]

18. Kim, K.-J.; Bin Joo, Y.; Park, Y.-J.; Park, K.-S. Association of Uveitis with Radiographic Progression in Patients
with Axial Spondyloarthritis: A Propensity Score Matching Analysis. J. Rheum. Dis. 2019, 26, 248–256.
[CrossRef]

19. Ramiro, S.; Stolwijk, C.; Van Tubergen, A.; Van Der Heijde, D.; Dougados, M.; Bosch, F.V.D.; Landewé, R.
Evolution of radiographic damage in ankylosing spondylitis: A 12 year prospective follow-up of the OASIS
study. Ann. Rheum. Dis. 2013, 74, 52–59. [CrossRef]

20. Maksymowych, W.P.; Landewé, R.; Conner-Spady, B.; Dougados, M.; Mielants, H.; Van Der Tempel, H.;
Poole, A.R.; Wang, N.; Van Der Heijde, D. Serum matrix metalloproteinase 3 is an independent predictor of
structural damage progression in patients with ankylosing spondylitis. Arthritis Rheum. 2007, 56, 1846–1853.
[CrossRef]

21. Heiland, G.R.; Appel, H.; Poddubnyy, D.; Zwerina, J.; Hueber, A.; Haibel, H.; Baraliakos, X.; Listing, J.;
Rudwaleit, M.; Schett, G.; et al. High level of functional dickkopf-1 predicts protection from syndesmophyte
formation in patients with ankylosing spondylitis. Ann. Rheum. Dis. 2012, 71, 572–574. [CrossRef] [PubMed]

22. Appel, H.; Ruiz-Heiland, G.; Listing, J.; Zwerina, J.; Herrmann, M.; Mueller, R.; Haibel, H.; Baraliakos, X.;
Hempfing, A.; Rudwaleit, M.; et al. Altered skeletal expression of sclerostin and its link to radiographic
progression in ankylosing spondylitis. Arthritis Rheum. 2009, 60, 3257–3262. [CrossRef]

23. Reuter, S.; Charlet, J.; Juncker, T.; Teiten, M.H.; Dicato, M.; Diederich, M. Effect of curcumin on nuclear factor
kappaB signaling pathways in human chronic myelogenous K562 leukemia cells. Ann. N. Y. Acad. Sci. 2009,
1171, 436–447. [CrossRef] [PubMed]

24. Van Der Heijde, D.; Salonen, D.; Weissman, B.N.; Landewé, R.B.; Maksymowych, W.P.; Kupper, H.; Ballal, S.;
Gibson, E.; Wong, R. Assessment of radiographic progression in the spines of patients with ankylosing
spondylitis treated with adalimumab for up to 2 years. Arthritis Res. Ther. 2009, 11, R127. [CrossRef]

25. Van Der Heijde, D.; Landewé, R.; Baraliakos, X.; Houben, H.; Van Tubergen, A.; Williamson, P.; Xu, W.;
Baker, D.; Goldstein, N.; Braun, J.; et al. Radiographic findings following two years of infliximab therapy in
patients with ankylosing spondylitis. Arthritis Rheum. 2008, 58, 3063–3070. [CrossRef] [PubMed]

26. Van Der Heijde, D.; Landewé, R.; Einstein, S.; Ory, P.; Vosse, D.; Ni, L.; Lin, S.-L.; Tsuji, W.; Davis, J.C.
Radiographic progression of ankylosing spondylitis after up to two years of treatment with etanercept.
Arthritis Rheum. 2008, 58, 1324–1331. [CrossRef] [PubMed]

http://dx.doi.org/10.1002/art.41206
http://www.ncbi.nlm.nih.gov/pubmed/31960614
http://dx.doi.org/10.1186/s13075-018-1582-3
http://dx.doi.org/10.11613/BM.2016.034
http://dx.doi.org/10.1002/art.33465
http://dx.doi.org/10.1136/annrheumdis-2011-200411
http://dx.doi.org/10.4078/jrd.2019.26.4.248
http://dx.doi.org/10.1136/annrheumdis-2013-204055
http://dx.doi.org/10.1002/art.22589
http://dx.doi.org/10.1136/annrheumdis-2011-200216
http://www.ncbi.nlm.nih.gov/pubmed/22186710
http://dx.doi.org/10.1002/art.24888
http://dx.doi.org/10.1111/j.1749-6632.2009.04731.x
http://www.ncbi.nlm.nih.gov/pubmed/19723087
http://dx.doi.org/10.1186/ar2794
http://dx.doi.org/10.1002/art.23901
http://www.ncbi.nlm.nih.gov/pubmed/18821688
http://dx.doi.org/10.1002/art.23471
http://www.ncbi.nlm.nih.gov/pubmed/18438853


J. Clin. Med. 2020, 9, 3968 11 of 11

27. Maas, F.; Arends, S.; Brouwer, E.; Essers, I.; Van Der Veer, E.; Efde, M.; Van Ooijen, P.M.A.; Wolf, R.;
Veeger, N.J.G.M.; Bootsma, H.; et al. Reduction in Spinal Radiographic Progression in Ankylosing Spondylitis
Patients Receiving Prolonged Treatment with Tumor Necrosis Factor Inhibitors. Arthritis Rheum. 2017, 69,
1011–1019. [CrossRef]

28. Park, J.W.; Kim, M.J.; Lee, J.S.; Ha, Y.J.; Park, J.K.; Kang, E.H.; Lee, Y.J.; Song, Y.W.; Lee, E.Y. Impact of
Tumor Necrosis Factor Inhibitor Versus Nonsteroidal Antiinflammatory Drug Treatment on Radiographic
Progression in Early Ankylosing Spondylitis: Its Relationship to Inflammation Control During Treatment.
Arthritis Rheumatol. 2018, 71, 82–90. [CrossRef]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1002/acr.23097
http://dx.doi.org/10.1002/art.40661
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Experimental Section 
	Study Population 
	Measurement of Anti-PPM1A Antibodies Levels 
	Evaluation of Radiographic Progression 
	Primary Human Osteoprogenitors 
	Statistical Analysis 

	Results 
	Characteristics of Patients 
	Radiographic Progression and Clinical Parameters 
	Factors Associated with Spinal Radiographic Progression 
	Predictive Value of Serum Anti-PPM1A Antibodies and Baseline mSASSS for Spinal Radiographic Progression 
	PPM1A Induces Matrix Mineralization of AS-Osteoprogenitor 

	Discussion 
	Conclusions 
	References

