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Abstract

Objective: Histone deacetylase 4 (HDAC4) modulates immunity, inflammation, and
osteoblast differentiation to engage in rheumatoid arthritis (RA) etiology. This study
aimed to evaluate the HDAC4 longitudinal change and its relationship with clinical
features and outcomes in RA patients.

Methods: Eighty-three RA patients were enrolled. Their serum HDAC4 level was de-
tected by ELISA at baseline (W0), week (W) 4, W12, and W24 after treatment. RA
patients were divided into response or non-response, low disease activity (LDA) or
non-LDA, remission or non-remission patients according to their treatment outcomes
at W24. Meanwhile, serum HDAC4 was detected by ELISA in 20 osteoarthritis pa-
tients and 20 healthy controls (HCs).

Results: HDAC4 level was reduced in RA patients compared with HCs (p <0.001) and
osteoarthritis patients (p = 0.009). HDAC4 was negatively related to some of the
disease activity indexes such as C-reactive protein (p = 0.003), tender joint count
(p = 0.025), and disease activity score based on 28 joints (p = 0.013) in RA patients;
it was also negatively correlated with TNF-a (p = 0.003), IL-6 (p = 0.022), and IL-17A
(p = 0.015). However, the HDAC4 level was not related to different treatment histo-
ries or current initiating treatment regimens (all p < 0.05). After treatment, HDAC4 was
gradually elevated along with the time (p <0.001). Interestingly, HDAC4 level at W12
(b =0.041) and W24 (p = 0.012) was higher in response patients versus non-response
patients, and its level at W24 was higher in LDA patients versus non-LDA patients
(p = 0.019), and in remission patients versus non-remission patients (p = 0.039).
Conclusion: HDAC4 gradually increases during treatment and its elevation estimates

good treatment outcomes in RA patients.
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1 | INTRODUCTION

Rheumatoid arthritis (RA), one of the top prevalent autoimmune
and inflammatory diseases, affects nearly 1% population, especially
elder women over the world.? Aberrant autoantibody, elevated
systemic inflammation, symmetrical polyarthritis, and bone erosion
are the main manifestations of RA.>* Apart from them, RA patients
also suffer from other complications, including cardiovascular injury,
interstitial lung disease, neurological abnormalities, etc.,5’7 which
make RA treatment even more challenging. Although novel drugs
and treatment strategies are developed, there exists a nonnegligi-
ble proportion of RA patients who fail to respond or easily flare.8?
Therefore, potential marker exploration for RA supervision and
treatment outcome prediction is valid for personalized medicine.'°

Histone deacetylase 4 (HDAC4), an essential member of histone
deacetylase (HDAC), is initially observed to modify chondrogenesis,
osteoblast differentiation, neural survival, etc.!* Recently, HDAC4
is also honored to regulate immunity and inflammation, so as to be
closelyinvolvedin the pathogenesis of immune/inflammation-related
diseases.’?”%5 In the aspect of RA, HDAC4 attenuates the growth
and inflammation of RA fibroblast-like synoviocytes (RA-FLS); it
also exhibits a lower level in RA synovium and postpones RA pro-
gression and inflammation via AKT/mTOR pathway.’” However, the
value of its circulating level measurement in RA patients' supervision
and treatment outcome prediction is not reported.

Hence, the current study aimed to assess the change in serum
HDACA4 level during treatment and its relation to disease inflamma-

tion, activity, and clinical outcomes in RA patients.

2 | METHODS

2.1 | Subjects

From February 2019 to April 2021, 83 active RA patients were sequen-
tially recruited in this prospective, observational study. The recruit-
ment criteria for RA patients were as follows: (i) diagnosis of RA per
European League Against Rheumatism classification criteria®; (i) older
than 18years old; (iii) disease activity score of 28 joint counts (eryth-
rocyte sedimentation rate) (DAS28 score [ESR]) over 3.2; (iv) willing to
comply with the study protocol and provide serum samples. The exclu-
sion criteria were as follows: (i) presented as infections; (ii) complicated
with hematological malignancy or cancer; (i) during pregnancy or
breastfeeding. Besides, 20 osteoarthritis (OA) patients were recruited
as disease controls. The enrollment criteria for OA patients were as
follows: (i) confirmed as OA by X-ray examination; (ii) had matched
age and gender to RA patients; (iii) voluntary for serum sample collec-
tion; (iv) without infections; (v) without malignant hematological dis-
eases and solid tumors; (vi) non-pregnancy and non-lactating. Twenty
healthy subjects were also included in the study as healthy controls
(HCs). The inclusion criteria for HCs were as follows: (i) without any ab-
normalities in physical examinations; (ii) with matched age and gender
to RA patients; (iii) willing to provide serum. The study was permitted
by the Ethics Committee. Each subject signed the informed consent.

2.2 | Data collection and sample examination
Clinical characteristics of RA patients were documented, including
demographics, disease characteristics, and treatment history. Serum
samples were obtained from RA patients before current therapy
(WO, N = 83), 4weeks (W4, n = 80), 12weeks (W12, n = 75), and
24weeks (W24, n = 66) after treatment initiation, as well as from
OA patients (N = 20) and HCs (N = 20) after inclusion. The serum
levels of HDAC4, tumor necrosis factor o (TNF-a), interleukin (IL)-6,
and IL-17A were analyzed by enzyme-linked immunosorbent assay
(ELISA) using commercial Human ELISA Kits per instructions. The
kits used in the study were purchased from Shanghai Enzyme-linked
Biotechnology Co., Ltd. (for HDAC4), and Bio-Techne China Co., Ltd.
(for TNF-a, IL-6, and IL-17A).

2.3 | Treatment and assessment

Rheumatoid arthritis patients initiated treatment (combination of
disease-modifying antirheumatic drugs [DMARDs], or biologics
with/without DMARDs) for 24 weeks based on actual disease sta-
tus. During treatment, RA patients were closely followed up. Clinical
response, clinical low disease activity (LDA), and clinical remission
were evaluated at W4, W12, and W24 according to the RA clinical
assessment criteria.*?° Clinical response was defined as a decline of
DAS28 score (ESR)> 1.2; clinical LDA was defined as DAS28 score
(ESR) = 3.2; clinical remission was defined as DAS28 score (ESR) < 2.6.
The missing data were processed using the last observation carried
forward (LOCF) mode for analysis.

2.4 | Statistics

Clinical data were analyzed using SPSS V.24.0 (IBM Corp.). Graphs
were made using GraphPad Prism V.6.01 (GraphPad Software Inc.).
Kruskal-Wallis H rank-sum test and Wilcoxon rank-sum test were
used for comparison analysis. A post hoc comparison was carried out
using the Bonferroni test. Receiver operating characteristic (ROC)
curves were presented to evaluate the ability of circ-PVT1 in dis-
tinguishing different patients. Spearman's rank correlation test was
used for association analysis. Friedman's test was used to examine
the change of HDAC4 over time. p <0.05 was considered significant.

3 | RESULTS

3.1 | RA patients' characteristics and treatment
information

The age of enrolled RA patients was 56.7 + 9.5 years, and there were
16.9% of males and 83.1% of females. They had a disease duration
of 3.6 (interquartile range [IQR]: 1.6-5.9) years. Meanwhile, the
ESR, CRP, and DAS28 score (ESR) was 34.6 (IQR: 22.6-45.4) mm/h,
21.2 (IQR: 12.5-41.4) mg/L, 5.1+0.7, respectively (Table 1). In the
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TABLE 1 Clinical characteristics of RA patients
Items RA patients (N = 83)

Demographics

Age (years), mean+SD 56.7+9.5
Gender, no. (%)
Male 14 (16.9)
Female 69 (83.1)
BMI (kg/m?), mean+SD 22.8+2.6
Disease characteristics
Disease duration (years), median (IQR) 3.6 (1.6-5.9)
RF positive, no. (%)
No 15(18.1)
Yes 68 (81.9)
ACPA positive, no. (%)
No 25(30.1)
Yes 58 (69.9)
Tender joint count, median (IQR) 7.0 (5.0-9.0)
Swollen joint count, median (IQR) 6.0 (4.0-8.0)

ESR (mm/h), median (IQR)
CRP (mg/L), median (IQR)
DAS28 score (ESR), mean+SD
HAQ-DI score, mean+SD

34.6 (22.6-45.4)
21.2(12.5-41.4)
5.1+0.7

1.1+0.3
Abbreviations: ACPA, anti-cyclic citrullinated peptide antibody; BMI,
body mass index; CRP, C-reactive protein; DAS28, disease activity score
of 28 joint counts; ESR, erythrocyte sedimentation rate; HAQ-DI, health

assessment questionnaire disability index; IQR, interquartile range; RA,
rheumatoid arthritis; RF, rheumatoid factor; SD, standard deviation.

aspect of treatment information, 94.4%, 84.3%, 86.7%, and 27.7%
of patients had a history of NSAID, GC, DMARD, and biologics, re-
spectively (Table 2). Besides, 72.3% of patients initiated DMARD
combination treatment, whereas the other 27.7% of patients initi-
ated biologics with/without DMARD treatment.

3.2 | Decreased HDACA4 level in RA patients

HDAC4 level was 26.7 (IQR: 18.2-47.2) pg/ml, 38.5 (IQR: 29.8-
73.1) pg/ml, and 75.1 (IQR: 50.6-120.9) pg/ml in RA patients, OA
patients, and HCs, respectively. Three-group comparison analy-
sis disclosed the lowest HDAC4 level in RA patients (p<0.001)
(Figure 1). Then, post hoc comparisons revealed that HDAC4 level
was lower in RA patients compared to OA patients (p = 0.009) and
HCs (p<0.001). Besides, HDAC4 could well distinguish the RA pa-
tients from OA patients and HCs (Figure S1A,B).

3.3 | HDACA4 level related to inflammation and
activity in RA patients

HDAC4 level negatively correlated with tender joint count
(p = 0.025), CRP (p = 0.003), and DAS28 score (ESR) (p = 0.013)

TABLE 2 Treatment of RA patients

Items RA patients (N = 83)

Treatment history

History of NSAID, no. (%)

No 5(6.0)

Yes 78 (94.0)
History of GC, no. (%)

No 13 (15.7)

Yes 70(84.3)
History of DMARDSs, no. (%)

No 11(13.3)

Yes 72(86.7)
History of biologics, no. (%)

No 60 (72.3)

Yes 23(27.7)

Current treatment regimen

DMARD combination, No. (%)

No 23(27.7)

Yes 60 (72.3)
Biologics with/without DMARDs, No. (%)

No 60 (72.3)

Yes 23(27.7)

Abbreviations: DMARDs, disease-modifying antirheumatic drugs;
GC, glucocorticoid; NSAID, non-steroidal anti-inflammatory drug; RA,
rheumatoid arthritis.

(Figure 2A,D,E), but it was not associated with swollen joint
count (p = 0.376), ESR (p = 0.059), or HAQ-DI score (p = 0.210)
(Figure 2B,C,F) in RA patients. Besides, HDAC4 was negatively linked
with TNF-a (p = 0.003) (Figure 3A), IL-6 (p = 0.022) (Figure 3B), and
IL-17A (p = 0.015) (Figure 3C).

3.4 | HDACA4 level was not related to treatment in
RA patients

HDAC4 level was not linked with a history of NSAID (p = 0.503), his-
tory of GC (p = 0.880), history of DMARDs (p = 0.722), or history of
biologics (p = 0.445) (Table 3). Meanwhile, the HDAC4 level was not
related to the current DMARD combination treatment (p = 0.171) or
current biologics with/without DMARD treatment (p = 0.171).

3.5 | HDAC4 increased during treatment and
related to treatment outcomes in RA patients

HDAC4 level was 24.5 (IQR: 18.2-48.1) pg/ml, 31.1 (IQR: 19.0-
53.8) pg/ml, 35.8 (IQR: 25.4-63.8), and 43.6 (IQR: 29.9-81.5) pg/
ml at WO (baseline), W4, W12, and W24 in RA patients, respec-
tively, which showed an increased tread during treatment (p <0.001)
(Figure 4).
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FIGURE 2 Correlation of HDAC4 level with disease activity indexes. Correlation of HDAC4 level with tender joint count (A), swollen joint
count (B), ESR (C), CRP (D), DAS28 score (ESR) (E), and HAQ-DI score (F) in RA patients
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FIGURE 3 Correlation of HDAC4 level with inflammatory cytokines. Correlation of HDAC4 level with TNF-a (A), IL-6 (B), and IL-17A (C) in
RA patients

After treatment, clinical response was 15.7%, 38.6%, and 53.0% It was inspiringly discovered that HDAC4 level at WO (p = 0.655)
at W4, W12, and W24, respectively; Meanwhile, LDA was 9.6%, and W4 (p = 0.670) was similar, but its level at W12 (p = 0.041) and
28.9%, and 34.9% at W4, W12, and W24, respectively (Table 4). W24 (p=0.012) was increased in patients with clinical response com-
Besides, clinical remission was 2.4%, 12.0%, and 26.5% at W4, W12, pared to those without clinical response (Figure 5A). Meanwhile, the
and W24, respectively. HDAC4 level at W24 was also higher in patients with LDA compared
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TABLE 3 Correlation of HDAC4 with treatment in RA patients

HDAC4 (pg/ml), median

Characteristics (IQR) p Value

History of NSAID
No 41.8 (21.8-49.5) 0.503
Yes 24.5(18.2-45.3)

History of GC
No 27.8 (18.2-44.5) 0.880
Yes 26.2(18.2-49.8)

History of DMARDs
No 27.8 (16.2-41.8) 0.722
Yes 26.2(18.2-50.4)

History of biologics
No 23.3(18.1-41.6) 0.445
Yes 29.5(19.3-53.4)

Current treatment-DMARD combination
No 21.4(16.4-37.3) 0.171
Yes 29.5(19.4-51.0)

Current treatment-biologics with/without DMARDs
No 29.5(19.4-51.0) 0.171
Yes 21.4 (16.4-37.3)

Abbreviations: DMARDs, disease-modifying antirheumatic drugs; GC,
glucocorticoid; HDAC4, histone deacetylase 4; IQR, interquartile range;
NSAID, non-steroidal anti-inflammatory drug; RA, rheumatoid arthritis.

2007 P <0.001
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= 100-
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FIGURE 4 Change of HDAC4 level during treatment

TABLE 4 Rates of clinical response, LDA, and remission in RA
patients

Rates w4 W12 w24
Clinical response, % 15.7 38.6 53.0
Clinical LDA, % 9.6 28.9 34.9
Clinical remission, % 2.4 12.0 26.5

Abbreviations: LDA, low disease activity; RA, rheumatoid arthritis;
W12, at 12 weeks after treatment initiation; W24, at 24 weeks after
treatment initiation; W4, at 4 weeks after treatment initiation.

WI LEYM

to those without LDA (p = 0.019) (Figure 5B) and was higher in pa-
tients with clinical remission compared to those without clinical re-
mission (p = 0.039) (Figure 5C). No matter whether patients with
or without treatment history, their HDAC4 all showed an increasing
trend during the current treatment (p <0.05) (Figure S2A,B). Besides,
no matter whether patients with or without current biologic treat-
ment, their HDAC4 all showed an increasing trend during the current
treatment (p <0.001) (Figure S3A,B).

4 | DISCUSSION

Previously, the clinical role of HDAC4 has been widely determined
in patients with neurodegenerative diseases (including Huntington's
disease and amyotrophic lateral sclerosis).?1723 Recently, with a deep
understanding of HDAC4 in regulating inflammation, its clinical
value in autoimmune diseases has been preliminary explored.?*-2¢
Forinstance, one study shows that HDAC4 is dysregulated in Graves'
ophthalmopathy patients compared with the healthy population.?*
Another study discloses that the HDAC4 locates in the differentially
methylated regions (vs. health population) of progressive multiple
sclerosis patients.25 In this study, it was shown that the HDAC4 was
downregulated in RA patients compared with HCs which was par-
tially in line with a previous study.?” This phenomenon could be ex-
plained as follows: HDAC4 acted as an anti-inflammatory role in the
inflammatory process by inhibiting the NF-xB activation, while the
inflammation was aggravated in RA patients, therefore, the HDAC4
was downregulated in RA patients.28’29 Apart from that whether the
HDAC dysregulation causes the occurrence of RA or RA leading to
the dysregulation of HDAC4 is not clear now. Therefore, a further
study should be carried out to explore this issue.

In recent decades, the HDAC4 is participated in regulating the
inflammatory process. For instance, the inhibition of HDAC4 in
rheumatoid fibroblast-like synoviocytes could promote inflamma-
tion.?” Another study exhibits that the silence of HDAC4 in mac-
rophages could induce hepatic and adipose tissue inflammation in
diet-induced non-alcoholic steatohepatitis.30 However, the correla-
tion of HDAC4 with inflammation in RA patients has never been
discovered. In the present study, it was revealed that HDAC4 was
negatively correlated with inflammatory status (indicated by the
CRP, TNF-a, IL-6, and IL-17A), which could be explained as: (i) HDAC4
inhibited the inflammation via various signaling pathways and bio-
logical processes, such as NF-xB pathway and autophagy, therefore,
HDAC4 was negatively related to the inflammatory status?®3%; (ii)
The downregulation of HDAC4 promoted the T helper 17 response,
which further increased the IL-17 level, therefore, HDAC4 was neg-
atively correlated with IL-17A.%2 Apart from the findings mentioned
above, the negative correlation between HDAC4 with disease sever-
ity (reflected by the DAS28 score and tender joint counts) was also
observed in this study, which might be explained that the HDAC4

was negatively associated with the inflammatory status, which was
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involved in the evaluation of DAS28 score (the higher inflammatory
status indicated the higher DAS28 score), therefore, HDAC4 was
negatively related to the disease severity.

Another interesting finding in this study was that the HDAC4
was increased in RA patients after treatment, besides, higher
HDAC4 at W12 and W24 was correlated with the treatment re-
sponse (at W24). These phenomena could be explained as follows:
(i) As mentioned above, HDAC4 negatively correlated with the in-
flammatory status, and the inflammation of RA patients would be
relieved after the treatment, therefore, the HDAC4 was increased
in RA patients after the treatment?®3%; (i) The inflammatory sta-
tus of RA patients with a higher HDAC4 level after treatment was
better relieved compared with those with a lower HDAC4 level,
which meant that those RA patients with a higher HDAC4 level
after treatment were easier to achieve the treatment response.
Therefore, higher HDAC4 after treatment was associated with the
treatment response.

Patients with clinical
response at W24

Patients without clinical
response at W24

Patients with clinical
LDA at W24

Patients without clinical
LDA at W24

Patients with clinical
remission at W24

Patients without clinical
remission at W24

FIGURE 5 Relation of HDAC4 level
during treatment with clinical outcomes.
Comparison of HDAC4 levels at WO,

W4, W12, and W24 between response
patients versus non-response patients
(A), between LDA patients versus non-
LDA patients (B), and between remission
patients versus non-remission patients (C)

Despite the innovation of this study, some limitations were still

non-neglectable: (i) The methylation level of HDAC4 was also dysreg-
ulated in the inflammation-related diseases, which was not detected in
this study, therefore, a further study was needed; (ii) The small sample
size was the main limitation; (i) Clinical role of HDAC4 in other au-
toimmune diseases, such as ankylosing spondylitis and psoriasis could
also determine; (iv) The detailed mechanism of HDAC4 in regulating the
pathogenesis of RA could be explored in the further study.

In conclusion, HDAC4 gradually increases during treatment and

its elevation estimates good treatment outcomes in RA patients.
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