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ARTICLE INFO ABSTRACT

Background: We recently reported that myeloid sirtuin 6 (Sirt6) is a critical determinant of phenotypic switching
and the migratory responses of macrophages. Given the prominent role of macrophages in the pathogenesis of
rheumatoid arthritis (RA), we tested whether myeloid Sirt6 deficiency affects the development and exacerbation
of RA.

Methods: Arthritis was induced in wild type and myeloid Sirt6 knockout (mS6KO) mice using collagen-induced
Keywords: and K/BxN serum transfer models. Sirt6 expression (or activity) and inflammatory activities were compared in
Sirt6 peripheral blood mononuclear cells (PBMCs) and monocytes/macrophages obtained from patients with RA or
RA osteoarthritis.
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Macrophage Findings: Based on clinical score, ankle thickness, pathology, and radiology, arthritis was more severe in mS6KO
Inflammation mice relative to wild type, with a greater accumulation of macrophages in the synovium. Consistent with these
FoxO1 findings, myeloid Sirt6 deficiency increased the migration potential of macrophages toward synoviocyte-

derived chemoattractants. Mechanistically, Sirt6 deficiency in macrophages caused an inflammation with in-
creases in acetylation and protein stability of forkhead box protein O1. Conversely, ectopic overexpression of
Sirt6 in knockout cells reduced the inflammatory responses. Lastly, PBMCs and monocytes/macrophages from
RA patients exhibited lower expression of Sirt6 than those from patients with osteoarthritis, and their Sirt6 activ-
ity was inversely correlated with disease severity.
Interpretation: Our data identify a role of myeloid Sirt6 in clinical and experimental RA and suggest that myeloid
Sirt6 may be an intriguing therapeutic target.
Fund: Medical Research Center Program and Basic Science Research Program through the National Research
Foundation of Korea.

© 2018 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Histopathological findings of rheumatoid arthritis (RA) include sy-
novial hyperplasia, bone and cartilage destruction, and inflammatory
cell infiltration [1]. Among inflammatory cells, macrophages/monocytes
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are major source of pro-inflammatory cytokines, including tumor
necrosis factor-o. (TNF-av), interleukin (IL)-1f, and IL-6 [2]. These cyto-
kines are involved in the development and progression of RA. Indeed,
the degree of macrophage infiltration in the joint tissues and serum
levels of monocyte-derived cytokines are positively correlated with dis-
ease severity [3-5]. Furthermore, anti-rheumatic drugs reduce synovial
macrophage numbers in close association with clinical benefit [6,7].
Together, these reports suggest that macrophages and macrophage-
derived cytokines might be an effective therapeutic targets to prevent
disease onset and progression in RA.

Recently, we demonstrated that sirtuin 6 (Sirt6) in myeloid cells has
a pivotal role in the phenotypic switch and migration response of
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Research in context
Evidence before this study

Monocyte infiltration and macrophage proliferation in joint
synovium play an important role in rheumatoid arthritis by secret-
ing various cytokines and chemical mediators which amplify and
perpetuate synovial inflammation.The numbers of accumulated
macrophages in the synovium correlate well with clinical symp-
toms and degree of joint damage in rheumatoid arthritis. Thus,
monocytes/macrophages have become a promising target in the
treatment of rheumatoid arthritis. We previously have shown
that sirtuin 6 is a critical determinant of macrophage migration
and infiltration into local tissues.

Added value of this study

This study demonstrated that myeloid sirtuin 6 is essential in
inhibiting synovial macrophage infiltration and thus suppressing
the development and progression of rheumatoid arthritis in mice.
To this end, we analyzed functional phenotypes of blood mono-
cytes and joint macrophages from patients with rheumatoid arthri-
tis and utilized experimental model of rheumatoid arthritis in
myeloid-specific sirtuin 6 knockout mice.

Implications of all the available evidence

Our study suggests that sirtuin 6 activation by virtue of pharmaco-
logical or genetic modulation might be an effective therapeutic ap-
proach to prevent disease progression in rheumatoid arthritis. The
implication of this finding for the control of rheumatoid arthritis is
profound, as searching small molecule activators of sirtuin 6 are
gaining attention in the field.

macrophages [8]. As a histone deacetylase, Sirt6 deacetylates histone H3
lysine 9 (H3K9) and H3K56 and represses the transcriptional activity of
nuclear factor kKB (NF-kB) [9]. Accordingly, overexpression of Sirt6
downregulates local and systemic levels of proinflammatory cytokines
and attenuates bone destruction in mice with collagen-induced arthritis
[10,11]. As a non-histone protein deacetylase, Sirt6 deacetylates GCN5
[12], pyruvate kinase M2 [13], forkhead box protein O1 (FoxO1) [14],
and GATA binding protein 3 [15]. Based on the prominent role of Sirt6
in inflammatory and migration responses of macrophages, we investi-
gated the functional responses of wild type (WT) and myeloid Sirt6
knockout (mS6KO) mice in collagen-induced arthritis (CIA) and
K/BxN serum transfer arthritis models, which are known to be highly
dependent on chronic adaptive immunity and acute passive immunity,
respectively. To explore the clinical implication of myeloid Sirt6 in RA,
we analyzed Sirt6 expression and/or activity in circulating peripheral
blood mononuclear cells (PBMCs) and macrophages isolated from syno-
vial fluid of RA patients and determined its relationship with disease se-
verity and inflammatory activity.

2. Materials and methods
2.1. Animals

Sirt6¥1°x mice (B6; 129-Sirt6™!¥84/]) were crossed to LysM-Cre
(B6.129P2-lyz2t™1(cre)fo /1y mice to generate mS6KO mice [8]. KRN
TCR-transgenic mice were gifted by D. Mathis and C. Benosit (Harvard
Medical School, Boston, MA, USA). NOD mice were purchased from Jack-
son Laboratories (Bar Harbor, ME, USA). K/BxN mice were generated by
crossing KRN TCR-transgenic and NOD mice. All experimental proce-
dures were performed in accordance with the Guide for the Care and

Use of Laboratory Animals, published by the US National Institutes of
Health (NIH Publication No. 85-23, revised 2011) and approved by the
Institutional Animal Care and Use Committee of Chonbuk National
University (Permit No: CBNU 2016-46).

2.2. CIA induction

The modified protocol was used to induce CIA using C57BL/6 strain
of mS6KO mice [16]. WT or mS6KO mice (14-18 weeks old) were
immunized with 150 pg of chicken type II collagen (CII; Chondrex,
Redmond, WA, USA) emulsified in 4 mg/ml of complete Freund's adju-
vant (CFA; Chondrex) in equal volumes. The day of initial immunization
was designated Day 0. Immunization was boosted by an equal volume
of emulsion of CII and incomplete Freund's adjuvant (IFA; Chondrex)
on Day 21 and by intraperitoneal injection of lipopolysaccharide (LPS,
5 ug/100 ml) on Day 28.

2.3. K/BxN serum transfer arthritis induction and arthritis scoring

K/BxN serum transfer arthritis models were induced as described
previously [17]. WT or mS6KO mice (8-10 weeks old) were intraperito-
neally injected with K/BXN serum (50 pl) pooled from arthritic K/BxN
mice on Days 0 and 2.

24. Preparation of recombinant adenovirus

Adenovirus expressing Sirt6 (AdSirt6) or 3-galactosidase (AdLacZ)
was prepared as described previously [11].

2.5. Micro-computed tomography (micro-CT) imaging

A SkyScan 1076 micro-CT apparatus was used to evaluate structural
changes in the ankle joints. Ankle joints obtained from CIA mice were
scanned and reconstructed into a 3-dimensional structure with a
voxel size of 18 um. The projection images were reconstructed into
3-dimensional images using NRecon software (version 1.6.1.5) and CT
Analyzer (version 1.10.0.1) (both from SkyScan, Kontich, Belgium).

2.6. Histology

Paraffin sections of murine paws were stained with H&E, Safranin-O,
and tartrate-resistant acid phosphatase (TRAP) for evaluation of inflam-
mation and joint destruction. After deparaffinization, tissue sections
were immunostained with antibodies against CD68 (Santa Cruz Bio-
technology, Dallas, TX, USA), Ly6G (Abcam, Cambridge, UK), Sirt6 (Cell
Signaling Technology, Beverly, MA, USA), FoxO1 (Cell Signaling Tech-
nology) or acetyl-FoxO1 (Santa Cruz Biotechnology).

2.7. Antibodies

Antibodies against the following proteins were used: HSP90 (Enzo
Life Sciences, Plymouth Meeting, PA, USA), FoxO1, Sirt6, Ac-Lys (Cell
Signaling Technology ), Ac-FoxO1, ubiquitin (Santa Cruz Biotechnology),
CCR3, Fox03a, Fox04 (Abcam), lamin B (Bioworld Technology, St Louis
Park, MN, USA) and p-actin (Sigma-Aldrich, St. Louis, MO, USA).

2.8. RNA isolation and real-time RT-PCR

Total RNA was extracted from frozen joint tissues or bone marrow
macrophages (BMMs) using Trizol reagent (Invitrogen, Carlsbad, CA,
USA). First-strand cDNA was generated with oligo dT-adaptor primers
by reverse transcriptase (TaKaRa, Tokyo, Japan). Specific primers were
designed using qPrimerDepot (http://mouseprimerdepot.nci.nih.gov,
Table S1).


http://mouseprimerdepot.nci.nih.gov

230 S.J. Woo et al. / EBioMedicine 38 (2018) 228-237
2.9. Biochemical analysis 2.10. Isolation of PBMCs and monocytes/macrophages

Specific enzyme-linked immunosorbent assay (ELISA) kits were PBMCs were freshly isolated from whole blood by Ficoll (GE
used to measure the concentrations of IL-6, TNF-a (eBioscience, San Healthcare Life Science, Marlborough, MA, USA) density gradient centri-
Diego, CA, US), MCP-1, MIP-1a (CUSABIO, Houston, TX, USA), and fugation. Human PBMC-derived and synovial fluid-derived monocytes
RANTES/CCL5 (R&D systems, Minneapolis, MN, USA). Quantitative mea- were freshly isolated using anti-CD14 magnetic beads (Miltenyi Biotec,

surement of Sirt6 activity from PBMCs was performed using a fluo- Auburn, CA, USA). For preparation of mouse bone marrow-derived mac-
rometric Sirt6 activity assay kit (Abcam). rophages (BMMs), bone marrow cells were isolated from the femurs
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Fig. 1. Worsening of arthritis in mS6KO mice with CIA. (a) Mean clinical score (n = 10-12), (b) ankle thickness change (n = 10-12), and (c) gross and micro-CT images and score for bone
volume (BV) and ratio of bone surface to bone volume (BS/BV) (n = 7) of CIA mice. (d) Pathological staining with H&E, Safranin-O, and TRAP (bar = 1 mm), and scores for synovial
inflammation, cartilage damage, and bone erosion (n = 9). (e) Staining with CD68 (for macrophages) or Ly6G (for neutrophils) and mean number of CD68 " macrophages or Ly6G™
neutrophils in the ankle joints (bar = 50 um) (n = 5). (f) Staining with CD68 or Sirt6 and mean number of CD68- or Sirt6-positive cells in the synovial lining and sub-lining of ankle
joints (bar = 100 um) (n = 3). (g) Serum concentrations of IL-6 and RANTES (n = 10-12). Values are mean = SEM. *, p < 0.05 and *™*, p < 0.01 vs. WT.
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and tibias of mice. Cells were cultured for 6 days in complete o-MEM
medium supplemented with 30% L929-conditioned medium (CM) to
provide M-CSF. The adherent cells were used as BMMs.

2.11. Cell proliferation and viability assay

The cell proliferation rate was measured using 5-bromo-2-
deoxyuridine (BrdU)-labeling cell proliferation assay (BioVision,
Milpitas, CA, USA). Cell viability was determined by MTT assay
(Sigma-Aldrich).

2.12. Cell migration and invasion assay

Cell migration and invasion assays were performed using transwell
migration assay chambers (BD Life Sciences, Franklin Lakes, NJ, USA)
with an 8-um pore size. Bone marrow macrophages isolated from WT
or mS6KO mice were layered onto a transwell insert, and migration
was assessed with fibroblast-like synoviocyte (FLS) conditioned me-
dium (CM), MCP-1, or RANTES present in the lower well.

2.13. Patients

The demographic and clinical characteristics of the RA and OA pa-
tients included in this study are shown in Table S2. Patients with RA
were classified according to the 2010 rheumatoid arthritis classification
criteria [18], and all RA patients were disease modifying anti-rheumatic
drug (DAMARD) naive state. The disease activity of RA was determined
by the disease activity score (DAS) 28-C-reactive protein (CRP) using
clinical and laboratory data. Patients with DAS28-CRP > 5.1 were con-
sidered to have severe RA [19]. All patients gave informed consent.
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The biospecimens and data used for this study were provided by
Gyeongsang National University Hospital, a member of the Korea
Biobank Network. This study was approved by the Institutional Review
Board of the Hospital of Gyeongsang National University (Permit No:
GNUH 2014-02-013).

2.14. Statistical analysis

Data are expressed as mean + SEM. Statistical comparisons were
made using two-way analysis of variance followed by Fisher's post hoc
analysis. The significance of differences between groups was deter-
mined using Student's unpaired t-test. A p value <0.05 was considered
significant.

3. Results

3.1. Myeloid Sirt6 deficiency increases macrophage infiltration and aggra-
vates joint destruction in experimental arthritic mice

To gain insights into the influence of myeloid Sirt6 suppression on
rheumatoid arthritis development, we generated mS6KO mice. Western
blotting confirmed successful deletion of Sirt6 in the BMMs of mS6KO
mice (Fig. S1). Arthritis was induced in mS6KO mice and their WT litter-
mates using CIA (Fig. 1) and K/BxN serum transfer models (Fig. 2). The
arthritis severity determined by clinical score (Figs. 1a and 2a), ankle
thickness change (Figs. 1b and 2b), bone destruction in micro-CT exam-
ination (Fig. 1c), and pathologic abnormalities such as synovial inflam-
mation, cartilage damage, and bone erosion (Figs. 1d and 2c) were
greater in mS6KO mice than in WT mice. We focused on the roles of
macrophages because these cells were the predominant cell type
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Fig. 2. Worsening of arthritis in mS6KO mice with K/BxN serum transfer arthritis. (a) Mean clinical score (n = 14), (b) ankle thickness change (n = 14), and (c) pathological staining with
HR&E, Safranin-0, and TRAP (bar = 1 mm) and scores for synovial inflammation, cartilage damage, and bone erosion (n = 4-6). (d) Serum concentrations of IL-6 and RANTES (n = 5-6).

Values are mean = SEM. *, p < 0.05 and ™", p < 0.01 vs. WT.
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infiltrating joint tissues of CIA mice (Fig. 1e). To investigate the impact
of myeloid Sirt6 deficiency on the infiltration of macrophages in ar-
thritic joints of CIA, we performed co-staining of CD68, as a marker for
macrophages, and Sirt6. Sirt6 expression was decreased, whereas
CD68 immunoreactivity was remarkably increased in the lining and
sublining layers of hyperplastic synovium in the mS6KO mice compared
with WT mice (Fig. 1f). Real-time RT-PCR confirmed the increased accu-
mulation of proinflammatory macrophages in the ankles of the mS6KO
mice compared with WT mice; mRNA levels of M1 macrophage-related
genes (Figs. S2a and S2e), chemokines and their receptors (Figs. S2b and
S2f), and protease (Figs. S2c and S2 g) were increased, while M2 macro-
phage marker genes were decreased (Figs. S2d and S2 h) in mS6KO
mice with CIA and K/BxN serum transfer arthritis. Accordingly, serum
levels of IL-6 and RANTES were increased in mS6KO mice (Figs. 1g and
2d). Collectively, these results suggest that myeloid Sirt6 deficiency ag-
gravates the inflammatory response and joint destruction by increasing
recruitment of proinflammatory macrophages into arthritic joints.

3.2. Myeloid Sirt6 deficiency augments the migration potential of macro-
phages toward synoviocyte-derived chemoattractants

To investigate the effects of Sirt6 deficiency on the migration and in-
vasion of macrophages, we isolated BMMs from WT or mS6KO mice and
performed transwell migration assays. It has previously been reported
that MCP-1 and RANTES are major chemokines produced by RA-FLS
and contributes to the chemotaxis of monocytes [20,21]. We observed

significant excretion of MCP-1 and RANTES in the culture supernatants
after stimulation of FLS with LPS or TNF-« (Fig. 3a). When MCP-1 and
RANTES were used as chemoattractants, BMMs from mS6KO mice
showed increased migratory activity and invasion rate compared with
those from WT mice (Fig. 3b and Fig. S3a). Similarly, when LPS- or
TNF-a—stimulated FLS-CM was used as the chemoattractant, BMMs
from mS6KO mice exhibited enhanced migration and invasion com-
pared to WT cells (Fig. 3c and Fig. S3b). Additionally, CCR3 (a receptor
for chemokines including RANTES) was highly expressed in LPS-
treated BMMs from mS6KO mice compared with WT (Fig. 3d-f), sug-
gesting that Sirt6-deficient macrophages have an increased potential
for migration toward joint synovium in part via CCR3 upregulation
through a yet unidentified mechanism.

3.3. Myeloid Sirt6 deficiency increases the proliferation and viability of
BMMs

The proliferative response was significantly increased in LPS-treated
BMMs isolated from mS6KO mice compared with those from WT mice
with concomitant excretion of TNF-o and IL-6 (Fig. 4a and b), indicating
an anti-inflammatory function of Sirt6. Moreover, viability under
serum-free conditions was significantly higher in BMMs from mS6KO
mice than those from WT mice (Fig. 4c). Together with the increased
migratory activity of Sirt6-deficient macrophages, these results confirm
the in vivo finding of increased numbers of macrophages in the
synovium of mS6KO arthritic mice.
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Fig. 3. Regulation of macrophage migration by Sirt6. (a) FLS were cultured with 10 ng/ml LPS or 20 ng/ml TNF- for 24 h, and chemokine concentrations in the culture supernatants were
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vs. WT.

3.4. Sirt6 deacetylates FoxO1 to trigger its nuclear export and proteasomal
degradation

Knowing that acetylated FoxO1 regulates diverse proinflammatory
functions of monocytes/macrophages including chemotaxis [22-24],
and that FoxO1 is deacetylated by Sirt6 [14], we hypothesized that my-
eloid Sirt6 would regulate the inflammatory response by deacetylating
FoxO1 in arthritic joints. To address this, we examined FoxO1 acetyla-
tion in joint tissues of CIA mice. Our results showed that expression
levels of FoxO1 and Ac-FoxOT1 in joint tissues and specific localization
of Ac-FoxO1 in CD68-positive macrophages were noticeably increased
in the synovium of mS6KO mice with CIA (Fig. 5a-c) or K/BxN serum
transfer arthritis (Fig. 5d and e), indicating the role of Sirt6 in the control
of FoxO1 acetylation in macrophages infiltrating arthritic joint tissues.
The expression of two other members of this family, FoxO3a and
Fox04, were also highly enhanced in RA synovium (Fig. S4a-S4c) com-
pared with OA synovium. Interestingly, the protein level of Fox04, but
not of Fox03a, was significantly increased in KO joint tissues with CIA
compared to WT mice (Figs. S4d and S4e).

To further validate these in vivo results, we tested FoxO1
deacetylation by Sirt6 in BMMs isolated from WT and mS6KO mice.
Co-immunoprecipitation assays showed a direct physical interaction
between FoxO1 and Sirt6 in BMMs (Fig. 6a). Additionally, total- and
acetylated-FoxO1 protein levels were elevated significantly in the KO
BMMs compared with WT BMMs (Fig. 6b and c), suggesting that Sirt6
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plays a critical role in the regulation of FoxO1 protein levels. To evaluate
if proteasome-ubiquitin pathway is primarily responsible for the in-
crease of FoxO1 in KO BMMs, we treated BMMs with the proteasome in-
hibitor MG132. In myeloid Sirt6 KO BMMs, MG132 treatment
significantly increased FoxO1 protein level in the nuclear fraction
(Fig. 6d) and suppressed its ubiquitination in the cytosol (Fig. Ge).
Lastly, adenoviral-mediated Sirt6 overexpression in KO BMMs de-
creased the protein levels of total- and acetylated-FoxO1 (Fig. 6f and
g) as well as the expression of FoxO1 downstream target genes
(Fig. 6h and i). Taken together, Sirt6 deacetylates FoxO1 in the nucleus,
and facilitates its proteasome-mediated degradation in the cytosol.

3.5. Expression and activity of Sirt6 are suppressed in PBMCs and macro-
phages of RA patients

To provide clinical relevance, we compared Sirt6 expression and/or
activity in patients with RA and osteoarthritis (OA). The protein levels
of Sirt6 were markedly decreased in synovial tissues, blood-derived
monocytes, and synovial fluid monocytes of RA patients compared
with OA patients (Fig. 7a and b). The Sirt6 activity was also decreased
in PBMCs of patients with severe RA compared with OA patients
(Fig. 7¢). Furthermore, Sirt6 activity in PBMCs negatively correlated
with disease activity and IL-6 concentration in RA patients (Figs. 7d-f).
These findings suggest that reduced expression and enzymatic activity
of Sirt6 were closely related to the inflammatory activity of RA patients.
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(b, ) mRNA and protein levels of total- and Ac-

FoxO1 in the ankle joints of CIA mice (n = 9-11). (d, e) mRNA (n = 5-6) and protein levels (n = 3-5) of total- and Ac-FoxOT1 in the ankle joints of K/BXN serum transfer arthritis.

Values are mean = SEM. *, p < 0.05 and ™", p < 0.01 vs. WT.
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of FoxO1 and acetylated FoxO1 in BMMs from WT and mS6KO mice. (d) BMMs from WT or mS6KO mice were treated with 10 pM MG132 for 3 h, and protein levels of FoxO1 in cytosolic
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antibodies. (f, g) Protein levels of total and acetylated FoxO1 in BMMs whole lysates following

transduction with AdLacZ or AdSirt6. (h, i) Following transduction of BMMs with AdLacZ

or AdSirt6, cells were treated with 10 ng/ml LPS for 3 h and protein levels of Sirt6 and the expression of cytokines were determined. Values are mean + SEM (n = 6). *, p < 0.05 and
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Finally, we overexpressed Sirt6 in the synovial fluid macrophages of
RA patients to validate the requirement for Sirt6 in the suppression of
inflammation. Compared with macrophages transduced with AdLacZ,
those transduced with AdSirt6 exhibited decreased LPS-stimulated mi-
gration, proliferation, IL-6 excretion, and survival (Figs. 7g-j). However,
transduction with mutant Sirt6 adenovirus had no effects on RA macro-
phages, indicating that deacetylase activity is required for Sirt6-
dependent immunosuppression.

4. Discussion

As an extension of our previous finding that myeloid Sirt6 regulates
macrophage phenotypes and migration [8], the present study demon-
strates a novel role of myeloid Sirt6 in the pathogenesis of RA. In CIA
and K/BxN serum transfer arthritis models, mS6KO mice display aug-
mented joint destruction compared with WT mice. Two probable mech-
anisms underlie the arthritic effects of myeloid Sirt6 deficiency:
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regulatory effects on macrophage polarization and enhanced macro- [2,3]. In particular, infiltration of circulating monocytes into the joint
phage infiltration in the joints (Fig. 8). tissues and subsequent polarization into proinflammatory M1 macro-

Monocytes are critical in the pathogenesis of autoimmune RA phages are critical for the development and exacerbation of RA
through their roles in the production of proinflammatory cytokines [25,26]. Here, we demonstrated that the number of CD68-positive

Sirt6

Foil® —
ANV

Fig. 8. Proposed scheme. A healthy joint (left side) contains 1-2 layers of FLS with a few macrophages (M) in the synovium. FoxO1 is deacetylated by Sirt6, exported from the nucleus to
the cytosol, and targeted for degradation through the ubiquitination-proteasome pathway. In arthritic joint tissues of mS6KO mice (right side), the synovial lining is thickened, the
vascularity is increased, and the hyperplastic synovium is infiltrated by inflammatory cells such as macrophages, dendritic cells, and T cells. Sirt6-mediated FoxO1 deacetylation in
macrophages is impaired, which recruits more inflammatory cells into synovium. This inflamed condition damages cartilage, bone, and surrounding tissue, causing joint deformity.
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macrophages was increased in the RA synovial compartment in the CIA
model, and that this upregulation was associated with higher levels of
the inflammatory mediators IL-6 and RANTES (CCL5) in systemic circu-
lation. Consistent with these findings, gene expression analysis showed
that mRNA levels of numerous M1 marker genes and genes related to
macrophage chemotaxis were highly elevated in the joint tissues of
mS6KO mice. These in vivo data are consistent with the results of
in vitro transwell migrations showing that macrophages from mS6KO
mice migrated faster than WT macrophages in response to FLS CM. To-
gether with our recent report that liver and adipose tissue from mS6KO
mice after high-fat diet feeding are highly infiltrated with proinflamma-
tory M1 macrophages [8], these results suggest that myeloid Sirt6
deficiency contributes to RA pathogenesis through accelerating macro-
phage migration from circulation to joint tissue and phenotypic
switching to M1 type.

To evaluate the clinical implications of our study, we further com-
pared Sirt6 activity and expression levels in PBMCs from RA patients
and OA patients as controls. We included only DMARD-naive RA patients
to minimize the effect on Sirt6 of anti-rheumatic drugs. In accordance
with findings in other inflammatory disease models [8,27], we observed
decreased expression and activity of Sirt6 in monocytes/macrophages
and PBMCs from RA patients compared with those from OA patients.
Additionally, Sirt6 activity was inversely correlated with disease activity
score of RA and levels of IL-6, indicating that suppression of Sirt6 activity
in PBMCs might be a precondition for increased susceptibility to the de-
velopment of inflammation or an initial change in the pathogenesis of
RA. Additionally, we observed the resolution of inflammatory activity
in RA macrophages by overexpression of Sirt6, but not mutant Sirt6,
confirming the deacetylase-dependent anti-inflammatory activity of
Sirt6 [11]. Consistent with the foregoing discussion, this finding suggests
that macrophages with lower Sirt6 activity are an important causative
factor in RA pathogenesis.

Given the central role of FoxO1 in the transcriptional regulation of
genes involved in the inflammatory pathway [22,24], FoxO1 upregula-
tion in KO macrophages most likely reflects its functional activation.
At a mechanistic level, consistent with our previous report [14], Sirt6-
mediated deacetylation of FoxO1 provoked nuclear extrusion of
FoxO1, which is critical for FoxO1 protein stability. This concept was
supported by the findings that pretreatment with MG132 suppressed
proteasomal degradation of FoxO1 and ectopic expression of Sirt6 sig-
nificantly downregulated the expression of FoxO1 target genes. These
results are also consistent with recent studies performed by Zhang
et al. [28] and Kuang et al. [29] in which Sirt6 deacetylated FoxO1 and
suppressed the expression of gluconeogenic and lipolytic genes, respec-
tively. Previous studies have shown that Fox03a and FoxO4 contribute
to the pathogenesis of RA by stimulating cysteine-rich protein 61
(CYR-61)-mediated CCL20 production in RA FLSs [30] and by possibly
regulating macrophage function in RA synovium [31], respectively. Con-
sistent with these reports, we observed an increase of FoxO3a and
FoxO4 in joint tissues of RA patients with difference of Fox04 between
WT and mS6KO mice, suggesting that FoxO4 may also play an important
role in the RA development of mS6KO mice.

Since inflammatory bone resorption is a major cause of morbidity of
RA, strategy that restrains bone loss in inflammatory setting is attrac-
tive. Several studies support a central role of Sirt6 in inflammation.
Sirt6 suppresses NF-«B mediated inflammatory responses by its interac-
tion with the RelA subunit of NF-kB; the recruitment of the Sirt6 to the
chromatin at the promoters of RelA targets represses NF-«B target gene
expression by deacetylating histone H3K9 [9]. Using well-established
joint inflammation models, we and others provide evidence that Sirt6-
mediated suppression of NF-kB is effective to prevent joint destruction.
In our previous study, local overexpression of Sirt6 was shown to reduce
the joint inflammation and tissue destruction in mice with CIA[11]. We
also showed that overexpression of Sirt6 in FLS suppressed the produc-
tion of inflammatory mediators by TNF-« treatment via deacetylation
of H3K9 at the NF-«B target gene promoter. Similar to our results,

overexpression of Sirt6 in chondrocytes decreased matrix metallopro-
teinases (MMPs) and intra-articluar injection of Sirt6 lentivirus pre-
served the cartilage structure in mice [32]. Similarly, Engler et al. [33]
also observed a protective effect of Sirt6 in FLS stimulated with cigarette
smoke extract or TNF-«, identifying Sirt6 as a regulator of cigarette
smoke-induced development and progression of RA. In addition to
joint inflammation, a number of studies have demonstrated that
Sirt6 exhibits pronounced anti-inflammatory properties in various in-
flammatory disease models, such as allergic airway inflammation,
steatohepatitis, and proteinuric kidney disease [34].

Using animal models and human samples, we demonstrated that
myeloid Sirt6 deficiency augments inflammatory arthritis. This conclu-
sion is concordant with our previous study showing the dramatic atten-
uation of RA severity by Sirt6 overexpression [11]. Together, these
observations suggest Sirt6 as a clinical therapeutic target in RA.

Footnotes

This work was presented at the Annual European Congress of Rheu-
matology took place on 13-16 June 2018 in Amsterdam, Netherlands.
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