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Predisposal of Interferon Regulatory Factor 1 Deficiency
to Accumulate DNA Damage and Promote Osteoarthritis
Development in Cartilage
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Objective. Interferon regulatory factor 1 (IRF1) is a transcriptional regulator conventionally associated with
immunomodulation. Recent molecular analyses mapping DNA binding sites of IRF1 have suggested its potential function
in DNA repair. However, the physiologic significance of this noncanonical function remains unexplored. Here, we investi-
gated the role of IRF1 in osteoarthritis (OA), a condition marked by senescence and chronic joint inflammation.

Methods. OA progression was examined in wild-type and Irf7~~ mice using histologic assessments and
microcomputed tomography analysis of whole-joint OA manifestations and behavioral assessments of joint pain. An
integrated analysis of assay for transposase-accessible chromatin with sequencing and whole transcriptome data
was conducted for the functional assessment of IRF1 in chondrocytes. The role of IRF1 in DNA repair and senescence
was investigated by assaying y-H2AX foci and senescence-associated beta-galactosidase activity.

Results. Our genome-wide investigation of IRF1 footprinting in chondrocytes revealed its primary occupancies in
the promoters of DNA repair genes without noticeable footprint patterns in those of interferon-responsive genes.
Chondrocytes lacking IRF1 accumulated irreversible DNA damage under oxidative stress, facilitating their entry into
cellular senescence. IRF1 was down-regulated in the cartilage of human and mouse OA. Although IRF1 overexpression
did not elicit an inflammatory response in joints or affect OA development, genetic deletion of Irf1 caused enhanced chon-
drocyte senescence and exacerbated post-traumatic OA in mice.

Conclusion. IRF1 offers DNA damage surveillance in chondrocytes, protecting them from oxidative stress associ-
ated with OA risk factors. Our study provides a crucial and cautionary perspective that compromising IRF1 activity ren-

ders chondrocytes vulnerable to cellular senescence and promotes OA development.

INTRODUCTION

Interferon regulatory factor 1 (IRF1) is a transcriptional regula-
tor with canonical roles in the immune response and host
defenses.” As inflammation is a central process contributing to
symptoms and disease progression in arthritis, IRF family proteins have
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been studied in joint tissues, underscoring their roles in activating
immune cells and producing inflammatory cytokines.? During the
pathogenesis of rheumatoid arthritis, IRF1 mediates the expression
of tumor necrosis factor-induced genes in endothelial celis® and
fibroblast-like synoviocytes,*® contributing to the recruitment of
macrophages and the initiation of inflammatory processes in mice.®
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Osteoarthritis (OA) is the most common form of arthritis,
mainly characterized by progressive degeneration of articular
cartilage. OA involves low-grade chronic inflammation that is
distinct from the inflammatory process of rheumatoid arthritis.?”
OA primarily involves pathologic transition of chondrocytes, a
major resident cell type in articular oartilage.8 Chondrocytes are
inevitably exposed to the risk of mechanical overload linked to
generating reactive oxygen species (ROS).® The accumulation of
ROS causes permanent DNA damages in chondrocytes and
promotes their senescence.'®'* Senescent chondrocytes in
osteoarthritic cartilage secrete various proinflammatory cytokines,
chemokines, and matrix-degrading enzymes, collectively referred
to as senescence-associated secretory phenotypes (SASPs).'®
SASPs aggravate chronic inflammation in a non-cell-autonomous
manner by stimulating neighboring chondrocytes and synoviocytes,
accelerating OA progression. '®

Here, we reveal that IRF1 plays a distinct chondroprotective
role in the cartilage, independent of its conventional immunomod-
ulatory functions. IRF1 offers DNA damage surveillance in chon-
drocytes, protecting them from oxidative stress generated
during load-bearing events in articular cartilage. Genetic deletion
of Irf1 results in the failure of such surveillance mechanisms and
the accumulation of senescent chondrocytes, thereby
accelerating the development of post-traumatic OA in mice. It is
imperative to note the noncanonical yet physiologically relevant
role of IRF1 in the DNA damage response in the context of
age-related diseases such as OA.

MATERIALS AND METHODS

A detailed description of the procedures and specific
materials used for histology and immunohistochemistry,
primary culture of mouse articular chondrocytes, microcom-
puted tomography (uCT) analysis, animal behavioral test,
assay for transposase-accessible chromatin with sequencing
(ATAC-seq), peak calling from ATAC-seq data, ATAC-seq
footprint analysis, transcriptomic analysis, induction of DNA
damage and cellular senescence in chondrocytes, adenovirus
infection of chondrocytes, reverse transcription polymerase chain
reaction (PCR) and quantitative real-time PCR, antibodies, bone
volume (BV/TV) and subchondral bone plate thickness (Subcho.
BP.Th) assessment, immunofluorescence, comet assay, and
senescence-associated beta-galactosidase (SA-B-Gal) staining
are provided in the Supplementary Materials and Methods.
PCR primers are summarized in Supplementary Table 1.

Human cartilage. Human cartilage tissues were obtained
from patients with OA who underwent total knee arthroplasty at
Seoul National University Boramae Medical Center. The Boramae
Medical Center Institutional Review Board (IRB) reviewed and
approved the collection of human specimens (IRB 30-2017-48).
Seoul National University IRB reviewed and approved
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the study design concerning the use of the specimens
(IRB E1803/003-009). Written informed consent was obtained
from all participants before the total knee replacement arthroplasty
operative procedure. Formalin-fixed paraffin-embedded blocks of
normal human cartilage were obtained from OriGene (CB806018,
CB807297, CB807500, and CB810351).

Experimental OA in mice. Wid-type (WT) C57BL/6 mice
were purchased from Daehan Biolink. /rf1~~ mice were obtained
from Jackson Laboratory. All animal experiments were approved
by the Seoul National University Institutional Animal Care and Use
Committee (SNU-190311-3-1). We conformed to the Animal
Research: Reporting of In Vivo Experiments guidelines for reporting
animal experiments.'” Destabilization of the medial meniscus
(DMM) surgery was performed on the right knee of 12-week-old
male mice to induce post-traumatic OA. A sham operation was
used as a control.'® The mice were sacrificed, and their knee joints
were processed two, four, six, and eight weeks after surgery to con-
duct histologic and immunostaining analyses. To evaluate skeletal
development, histologic analysis of the knee joint was performed
at postnatal day zero on WT and /rf7 ~~ mice. We used intra-articular
(1A injection of adeno-associated virus (AAV) for in vivo overexpres-
sion of IRF1 in joints. Plasmid(p)AAV-Cytomegalovirus promoter
(CMV) vectors expressing enhanced green fluorescent protein
(eGFP), Irf1, and pHelper were purchased from Takara Bio USA.
The serotype 9 Rep/Cap plasmid was purchased from Addgene.
eGFP or mouse IrfT complementary DNA was cloned into the
PAAV-CMV vector. AAV-eGFP or AAV-Irf1 was produced by triple
transfection of AAVpro 293T cells (Takara Bio USA) according to
the manufacturer’s protocol. After AAV-eGFP or AAV-Irfl was
titrated using an AAVpro titration kit (Takara Bio USA), AAV-eGFP
or AAV-Irf1 was administered by IA injection to 12-week-old male
mice. A total of 2.0 x 10% AAV particles were injected into the mice
in a volume of 10 uL phosphate-buffered saline. The mice received
weekly injections of AAV particles for either two or three weeks.
They were then sacrificed at four or eight weeks after the initial injec-
tion for RNA extraction and histologic analysis.

Statistical analyses. All experiments were conducted
independently at least thrice. Data are expressed as the mean
+ SEM. A parametric test based on a two-tailed unpaired
Student’s t-test or a nonparametric test based on the Mann—
Whitney U test was used to compare the two groups. To com-
pare multiple groups and repeated measures, a parametric test
based on one-way analysis of variance followed by Fisher’s least
significant difference test and a nonparametric test based on the
Kruskal-Wallis test followed by the Mann-Whitney U test were
used. For the transcriptomic analysis, the Wald test followed by
Benjamini-Hochberg correction was used with the DESeg2
R package. Statistical significance was set at P < 0.05. Graph-
Pad Prism 9.1.0 was used for all the statistical analyses, except
for transcriptomic analysis.
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RESULTS

IRF1 is down-regulated in OA cartilage. We initially
examined the expression of IRF1 in the articular cartilage of
patients with knee OA to elucidate the potential association
between IRF1 and OA development. Immunohistochemical
analysis showed that IRF1 expression was observed in all layers
of normal cartilage and the undamaged region of OA cartilage
(Figure 1A-C). However, IRF1 positivity in the superficial, middle,
and deep zones of the damaged OA cartilage was reduced to
23%, 52%, and 51% of that of the undamaged cartilage, respec-
tively (Figure 1C). Reduced IRF1 levels were also observed in
mouse cartilage affected by post-traumatic OA induced by DMM
surgery when compared with levels in naive and sham-operated
mice (Figure 1D-F). IRF1 expression was decreased in the menis-
cus of DMM-operated mice compared with the sham group, mir-
roring the trends observed in the articular cartilage
(Supplementary Figure 1A and B). In the synovium, IRF1 expres-
sion was overall low in both the sham and DMM groups
(Supplementary Figure 1A and B). The analysis of the publicly
available transcriptome data set in cartilage from humans with
OA (GSE114007) and from a mouse model of DMM-induced OA
at various time points (GSE41342) indicated a significant reduc-
tion in IRF1 messenger RNA levels in these OA cartilage samples
(Supplementary Figure 1C and D). Collectively, IRF1 expression
was consistently reduced during the development of OA in both
human and mouse cartilage.

Interestingly, the DMM-induced down-regulation of IRF1
expression preceded the onset of severe cartilage destruction,
suggesting a possible causative link between IRF1 down-regulation
and OA development. Notably, the regulation of IRF1 expression
was independent of interferons (IFNs) in chondrocytes. IFNa and
IFNy did not alter the expression of IRF1, although they robustly acti-
vated the signal transducer and activator of transcription 1 (STATT)
pathway (Figure 1G-L). IFN stimulation did not elicit the expression
of matrix-degrading enzymes such as a disintegrin and metallopro-
teinase with thrombospondin motifs 5 (ADAMTSS5) or matrix metallo-
proteinase 13 (MMP13); IFNy mildly elevated interleukin-6 (IL-6)
expression at a high dose (Figure 1G and J). Similarly, IL-18 did not
alter the expression of IRF1, and IL-1p—mediated expression of cata-
bolic enzymes was not affected by the knockdown of IRF1 (Supple-
mentary Figure 1E and F).

IRF1 overexpression does not cause joint
inflammation and OA in mice. IRF1 did not influence the
inflammatory responses of chondrocytes in the presence of
proinflammatory cytokines such as IFNs or IL-18 (Figure 1G-L
and Supplementary Figure 1E and F). To directly assess the func-
tion of IRF1 in chondrocytes, we overexpressed IRF1 in primary
cultured chondrocytes using an adenoviral system.

Primary cultured mouse chondrocytes were infected with
adenovirus-expressing mouse Irf1 (Ad-Irf1) at doses of 200, 400,
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and 800 multiplicities of infection (MOI) and, for comparison, with
800 MOI of adenovirus-expressing eGFP (Ad-eGFP). We
observed a dose-dependent increase in IRF1 expression
(Figure 2A and B). The moderate overexpression of IRF1 achieved
with 200 and 400 MOI of Ad-/rf1 did not induce the expression of
inflammatory mediators (Nos2 and Ptgs2), matrix-degrading
enzymes (Adamts5 and Mmp13), or proinflammatory cytokine
(I16) in chondrocytes (Supplementary Figure 2A and B). A notably
significant elevation of IRF1 was observed at the 800 MOI of Ad-
Irf1 (Figure 2C). Under this condition, the expressions of inflam-
matory mediators such as Nos2 and Ptgs2 showed a slight
increase, whereas those of matrix-degrading enzymes such as
Adamts5 or Mmp13, as well as proinflammatory cytokine such
as 6, remained unaltered (Figure 2D and Supplementary
Table 2).

The in vivo effect of IRF1 overexpression was directly exam-
ined by IA injection of the AAV encoding Irf1 (AAV-Irf1) (Supple-
mentary Figure 2C). The confirmation of successful gene delivery
to mouse articular cartilage via this system was established by
introducing AAV carrying eGFP (AAV-eGFP), a gene that is not
endogenously expressed in mice (Supplementary Figure 2D). A
substantial overexpression of IRF1 was achieved in articular carti-
lage both at the transcript and protein levels, at four and eight
weeks after the initial 1A injection (Figure 2E-J). However, under
these experimental schemes, IRF1 overexpression did not result
in the emergence of OA phenotypes, such as cartilage destruc-
tion and subchondral bone sclerosis (Figure 2K and L). Despite a
significant overexpression of IRF1 in the synovium, there was no
apparent synovitis observed after the I1A delivery of AAV-Irf1 (Sup-
plementary Figure 2E and F and Figure 2K and L). uCT did not
reveal any subchondral bone remodeling in joints after overex-
pressing IRF1 (Figure 2M). Similarly, overexpression of IRF1 did
not induce mechanical allodynia, which was assessed as a pain
readout associated with OA in mice (Figure 2N).

Genetic deletion of Irfl exacerbates OA
development in mice. Next, we examined the pathophysio-
logic role of IRF1 in OA pathogenesis using /rf1 knockout (Irf1~")
mice. Irf1”~ mice exhibited normal cartilage development
without any significant difference in the relative lengths of the
growth plate zones of the developing cartilage on postnatal day
zero compared with those of WT mice (Figure 3A and B). We
confirmed that the IRF1 protein was completely absent in the
knee joint tissues, including articular cartilage, meniscus, synovial
membrane, and subchondral bone, of skeletally mature 12-week-
old Irf1™~ mice (Figure 3C and Supplementary Figure 3A). We
then performed DMM surgery on adult WT and Irf1™"~ mice.
Irf1~~ mice exhibited augmented OA progression, accelerating
cartilage degeneration at both six and eight weeks after DMM
surgery (Figure 3D and E and Supplementary Figure 3B-D).
Moreover, DMM-operated Irf1 ~~ mice exhibited significant
enhancement of other major OA manifestations, such as
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Figure 1. IRF1 is down-regulated in osteoarthritic chondrocytes independent of IFN signaling pathways. (A—C) Representative images of Alcian
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blue staining with IRF1 IHC (A), corresponding OARSI grades (B), and quantification of IHC in human cartilage (n > 4) (C) are shown. (D-F)
Representative images of Safranin O staining (n > 5) with IRF1 IHC (n = 3) (D), corresponding OARSI grades (E), and quantification of IHC in the
mouse articular cartilage (F) are shown. (G-l) mRNA and protein levels of the indicated genes in mouse chondrocytes treated with IFNa or IL-18
are shown. gRT-PCR data (n = 4) (G), representative Western blot images (H), and quantification data (n = 4) (l) are given. (J-L) mRNA and protein
levels of the indicated genes in mouse chondrocytes treated with IFNy or IL-1B are shown. gRT-PCR data (n = 4) (J), representative Western blot
images (K), and quantification data (n = 4) (L) are given. Data are presented as the mean + SEM. P values were obtained using the Kruskal-Wallis
test (B and E) followed by the Mann-Whitney U test (C, F, G, I, and J) and ANOVA followed by Fisher’s LSD test (L). Scale bars: 100 um (A) and
50 um (D). Uncropped Western blot images are in Supplementary Figure 6A. ADAMTS5, a disintegrin and metalloproteinase with thrombospondin
motifs 5; ANOVA, analysis of variance; DMM, destabilization of the medial meniscus; IFN, interferon; IHC, immunohistochemistry; IL, interleukin;
iNOS, inducible nitric oxide synthase; IRF1, interferon regulatory factor 1; LSD, least significant difference; mRNA, messenger RNA; OA, osteoarthri-
tis; OARSI, Osteoarthritis Research Society International; MMP13, matrix metalloproteinase 13; gRT-PCR, quantitative real-time polymerase chain
reaction; Sup, culture supernatant.

IR
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Figure 2. IRF1 overexpression does not affect OA pathogenesis in mice. Representative Western blot images (A) and quantification from mouse
chondrocytes infected with Ad-eGFP or Ad-Irf1 (n = 3) (B) are shown. Transcriptomic analysis of mouse chondrocytes infected with Ad-eGFP (C)
or Ad-Irf1 (D) at 800 MOI (n = 3) is shown. Transcript levels of Irf7 (C) and indicated genes (D) are shown. (E-J) IRF1 mRNA and protein levels in
mouse articular cartilage after the injections of AAV-eGFP or AAV-Irf1 are given. Relative Irf1 expression (n = 3) in four weeks (E) and eight weeks
(H) is shown. Representative images and quantification of IRF1 IHC (n > 5) at four weeks (F and G) and eight weeks (n = 3) (I and J) are shown.
(K) Representative histology of knee joint from indicated mice is shown. (L) Histologic grading of OA manifestations (n > 3) is shown. (M) uCT of
AAV-eGFP- or AAV-Irf1-injected mice is shown. (N) Withdrawal threshold in the hind paw of indicated mice (n > 10) is shown. Data are presented
as the mean + SEM. P values were obtained using ANOVA followed by Fisher’s LSD test (B), the Wald test followed by Benjamini-Hochberg cor-
rection (C and D), Student’s t-test (E, G, H, J, and N), and the Mann-Whitney U test (L). Scale bars: 50 um (F, I, and K). Uncropped Western blots
are given in Supplementary Figure 6B. AAV, adeno-associated virus; Ad-eGFP, adenovirus-expressing green fluorescent protein; ANOVA, analy-
sis of variance; IHC, immunohistochemistry; IRF1, interferon regulatory factor 1; LSD, least significant difference; MOI, multiplicities of infection;
mMRNA, messenger RNA; OA, osteoarthritis; OARSI, Osteoarthritis Research Society International; uCT, microcomputed tomography.
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Figure 3. Irf1 knockout augments post-traumatic OA in mice. (A) Histologic images of the proximal tibial epiphysis from newborn (PO) WT and
Irf1~'~ mice are shown. (B) Relative length of each growth plate zone normalized to the total of the epiphyseal cartilage length (n > 4) is given.
(C) Representative IHC images of IRF1 in knee joint from WT and Irf1~/~ mice are shown. F, femur; M, meniscus; T, tibia. (D) Histology of knee joint
from sham- or DMM-operated WT and /rf1~'~ mice eight weeks post-surgery is shown. (E) Histologic grading of OA manifestations (n > 5) is given.
(F) uCT of WT and Irf1~/~ mice at the indicated time points post-DMM is shown. Yellow arrowheads indicate subchondral sclerosis. (G) Withdrawal
thresholds in the hind paw of WT and /rf7~/~ mice (n = 5) are shown. (H) Histologic and IHC images of knee joint from sham- or DMM-operated WT
and Irf1™"~ mice six weeks post-surgery (n >4) are shown. () Indicated proteins were detected by IHC. Quantitation of p16™K4a. and
MMP13-positive cells is given. Data are presented as the mean + SEM. P values were obtained using Student’s t-test (B and I), the Mann-Whitney
U test (E), and ANOVA followed by Fisher’s LSD test (G). Scale bars: 100 um (A) and 50 um (C, D, and H). ANOVA, analysis of variance; DMM,
destabilization of the medial meniscus; F, femur; IL, interleukin; HMGB1, high mobility group box 1; IHC, immunohistochemistry; IRF1, interferon
regulatory factor 1; LSD, least significant difference; M, meniscus; MMP13, matrix metalloproteinase 13; OA, osteoarthritis; OARSI, Osteoarthritis
Research Society International; PO, postnatal day 0; SASPs, senescence-associated secretory phenotypes; T, tibia; WT, wild-type; uCT, micro-
computed tomography.
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subchondral bone sclerosis and osteophyte formation (Figure 3D
and E and Supplementary Figure 3B-D). In accordance with our
histologic evaluations, which revealed substantial elevations in
BV/TV and Subcho.BP.Th in /1™~ mice (Supplementary
Figure 3E), pCT analysis of DMM-operated mice across the time
course of the experiment indicated that /rf7™~ mice displayed
markedly accelerated subchondral bone remodeling in the medial
tibial plateau compared with WT mice (Figure 3F). Moreover, Irf1~/~
mice exhibited a marked reduction in the threshold of response to
mechanical stimuli, indicating a significant progression of mechani-
cal allodynia (Figure 3G).

In OA, senescent chondrocytes accumulate in the articular
cartilage, and SASP factors released by senescent chondrocytes
contribute to the breakdown of the cartilage matrix and chronic
inflammation in the joints.’®'® Thus, we examined how /rf1
knockout affects the senescence of chondrocytes in mice. To
detect senescent chondrocytes, the expression of p16™<42 and
high mobility group box 1 (HMGB1) were examined in sham-
and DMM-operated WT and /rf7~~ mice. Nuclear expression of
HMGB1 is known to be lost in senescent chondrocytes of OA
cartilage.'® At six weeks after DMM surgery, WT mice exhibited
mild-to-moderate OA with a relatively small fraction of senescent
cells in their articular cartilage, indicated by the low levels of
p16™<4a and nuclear HMGB1 (Figure 3H and I). In contrast,
Irf1~"~ mice displayed a significantly higher fraction of p16™<4a-
positive chondrocytes in the superficial zone of the cartilage;
furthermore, nuclear localization of HMGB1 was absent in the
articular cartilage of /rf1™~ mice. Consistent with the increased
populations of senescent chondrocytes in DMM-operated /rf1~/~
mice, their articular cartilage expressed elevated levels of
MMP13 and IL-6 (Figure 3H and I), key SASP factors underlying
cartilage destruction.?°?! The elevation of p16™<*® and SASP
factors was noticeable in the cartilage of /rf7~~ mice as early as
four weeks post-DMM, at which WT mice had not shown signifi-
cant up-regulation of these factors (Supplementary Figure 3F
and G). Besides the cartilage in the joint tissues, the meniscus of
Irf1~'~ mice displayed a moderate increase in the expression of
p16™N12 and MMP13 (Supplementary Figure 3H). Taken
together, our results highlighted the deleterious effects of IRF1
deficiency on OA development.

IRF1 regulates the expression of DNA repair genes,
having footprints on their promoters. We set out to inves-
tigate the mechanisms underlying the protective role of IRF1 in
the development of OA. First, we characterized regulatory ele-
ments accessible to IRF1 via DNA footprint analysis in chondro-
cytes by employing the assay for ATAC-seq (Figure 4A).
Because transcription factor (TF)-bound DNA regions are
protected from Tn5 transposase cleavage during ATAC-seq,
comparing DNA footprints to TF motif databases enables the
identification of direct TF-binding sites. We performed footprint
analysis across the regulatory regions with open chromatin
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defined as —3,500 to +500 base pairs from the transcription start
sites (Supplementary Figure 4A). We identified 1,262 potential
IRF1 target genes by mapping the DNA footprints that
overlapped with the binding motifs of IRF1 (Figure 4B and
Supplementary Figure 4B-D). We then conducted gene ontology
(GO) analysis on the genes containing IRF1 footprints to reveal
their functional associations in chondrocytes. The IRF1-foot-
printed genes were significantly associated with functional anno-
tations related to DNA damage response pathways, such as
“RNA methyltransferase activity,”?*> “Damaged DNA binding,”
“tRNA  (cytosine)  methyltransferase  activity,”®>  and
“Lys63-specific deubiquitinase activity2* (Figure 4C). To further
examine that IRF1 footprints are present in the promoters of
DNA damage response genes in chondrocytes, footprinting
analysis was selectively performed on the regulatory regions of
the target genes. Distinct footprint patterns of IRF1 were identified
in the promoter regions of DNA damage-responsive (Figure 4D)
and DNA repair (Supplementary Figure 4E) genes. In contrast,
no evident footprint patterns were observed in the promoters of
IFN-responsive genes (Figure 4E and Supplementary Figure 4F
and G). To validate whether IRF1 regulates the expression of DNA
repair genes, we performed RNA sequencing (RNA-seq) on chon-
drocytes transfected with small interfering RNA (siRNA) targeting
Irf1 or control siRNA. Gene set enrichment analysis revealed that
the “DNA repair” gene set from GO annotations was negatively
enriched in the whole transcriptome of Irf7 knockdown chondro-
cytes (Figure 4F). Conversely, DNA repair genes exhibited overall
increase upon IRF1 overexpression using adenoviral infection
(Supplementary Figure 4H). Next, we conducted an integrated
analysis of our bulk RNA-seq and ATAC-seq data. Building upon
the identification of genes containing IRF1 footprints through
ATAC-seq analysis, our bulk RNA-seq data revealed overall
down-regulation of these IRF1-footprinted genes in response to
Irf1 knockdown (Figure 4G and Supplementary Table 3). We further
focused on DNA repair-associated genes that possess IRF1 foot-
prints in their promoters. The IRF1—footprinted DNA repair genes
such as Ascc3, Helb, Smc6, Bod 11, and Erccél exhibited significant
down-regulation upon the knockdown of Irf7 in primary cultured
mouse chondrocytes (Supplementary Figure 4l). Collectively, IRF1
governs the transcriptional regulation of DNA damage response
genes in chondrocytes.

IRF1 protects against irreversible DNA damage and
senescence in chondrocytes. Chondrocytes are continually
exposed to various cellular stressors, including oxidative stress,
which can ultimately cause DNA damage, '°° underscoring the
importance of robust DNA repair mechanisms. Thus, we tested
whether IRF1 expression is necessary for mediating DNA repair
processes in chondrocytes. The repair kinetics after DNA damage
were examined in chondrocytes treated with bleomycin, a
DNA-damaging agent. In control siRNA-treated chondrocytes,
the y-H2AX foci positivity significantly decreased after
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Figure 4. Association of IRF1 footprints with DNA repair genes in chondrocytes. (A) Flowchart of ATAC-seq analysis performed in chondrocytes
is given. After three biologic replicates were aligned to a reference genome, peak calling and peak annotation were conducted with merged reads
followed by footprint analysis. (B) Aggregated plot for bias-corrected footprints of IRF1 is shown. Mean ATAC-seq signals were centered around a
predicted binding motif of IRF1 from JASPAR. (C) Top 10 GO molecular function annotations associated with IRF1—footprinted genes are ranked
by P values calculated with Fisher’s exact test. The red graphs indicate GO annotations related to DNA damage response. (D and E) Footprints of
IRF1 in promoter regions of indicated gene sets. ATAC-seq signals were calculated from the GO annotations “Response to DNA damage
stimulus” (D) and “Response to interferon a, B, y” (E), respectively. (F and G) Transcriptomic analysis of Irf7 knockdown mouse chondrocytes is
shown. (F) GSEA result using a “DNA repair” gene set from GO annotations represented with NES and a nominal P value is given. (G) Heatmap
of IRF1—footprinted DEGs with z scores calculated from log-transformed normalized counts is shown. ATAC-seq, assay for transposase-accessi-
ble chromatin with sequencing; DEG, differentially expressed gene; GO, Gene Ontology; GSEA, gene set enrichment analysis; IRF1, interferon reg-
ulatory factor 1; NES, normalized enrichment score; siRNA, small interfering RNA; TF, transcription factor; tRNA, transfer RNA.

8 hours, indicating that DNA damage was efficiently repaired
(Figure 5A and B). In contrast, chondrocytes with /rf7 knock-
down did not exhibit a decrease in y-H2AX foci positivity over
time, resulting in the marked accumulation of DNA damage.
We then employed the comet assay to assess DNA damage
in chondrocytes after bleomycin exposure, revealing that sig-
nificant DNA breakage persisted in Irf1 knockdown cells, in con-
trast to those treated with control siRNA (Figure 5C and D).
Because persistent activation of DNA damage responses leads to
cellular senescence,?® we further examined whether Irf1 knock-
down affects the entry of chondrocytes into a state of senescence.
Chondrocytes with Irf7 knockdown displayed a higher proportion
of SA-B-Galpositive cells after exposure to bleomycin
(Figure 5E and F). Consistently, the knockdown of /rf7 resulted
in a significant increase in Cdkn2a'™“? expression in chondro-
cytes treated with bleomycin (Figure 5G).

Finally, chondrocytes are unavoidably exposed to the risk
of mechanical overload, which is associated with the production
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of ROS.® In addition, etiologic OA risk factors, such as aging and
obesity, contribute to the disruption of redox homeostasis, result-
ing in a net increase in cellular ROS. Thus, we examined whether
IRF1 was responsible for managing ROS-induced DNA damage.
Because chondrocytes originate from low-oxygen physiologic
environments,?” prolonged normoxic exposure induces signifi-
cant oxidative stress in primary cultured mouse chondrocytes. '®
Notably, we found that the knockdown of Irf7 markedly facilitated
the onset of senescence in chondrocytes cultured under nor-
moxia after a single serial passage, a stage at which chondro-
cytes treated with control siRNA showed no significant signs of
senescence (Figure 5H and Supplementary Figure 5A). Next, we
performed a time-course analysis of y-H2AX in vitro assays using
H>O, (Figure 51 and 5J). In chondrocytes treated with control
siRNA, the positivity of y-H2AX foci significantly decreased at
8 hours and continued to decrease at 12 hours, demonstrating
efficient DNA damage repair. In contrast, chondrocytes with Irf1
knockdown did not show a decrease in y-H2AX foci positivity over

35UB9| 7 SUOWILLOD dAR.ID 3|qedt|dde ay) Aq peusenob afe 3o YO ‘8sh JO Sa|NJ Joy Akelg1auluQ 8|1 UO (SUO 1} PLOI-pUR-SLLLIB) W0 A8 | 1M Aleld 1puluo//SdNY) SUOIPUOD pUe SWB | 33 89S [7202/0T/0E] Uo Aiqiauluo A3 ‘Ariqi AsAIUN SUeWOM eYM3 AQ GT8Z 1e/200T OT/I0p/Wod A8 Im Aseiq (jpul|uo's feuIno19e//:sdny wouy pepeojumoq ‘9 ‘¥20g ‘50259282


https://acrjournals.onlinelibrary.wiley.com/action/rightsLink?doi=10.1002%2Fart.42815&mode=

890 CHOETAL
A B C D
i - i Bleomycin (ug/ml
Time post-bleomycin (1 pug/ml) exposure (h) ® Control SIRNA ycin (pg/ml) ® Vehicle
® Irf1 5|RNA @ Bleomycin P =0.0008
=0.0023
<Z( " 100 <Z(
[ 3 x
@ o 80 ° hd ®
z|E 2 g z
< | E A ° b=
£
218 g eoqfs . 3 s
= x £
g S 40 o g
I I (] o
Sl > < pld
2 « 20 Z
: ° : : i
D ES @
= 0 T = =
E 4 8 12 0 4 8 12 X A B E 5 ©
sil 5= s =
Time post-bleomycin (1 pg/ml) exposure (h) 5 5
o o
Direction of migration
Bleomycin (ug/ml)
E G e venicle H
0 10 ® Bleomycin (10 pg/ml) ® 20% oxygen
<|= 7 ° Connrol siRNA P=0.0011 ® 3% oxygen
Z g ® Irf1 siRNA P <0.0001
K @ 100 4 » 504 P<0.0001
S = 2
£ 3 P=0.0035 F’ 0.0017 . 3 P =0.0002
5|3 2 80 P=0009 o £53 2 40
4 z 1 87 5
s 2 60 P=0.0042 ® . 25, s
Za e 8 O3 8
2 ? 40 °q D 20
4 e o o9 g 23 <&
% B 2 < . ST 1 <
» - - g 20 o (o | T E B 10
= 3 ﬁ : : 3
s o8 o ¥ 0 S
.- 5 = 5 = 5 = 5 =
0 10 20 50 0 10 20 50 o o o S
siRNA: € £ k= = siRNA: € = € =
Bleomycin (ug/ml) 3 38 38 3
Passage 1
. P<0. 1
I Time post-H,0, (50 M) exposure () J 00001 o GontrolIRNA K @ Control SIRNA
® Irf1 siRNA ® Irf1 siRNA
100 £ 100 P =0.0002
:ZZ o2 R 3 0.000: P=0.0022
°
* § 80 ° 2 g0 P =0.0007
|8 £ o| o] & 2 P 0.0277
515 ‘g 60 & 60 0.0494
z|° 5 8 u
< § 40 (!:1 40
T T <
P4 5 ‘s
4
: : Nl laln i
T 0 4 8 12 0 10 20 50 100 0 10 20 50 100
Time post-H,0, (50 uM) exposure (h) H,0, (M)
L M Time post-bleomycin ® 0 h
Time post-bleomycin (1 pg/ml) exposure (h) (1 pg/ml) exposure (h) @ 12h oWT
0 12 P <0.0010 ® Irf1-
1001 N O 304 P <0.0001
° Anti-y-H2AX
a e N °
5 2 80 —L 2
e ] P=0.0012 s
52 2 £ 2 207
= = 60 ° b D
2 8 n 3
8 < %
i < 404 N
£ T I 104
S L = fg
5l 5 204 <]
< = g = oo
0 o
Irf1- mouse chondrocytes Sham DMM

& E gt
§ 2 %32
2 E:

Irf17-mouse chondrocytes

Figure 5. The role of IRF1 in preventing DNA damage accumulation and senescence in chondrocytes. (A-G) Chondrocytes, transfected with
indicated siRNAs, were treated with bleomycin. Representative images of y-H2AX immunofluorescence at the indicated time points (A) and quan-
tification (n = 3) (B) are shown. Representative images of comet assay (C) and olive moments quantification (n = 5) (D) are shown. Yellow arrow-
heads represent migration of damaged DNA streak. SA-B-Gal staining (E) and quantitation (n = 6) (F) are shown. (G) Relative Cakn2a™
expression (n = 3) is shown. (H) Quantitation of SA-B-Gal staining in mouse chondrocytes treated with indicated siRNAs cultured under normoxia
or hypoxia (n = 3) is shown. (I-K) siRNA-transfected chondrocytes were treated with H,O,. Representative y-H2AX immunofluorescence (l) and
quantification (n = 4) (J) are shown. (K) Quantitation of SA-B-Gal-positive chondrocytes (n = 3) is shown. (L and M) Irf1~"~ chondrocytes, infected
with Ad-eGFP or Ad-Irf1, were treated with bleomycin. y-H2AX immunofluorescence (L) and quantification (n = 4) (M) are shown. Representative
images of y-H2AX IHC in knee joint from sham- or DMM-operated WT and /rf1~/~ mice six weeks post-surgery (N) and quantification (n = 3)
(O) are shown. Data are presented as the mean + SEM. P values for (B), (D), (F-H), (J), (K), (M), and (O) were obtained using ANOVA followed by
Fisher’'s LSD test. Scale bars: 50 um (A, C, E, I, L, and N). h, hour; Ad-eGFP, adenovirus expressing enhanced green fluorescent protein; ANOVA,
analysis of variance; DMM, destabilization of the medial meniscus; IHC, immunohistochemistry; IRF1, interferon regulatory factor 1; LSD, least sig-
nificant difference; MRNA, messenger RNA; SA-B-Gal, senescence-associated beta-galactosidase; siRNA, small interfering RNA; WT, wild-type.
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time, leading to the persistent accumulation of DNA damage.
They were prone to cellular senescence even at 10-fold lower
doses of H,O, in contrast to the control siBRNA-treated chondro-
cytes, which were resistant to entering a state of senescence until
they were exposed to a high dose of H>O, (100 puM) (Figure 5K).
IRF1 overexpression through the adenoviral system effectively
rescued DNA repair capacity, which had been compromised in
Irf1=/~ chondrocytes (Figure 5L and M). Moreover, the overex-
pression of IRF1 prevented the accumulation of DNA damage
and the entry into senescence elicited by bleomycin treatment in
WT chondrocytes (Supplementary Figure 5B-E). Combined with
our results in post-traumatic OA models of Irf7~~ mice (Figure 3
and Supplementary Figure 3), we demonstrate that IRF1 is
required for managing DNA repair in chondrocytes (Figure 5N
and O) such that its deficiency promotes chondrocyte senes-
cence, promoting SASP expression, and accelerating OA
progression.

DISCUSSION

IRF1 is an immunomodulatory TF that functions in antiviral
responses, 2&2° autoimmunity,>3° and immunologic development.'
The conventional notion suggests that the targeted inhibition of
IRF1 is a potential therapeutic approach for controlling inflamma-
tory diseases such as rheumatoid arthritis.®>*2 In the meantime,
with advances in the genome-wide discovery of TF and DNA inter-
actions, the binding of IRF1 to the cis-acting elements of DNA
repair genes has been noted.®* IRF1 expression was required to
mediate the repair of DNA interstrand crosslink damages in cellular
contexts. However, it is unknown to date whether the noncanonical
function of IRF1 in the DNA damage response has any physiologic
significance or whether it is an unconventional response exclusively
observed in cell culture conditions.

There is an emerging notion that OA is a disease caused by a
metabolic shift in redox homeostasis." 13143536 The resulting
oxidative stress causes permanent DNA damage in the chondro-
cytes, thereby promoting their entry into senescence.’®'
Senescent chondrocytes serve as a source of chronic inflamma-
tion in joints by expressing SASP factors, including proinflamma-
tory cytokines, chemokines, and proteases.’® Here, we
demonstrated that the primary role of IRF1 in cartilage is associ-
ated with its noncanonical contribution to mediating the DNA
damage response under continual stress conditions in the articu-
lar joint (Supplementary Figure 5F). IRF1 predominantly occupies
the promoters of DNA repair genes in chondrocytes. Chondro-
cytes lacking IRF1 expression are left with irreversible DNA dam-
age under oxidative stress, which facilitates their entry into
cellular senescence. Genetic deletion of /rf7 in mice causes accu-
mulation of senescent chondrocytes in the cartilage and acceler-
ates the progression of post-traumatic OA. Therefore, IRF1 is an
essential regulator of the DNA repair machinery in chondrocytes.
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Our findings indicate an elevation in mechanical allodynia
associated with OA in Irf1~~ mice. SASP factors produced in joint
microenvironments are crucial in eliciting OA-associated
neuropathic pain,'®" as further evidenced by pain relief in OA
joints after the senolytic removal of senescent cells. In fact, SASP
factors, including Mmp3 and Vegfb,1638 exhibited elevated levels
in chondrocytes after IRF1 knockdown, and these factors have
been mechanistically linked to the onset of mechanical allodynia
associated with OA.'® Therefore, the induction in SASP levels
observed in Irf1~'~ mice may serve as a contributing factor to the
observed pain aggravation in these mice. Furthermore, the pro-
duction of extracellular matrix fragments within the joint has been
linked to mechanical allodynia in joints. Notably, mice lacking
matrix-degrading enzymes demonstrate resistance to the devel-
opment of mechanical allodynia.®® Consequently, /rf7~~ mice,
which display the increased extent of cartilage degradation, may
be predisposed to experiencing heightened mechanical allodynia
in their joints.

We demonstrate that IRF1 expression is down-regulated in
the OA cartilage of both human patients and mouse models of
post-traumatic OA. Our findings suggest that IRF1 is primarily
regulated at the transcriptional level, as supported by the
consistent reduction in its transcript levels in the publicly available
transcriptome data set from both human patients with OA and
post-traumatic OA mouse models. Nevertheless, it should be
noted that IRF1 is subjected to a variety of regulatory
mechanisms, encompassing both transcriptional®® and post-
translational processes, which include sumoylation.*! Therefore,
a more comprehensive understanding of the precise regulatory
mechanisms governing IRF1 in osteoarthritic cartilage warrants
further investigation.

A limitation of our study is that we used whole-body /rf1
mice, although we primarily investigated the role of IRF1 in chon-
drocytes. As a result, we cannot entirely rule out the possibility
that IRF1 deficiency in other cell types comprising the joints
may contribute to augmented OA phenotypes in Irf1~~ mice.
Furthermore, although we did not observe any external develop-
mental defects in the musculoskeletal system of /rf1~~ mice,
compensatory pathways in response to Irf7 knockout may have
affected the in vivo phenotypes. Future investigations can
address these limitations by generating transgenic animals that
contain the floxed Irf7 and cre recombinase fused to a mutant
estrogen ligand-binding domain (CreER) driven by Col2al,
Acan, or Sox9 promoters to specifically delete Irf7 in the chon-
drocytes of adult mice. Nevertheless, it is important to note that
therapeutic modalities to treat OA are still administered systemi-
cally or through IA injection, affecting multiple cell types in the
body or joints, respectively. Thus, our finding that global defi-
ciency of IRF1 exacerbates OA phenotypes provides a critical
caveat in using pharmacological approaches that interfere with
IRF1 activity.

/-
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Risk factors for OA, such as age, obesity, and joint instability,
have been linked to ROS generation in joints.*>™** The lack of
continuous surveillance of oxidative DNA damage renders
chondrocytes vulnerable to cellular senescence and drives OA
development. We propose an unrecognized, chondroprotective
function of IRF1 that has substantial and immediate implications
for designing therapies and preventive medicines to limit OA
progression.
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