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Rheumatoid arthritis (RA) is a chronic and inflammatory autoimmune disease. Macrophage pyroptosis, a proinflammatory form of
cell death, is critically important in RA; however, the detailed mechanism underlying pyroptosis induction is not yet well
understood. Here, we report that DNA polymerase β (Pol β), a key enzyme in base excision repair, plays a pivotal role in RA
pathogenesis. Our data shows that Pol β expression is significantly decreased in peripheral blood mononuclear cells (PBMCs) from
active RA patients and collagen-induced arthritis (CIA) mice, and Pol β deficiency increases the incidence of RA, macrophage
infiltration, and bone destruction in CIA mouse models. In vitro, experiments showed that Pol β deficiency exacerbated
macrophage pyroptosis induced by LPS plus ATP, while overexpression of Pol β inhibited macrophage pyroptosis. Further
characterization revealed that Pol β knockout resulted in DNA damage accumulation and cytosolic dsDNA leakage, which activated
the cGAS-STING-NF-κB signaling pathway and upregulated the expression of NLRP3, IL-1 β, and IL-18. In conclusion, our findings
clarify the influence of Pol β on the development of RA and provide a detailed explanation for the STING-NF-κB pathway to induce
macrophage pyroptosis.
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INTRODUCTION
As a chronic inflammatory joint disease, rheumatoid arthritis (RA)
is characterized by synovial inflammation, hyperplasia, and
autoantibody production and can cause cartilage and bone
damage, as well as disability [1, 2]. Rheumatoid arthritis may
involve a complex interplay of genotype, environmental triggers,
and chance. A variety of innate effector cells, including macro-
phages, mast cells, natural killer cells, and neutrophils, are
involved in RA pathogenesis [1]. Although the etiology of RA
remains elusive, it is believed that macrophages play important
roles in RA pathogenesis. There are a large number of
macrophages in the cartilage tissue and synovial tissue of RA
patients, and the number of macrophages has a certain
correlation with the degree of joint injury and clinical symptoms
[3]. Since macrophages generate cytokines that enhance inflam-
mation and contribute to the destruction of cartilage and bone,
these cells are of critical importance in RA.
Pyroptosis, one form of programmed cell necrosis, is emerging

as a general innate immune mechanism and is characterized by
rapid cytomembrane rupture and the release of proinflammatory
cytokines, particularly IL-1β and IL-18 [4, 5]. Previous studies have
shown that RA monocytes are prone to caspase-1-dependent
pyroptosis, including promoting NLRP3 inflammasome over-
activation, GSDMD cleavage, and caspase-1-dependent secretion
of IL-1β and IL-18 [6]. Additionally, emerging evidence has

suggested that NLRP3 expression and NLRP3-mediated IL-1β
secretion are increased in whole blood cells from active RA
patients upon stimulation via TLR3 and TLR4 [7]. The finding also
indicates that A20 deficiency in macrophages significantly
enhances NLRP3 inflammasome-mediated caspase-1 activation
and IL-1 β secretion, which contributes to the pathology of
rheumatoid arthritis in vivo [8]. Hence, these studies showed that
monocyte pyroptosis contributes to the pathogenesis of RA.
However, the intrinsic mechanism of pyroptosis induction in RA is
still unclear.
DNA polymerase beta (Pol β) is a key enzyme in base excision

repair (BER) [9]. In addition to functioning in DNA repair, Pol β was
also reported to participate in other physiological activities, such
as tumor growth, cell transformation, and tumorigenesis [10, 11].
Our studies have reported that Pol β modulates cancer progres-
sion by enhancing CDH13 expression by promoting DNA
demethylation [12]. Moreover, Pol β deficiency leads to neurode-
generation and exacerbates Alzheimer’s disease phenotypes [13].
Double inactivation of Pol β and ataxia telangiectasia mutated
(ATM) results in cerebellar ataxia [14]. Recently, a Pol β mutation
(Y265C) has been reported to be an underlying cause of systemic
lupus erythematosus (SLE) [15], which indicates that Pol β may be
associated with the inflammatory response. However, whether Pol
β is involved in other immune diseases and the underlying
mechanism is still unclear.

Received: 24 January 2022 Revised: 18 June 2022 Accepted: 27 June 2022

1Jiangsu Key Laboratory for Molecular and Medical Biotechnology, College of Life Sciences, Nanjing Normal University, 1 Wen Yuan Road, Nanjing 210023, China. 2Department of
Rheumatology and Immunology, the Affiliated Drum Tower Hospital of Nanjing University Medical School, Nanjing 210008, China. 2These authors contributed equally: Lili Gu,
Yuling Sun, Ting Wu. ✉email: panfeiyan@njnu.edu.cn; yinzhimin@njnu.edu.cn; guo@njnu.edu.cn
Edited by Professor Massimiliano Agostini

www.nature.com/cddis

Official journal of CDDpress

1
2
3
4
5
6
7
8
9
0
()
;,:

http://crossmark.crossref.org/dialog/?doi=10.1038/s41419-022-05047-6&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41419-022-05047-6&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41419-022-05047-6&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41419-022-05047-6&domain=pdf
http://orcid.org/0000-0003-3844-3563
http://orcid.org/0000-0003-3844-3563
http://orcid.org/0000-0003-3844-3563
http://orcid.org/0000-0003-3844-3563
http://orcid.org/0000-0003-3844-3563
http://orcid.org/0000-0002-5265-3535
http://orcid.org/0000-0002-5265-3535
http://orcid.org/0000-0002-5265-3535
http://orcid.org/0000-0002-5265-3535
http://orcid.org/0000-0002-5265-3535
http://orcid.org/0000-0002-3990-618X
http://orcid.org/0000-0002-3990-618X
http://orcid.org/0000-0002-3990-618X
http://orcid.org/0000-0002-3990-618X
http://orcid.org/0000-0002-3990-618X
http://orcid.org/0000-0003-0532-7208
http://orcid.org/0000-0003-0532-7208
http://orcid.org/0000-0003-0532-7208
http://orcid.org/0000-0003-0532-7208
http://orcid.org/0000-0003-0532-7208
http://orcid.org/0000-0001-7771-1829
http://orcid.org/0000-0001-7771-1829
http://orcid.org/0000-0001-7771-1829
http://orcid.org/0000-0001-7771-1829
http://orcid.org/0000-0001-7771-1829
https://doi.org/10.1038/s41419-022-05047-6
mailto:panfeiyan@njnu.edu.cn
mailto:yinzhimin@njnu.edu.cn
mailto:guo@njnu.edu.cn
www.nature.com/cddis


Accordingly, the present study was designed to investigate the
effects of Pol β on RA. We demonstrated that Pol β deficiency
significantly exacerbated disease severity. Moreover, the functions
of Pol β in regulating RA are achieved by inhibiting macrophage
pyroptosis. Further studies indicated that the regulation of
macrophage pyroptosis by Pol β was dependent on the cGAS-
STING-NF-κB pathway. Overall, this study demonstrates the
important function of Pol β in RA pathogenesis and provides
molecular insight into the cause of DNA damage-mediated innate
immune disease.

RESULTS
Pol β levels are decreased in active RA patients and collagen-
induced arthritis (CIA) mice
As a key enzyme in the BER pathway, Pol β mutations lead to
reduced BER efficiency and genomic instability, resulting in the
occurrence of autoimmune diseases and chronic inflammation
[15, 16]. To assess whether Pol β is involved in the occurrence of
RA, we first took the advantage of the availability of the public
RNA-seq data from the Gene Expression Omnibus (GEO) and
compared the expression of Pol β in T cells between active RA
patients and healthy donors (GEO: GSE56649) [17]. The data
showed that Pol β mRNA level was lower in active RA patients
than in healthy donors (Fig. 1A). We further isolated PBMCs from
active RA patients and healthy donors and measured Pol β mRNA
level (Table S2). It was shown that Pol β was significantly down-
regulated in PBMCs from RA patients (Fig. 1B). These results
indicate that Pol β may be associated with RA occurrence. To
further clarify the relationship between Pol β and RA develop-
ment, we established CIA mouse models by injecting chicken type
II collagen (Fig. S1) and examined the mRNA and protein levels of
Pol β in the ankles of mice by qRT-PCR and Western blotting,
respectively. Our data showed that Pol β mRNA and protein levels
were dramatically decreased in CIA mice compared with mice in
the control group (Fig. 1C–E). These results suggest that Pol β
expression correlates with rheumatoid arthritis.

Pol β deficiency exacerbates disease severity in CIA mice
To investigate whether Pol β is involved in the occurrence of RA,
we created Pol β+/− mice by CRISPR/Cas9-mediated genome
engineering [18] (Fig. S2) and constructed a Pol βR137Q mouse
model using targeted gene disruption [19, 20]. Actually, no
obviously visible phenotype was observed in both kinds of
transgenic mice, however, the inflammatory factors (IL-1β, IL-18,
IFNα, IFNβ) in different tissues were detected upregulated with Pol
β deficiency (Fig. S3). Considering the classical function of Pol β in
DNA repair, we then wondered whether the role of Pol β was
specific for stress conditions. To better clarify the important role of
Pol β in RA, we established CIA models on the basis of transgenic
mice. Body weight and arthritis scores were measured twice per
week during the study. We found that body weight was
significantly reduced in Pol β+/− mice and Pol βR137Q mice (Fig.
S4), while arthritis scores (Fig. 1F, G) and paw swelling were
significantly increased (Fig. 1 H, I). Moreover, paw swelling
occurred earlier in Pol β+/− mice and Pol βR137Q mice than in WT
mice. Histopathological analysis and safranin O/ fast green
staining also showed that inflammatory cell infiltration, bone
destruction, and cartilage injury were more serious in Pol β+/−-CIA
mice and Pol βR137Q-CIA mice than in WT mice (Fig. 1J–M).
Therefore, our data showed that Pol β deficiency exacerbated
disease severity in CIA mice.

Pol β deficiency exacerbates the inflammatory response and
macrophage pyroptosis
It has been established that macrophage pyroptosis plays an
important role in RA progression, which can trigger the release of
IL-1β and IL-18 and induce an uncontrollable inflammatory

response [21]. The mRNA and protein levels of pyroptosis-
related molecules such as NLRP3, caspase-1, IL-1β, and IL-18 in
the PBMCs of RA patients were significantly higher than those of
healthy subjects [7]. To investigate whether Pol β deficiency
affects the expression of inflammatory factors, the mRNA levels of
IL-1β and IL-18 in CIA mice were measured by qRT-PCR. Our data
showed that the mRNA levels of both genes were significantly
higher in the spleen, thymus, and arthrosis of Pol β+/−-CIA mice
(Figs. 2A and S5A–C) and Pol βR137Q-CIA mice (Figs. 2B and S5D–F)
than in WT mice. Accordingly, the ELISA data further confirmed
the elevated protein expression of IL-1β in the serum and arthrosis
of Pol β+/−-CIA mice (Figs. 2C, D and S5G) and Pol β R137Q-CIA mice
(Figs. 2E, F and S5H). These data revealed that Pol β deficiency
exacerbated the expression of inflammatory factors. In addition,
we examined the expression of NLRP3 and GSDMD-N to detect
macrophage pyroptosis. The qRT-PCR and Western blotting results
showed that NLRP3 and GSDMD-N were upregulated in Pol
β+/−-CIA mice and Pol β R137Q-CIA mice compared with WT mice
(Fig. 2G–L).
To further clarify whether Pol β affects macrophage pyroptosis,

we first established stable RAW264.7 cell lines, which were
infected with lentivirus expressing Pol β or Pol β shRNA (Fig.
S6). We also isolated and cultured primary mouse bone marrow-
derived macrophages (BMDMs) from Pol β+/− transgenic mice or
Pol β+/+ mice, which were identified with an F4/80-specific
antibody (Fig. S7). These cells were treated with LPS plus ATP to
induce pyroptosis (Fig. S8). Then, the expression of the pyroptosis-
related molecules NLRP3, GSDMD-N, and cleaved caspase-1 was
measured by Western blotting, and the results showed that the
protein levels of these molecules were dramatically increased in
Pol β-knockdown RAW264.7 cells or BMDMs from Pol β+/−

transgenic mice, while decreased in Pol β-overexpression cells
(Fig. 3A, B). It has been reported that GSDMD can form membrane
pores after being cleaved by activated caspase-1 during
pyroptosis [22, 23]. To verify the role of Pol β in pyroptosis, the
integrity of the cell membrane, a typical feature of pyroptosis, was
examined by Hoechst 33342/PI double fluorescent staining. As
shown in Fig. 3C, D, compared with the control group, Pol
β-knockdown cells and BMDMs from Pol β+/− transgenic mice
exhibited membrane rupture, while this was rescued by Pol β
overexpression. LDH release also showed the same effects in these
cells (Fig. 3E, F). Moreover, we performed ELISA to measure the
levels of IL-1β and IL-18 in the cell culture supernatant. Our data
showed that after treatment with LPS plus ATP, more IL-1β and IL-
18 were secreted in Pol β-deficient RAW264.7 cells or BMDM cells,
but less in Pol β-overexpression cells (Fig. 3G–J). Taken together,
these data indicated that Pol β regulated the inflammatory
response and pyroptosis.

Pol β deficiency exacerbates DNA damage and increases the
leakage of dsDNA into the cytoplasm in pyroptotic
macrophages
Pol β is the key enzyme in base excision repair, and its deficiency
may lead to the accumulation of DNA damage in cells. To explore
the potential mechanism of Pol β in macrophage pyroptosis, we
first used the alkaline comet assay to measure DNA damage in
RAW264.7 cells treated with LPS and ATP. Our data showed that
LPS plus ATP treatment significantly increased single- and double-
strand DNA breaks in both cell lines. Moreover, as expected, Pol β
deficiency exacerbated this effect that was rescued by Pol β
overexpression (Fig. 4A, B). Next, Western blotting analysis of γ-
H2AX, a well-characterized marker of DNA damage [24] further
confirmed the results (Fig. 4C). These effects were also observed in
BMDM cells (Fig. 4D–F). Additionally, similar results were obtained
by immunofluorescence staining to detect γ-H2AX foci formation
in RAW264.7 cells (Fig. 4G). The occurrence of double-stranded
DNA (dsDNA) in the cytosol is a potent trigger of the innate
immune system [25]. To investigate whether cytosolic dsDNA is
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involved in macrophage pyroptosis exacerbated by Pol β
deficiency, immunofluorescence staining using an anti-dsDNA
antibody was performed to visualize cytosolic dsDNA. The
fluorescence signal revealed that the level of cytosolic dsDNA

was significantly increased in all pyroptotic RAW264.7 cells
induced by LPS plus ATP. Consistent with the DNA damage
results, this increase was exacerbated by Pol β deficiency while
rescued by Pol β overexpression (Fig. 4H). The formation of γ-
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H2AX foci and the level of cytosolic dsDNA were also significantly
increased in BMDM cells from Pol β+/− transgenic mice induced by
LPS plus ATP (Fig. 4I–J). Taken together, our data showed that DNA
damage was increased during macrophage pyroptosis and that
Pol β deficiency exacerbated DNA damage and cytosolic dsDNA
accumulation.

The innate immune cGAS-STING pathway is activated by Pol β
deficiency
It is well known that the cGAS-STING pathway can be aberrantly
activated in autoimmune and inflammatory diseases and can also
be activated by DNA damage [25]. Therefore, the exacerbation of
the inflammatory response induced by Pol β deficiency may be
due to the activation of the cGAS-STING pathway through the
accumulation of DNA damage. To test this hypothesis and gain
insight into the detailed mechanism by which Pol β regulates the
inflammatory response, Pol β-knockout MEFs were used as the Pol
β deficiency model in vitro, and knockout efficiency was
confirmed by Western blotting (Fig. S9A). We first analyzed the
levels of γ-H2AX, 53BP1, chromosome breakage, and chromosome
aneuploidy to evaluate the effect of Pol β deficiency on DNA
damage. We found that the levels of γ-H2AX (Fig. S9A) and 53BP1
(Fig. S9B, C) were increased in Pol β−/− MEFs. Karyotype analysis
indicated severe chromosome breakage and chromosome aneu-
ploidy in Pol β−/− MEFs (Fig. S9D). These results showed that Pol β
deficiency increased DNA damage and chromosome breakage.
Then, we measured dsDNA in the cytoplasm and found that the
levels of cytosolic dsDNA were significantly increased in Pol β−/−

MEFs (Fig. S9E, F).
To investigate whether the cytosolic dsDNA was derived from

nuclear DNA damage, we used immunofluorescence staining to
examine the colocalization of γ-H2AX (Fig. 5A, green) and cytosolic
dsDNA (Fig. 5A, red). In the Figure, yellow fluorescence indicates
the colocalization of dsDNA and γ-H2AX. In Pol β−/− MEFs, the
overlap was significantly increased compared to that in WT MEFs
(Fig. 5A).
Next, to further explore whether dsDNA leaked from the

nucleus through the nuclear membrane, cells were immunos-
tained with anti-nucleoporin 98 (NUP98) and anti-Lamin B1, which
are two nuclear membrane envelope markers. Confocal fluores-
cence imaging revealed the presence of DNA buds and speckles
close to the nuclear membrane, which indicated that nuclear
membrane integrity might have been disrupted (Fig. 5B, C).
Furthermore, we performed electron microscopy to examine
nuclear membrane integrity and found that there were cracks
between the internal and external nuclear membranes, and the
nuclear membranes were partially fractured in Pol β−/− MEFs (Fig.
5D). Collectively, our data suggested that Pol β deficiency
increased DNA damage leaking to the cytosol via a compromised
nuclear membrane.
Once dsDNA leaks to the cytoplasm, the cytosolic DNA sensor

cGAS can recognize cytosolic dsDNA and activate its downstream
pathway. The colocalization of cGAS and dsDNA was examined by
immunofluorescence analysis and suggested cGAS activation (Fig.
6A). The Western blot results showed that Pol β−/− MEFs exhibited
higher levels of phosphorylated STING than WT MEFs (Fig. 6B). In

addition, IL-1β and IL-18 expression in Pol β−/− MEFs was much
higher than that in WT cells (Fig. 6C), while Pol β overexpression in
Pol β–/– MEFs partially weakened the induction of IL-1β and IL-18
(Fig. 6D, E). To examine the role of the cGAS-STING pathway in IL-
1β and IL-18 expression induced by Pol β deficiency, we then
treated the cells with CCCP, an inhibitor of STING phosphorylation
(Fig. 6F). The real-time qPCR data showed that IL-1β and IL-18
induction in Pol β−/− MEFs was decreased substantially with CCCP
treatment (Fig. 6G). Moreover, STING knockdown by shRNA
produced consistent results (Fig. 6H, I). The overexpression of
STING increased the induction of IL-1β and IL-18 in Pol β−/− MEFs
(Fig. 6J, K). These data show that the cGAS-STING pathway plays
an important role in the increases in IL-1β and IL-18 induced by
Pol β deficiency.

Pol β deficiency exacerbates pyroptosis in macrophages via
the cGAS-STING-NF-κB pathway
DNA is a potent activator of inflammatory responses, and among a
dozen DNA sensors, the cGAS-STING pathways are central to
nucleic acid sensing [26]. cGAS–STING signaling can lead to the
activation of NF-κB and the induction of inflammatory cytokines
[27, 28]. After confirming the effect of Pol β on macrophage
pyroptosis, we next investigated whether the cGAS-STING-NF-κB
pathway was involved in the molecular mechanisms of this effect.
As shown in Fig. 7A, B, p-STING and p-NF-κB-p65 were increased in
RAW264.7 cells treated with LPS and ATP, and these levels were
further increased by Pol β knockdown and decreased by Pol β.
However, pretreatment with CCCP effectively abolished the
activation of STING and NF-κB p65 induced by Pol β knockdown.
Subsequently, the upregulation of NLRP3 was also abolished by
CCCP or JSH-23 (an NF-κB-p65 phosphorylation inhibitor) pretreat-
ment in Pol β-knockdown macrophages (Fig. 7A, B). Moreover, Pol
β deficiency in BMDMs induced the same effects (Fig. S10A, B).
Next, we investigated whether Pol β regulates the nuclear

translocation of NF-κB-p65. Immunofluorescence analysis showed
that NF-κB-p65 nuclear translocation was increased in pyroptotic
macrophages and Pol β knockdown enhanced this effect, which
was inhibited by CCCP pretreatment or Pol β overexpression (Figs.
7C and S10C). In addition, ELISA was performed to measure the
secretion of IL-1β and IL-18, and the results confirmed that the Pol
β knockdown-induced elevation in IL-1β and IL-18 was also
abolished by CCCP or JSH-23 treatment (Figs. 7D, E and S10D, E).
Taken together, these results indicated that Pol β regulated
pyroptosis in macrophages via the cGAS-STING-NF-κB pathway.
We further investigated whether the molecular mechanism by

which Pol β deficiency exacerbates inflammation is related to the
cGAS-STING-NF-κB pathway in CIA mice. The results showed that
the levels of p-STING, p-NF-κB-p65, and γ-H2AX were notably
upregulated in the ankles of CIA mice, and these levels could be
further upregulated by Pol β deficiency (Fig. 7F, G). Additionally, it
was observed that the levels of p-NF-κB-p65 in the ankles of Pol
β+/−-CIA or Pol βR137Q-CIA mice were markedly increased
compared to those in WT mice, as shown by immunofluorescence
assays (Fig. 7H). Overall, our results provide clear evidence that Pol
β is involved in CIA through the cGAS-STING-NF-κB pathway
in vivo.

Fig. 1 Pol β deficiency exacerbates disease severity in CIA mice. A, B Pol β expression in CD4+ T cells (GEO database: GSE56649) and PBMCs
from active RA patients and healthy donors. All data are means ± SD from at least six independent samples. *P < 0.05, **P < 0.01. Student’s t-
test (A, B). C qRT-PCR analysis of Pol β mRNA expression in the PBMCs of CIA mice. D The levels of Pol β mRNA in CIA mice’s ankles were
measured by qRT-PCR. Data present mean ± SD from at least 6 mice, *P < 0.05, **P < 0.01, ***P < 0.001, two-way ANOVA. E The levels of Pol β
protein in CIA mice’s ankles were measured by Western blotting. Data are representative blot of three independent experiments. Pol β
deficiency exacerbates disease severity in CIA mice. F, G The clinical arthritic scores of CIA mice. Data present mean ± SD from at least 6 mice,
***P < 0.001, two-way ANOVA. H, I Macroscopic images of CIA mice, images were taken on Day 49 before the mice were sacrificed.
J, K Histopathological analysis of CIA mice. Ankle joints were stained with H&E. Arrow indicates inflammatory cell infiltration. Scale bar,
500 μm. L, M The cartilage damage of CIA mice. Data present mean ± SD from at least 6 mice, *P < 0.05, **P < 0.01, ***P < 0.001, one-
way ANOVA.
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DISCUSSION
In the present study, we demonstrate that Pol β plays a role in
RA pathogenesis and that its deficiency exacerbates disease
severity in CIA mice. Pol β deficiency exacerbates DNA damage

and increases the leakage of dsDNA into the cytoplasm,
thereby activating the cGAS-STING-NF κB pathway and exacer-
bating the inflammatory response and macrophage pyroptosis
(Fig. 7I).

Fig. 2 Pol β deficiency exacerbates the inflammatory response and pyroptosis in CIA mice. A, B qRT-PCR analysis of IL-1βmRNA expression
in the spleen, thymus, and arthrosis of control and CIA mice. Data points indicate individual mice. Data present mean ± SD from at least 6
mice. *P < 0.05, **P < 0.01, ***P < 0.001, two-way ANOVA. C, D ELISA quantitation of IL-1β protein in the serum and arthrosis of Pol β +/+-NC, Pol
β +/+-CIA and Pol β +/−-CIA mice. E, F ELISA quantitation of IL-1β protein in the serum and arthrosis of Pol β WT-NC, Pol β WT-CIA, and Pol β R137Q-
CIA mice. G–J qRT-PCR analysis of GSDMD and NLRP3 mRNA expression in the ankles of control and CIA mice. Data points indicate individual
mice, data present mean ± SD from at least 6 mice. *P < 0.05, **P < 0.01, ***P < 0.001, one-way ANOVA (G–J). K, L Western blot of NLRP3 and
GSDMD-N in the ankles of control and CIA mice. β-tubulin was used as an internal control.
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Fig. 3 Pol β regulates pyroptosis in macrophages. A, B RAW264.7 cells with stable knockdown or overexpression of Pol β or BMDMs from Pol
β+/− mice were treated with 1 μg/mL LPS for 4 h, and 5mM ATP was then added and incubated for an additional 1 h, and the levels of NLRP3,
GSDMD-N, and caspase-1 expression were determined by Western blotting. C, D Representative images of Hoechst 33342 and PI double
fluorescent staining. Scale bar, 50 μm. E, F LDH release levels in RAW264.7 cells after pyroptosis induction. Data present mean ± SEM of three
independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001, one-way ANOVA. ELISA analysis of IL-1β and IL-18 secreted by RAW264.7 cells with
stable knockdown or overexpression of Pol β (G, H) or BMDMs from Pol β+/− mice (I, J) after LPS plus ATP treatment. Data present mean ± SEM
of three independent experiments *P < 0.05, **P < 0.01, ***P < 0.001, one-way ANOVA.
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Pol β is a key BER enzyme that maintains genomic integrity and
stability, and Pol β knockout in mice causes early embryonic
lethality. Several lines of evidence have shown that Pol β mutations
are associated with inflammation and innate immunity [15, 16];
however, the detailed mechanism is still not fully understood.
Sweasy et al. revealed that mice carrying the Y265C Pol β mutant
developed several SLE-associated pathologies, which was due to
aberrant V(D)J recombination and a high frequency of somatic

hypermutation (SHM) [15]. Consistent with their findings, our data
showed that Pol β was involved in inflammation. Although no
obvious abnormalities were observed in Pol β transgenic mice,
however, the inflammatory factors detected were significantly
upregulated. Moreover, Pol β deficiency exacerbated the inflamma-
tory response and disease severity in CIA mice. This might be owing
to the fact that Pol β functions under DNA damage stress. Our
previous study showed that the Pol β mutant Pol βR137Q possesses

Fig. 4 Pol β suppresses knockdown exacerbates DNA damage and decreases the leakage of dsDNA into the cytoplasm in pyroptotic
macrophages. A Representative alkaline comet images of DNA damage in RAW264.7 cells after LPS and ATP treatment. B Percentage of DNA
in the tails was quantified in panel A. Data represent mean ± SEM of three independent experiments. **P < 0.01, ***P < 0.001, one-way ANOVA.
C Representative Western blot of γ-H2AX in RAW264.7 cells with stable knockdown or overexpression of Pol β after LPS plus ATP treatment.
D Representative alkaline comet images of DNA damage in BMDM cells from WT and Pol β+/− mice after LPS and ATP treatment. E Percentage
of DNA in the tails was quantified in panel D. Data represent mean ± SEM of three independent experiments. ***P < 0.001, one-way ANOVA.
F Representative Western blot of γ-H2AX in BMDM cells after LPS plus ATP treatment. Representative immunofluorescence images of γ-H2AX
and cytosolic dsDNA foci in RAW264.7 cells (G, H) and BMDM cells (I, J) after treatment with LPS plus ATP. Lower panel: statistical analysis, data
represent the mean ± SEM of three independent experiments; *P < 0.05, ***P < 0.001, one-way ANOVA. Scale bar, 10 μm.
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lower polymerase activity and an unpaired ability to interact with
proliferating cell nuclear antigen (PCNA), resulting in deficient DNA
repair capacity in reconstitution assays and reduced BER efficiency
[19, 20]. Therefore, in this study, Pol β deficiency increased DNA

damage in macrophages and MEFs. Moreover, our results suggest
that the gradual accumulation of DNA lesions leads to cytosolic DNA
leakage because there was increased colocalization of cytosolic
dsDNA with γ-H2AX (a typical DNA double strand break marker) and

Fig. 5 Export of damaged DNA from the nucleus to the cytosol. Representative confocal immunofluorescence images of dsDNA (red)
colocalization with γ-H2AX (green) (A), NUP-98 (green) (B), and Lamin B1 (green) (C) in Pol β-knockout MEFs. Colocalization was visualized by
using the Image J colocalization finder plugin. Colocalization in cells appears yellow in merged images. Right panel: quantification of the
colocalization was performed by using the colocalization function of Image J from 100 cells. Data present mean ± SEM of three independent
experiments. Scale bar, 10 μm. *P < 0.05, **P < 0.01, ***P < 0.001, Student’s t-test. D Abnormal nucleus membrane morphology in Pol
β-knockout MEFs was observed by transmission electron microscopy. The White arrowheads indicate the expansion of intramembrous space
between inner and outer nuclear membrane. Scale bar, 0.5 μm.
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NUP98/Lamin B1 (two nuclear membrane envelope markers).
Indeed, in addition to Pol β, deficiencies in other DNA damage
sensors or DNA repair factors can also lead to the accumulation of
DNA damage and nuclear cytosolic DNA leakage [29].

The accumulation of unrepaired DNA lesions in the cytoplasm
will activate the innate immune cGAS-STING pathway; subse-
quently, STING activates the transcription factors IRF3 and NF-κB
via the kinases TBK1 and IKK, respectively. IRF3 and NF-κB
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translocate into the nucleus to induce the expression of IFNs and
other cytokines [30–33]. It has also been reported that single-
stranded DNA fragments are released from stalled forks and
accumulate in the cytoplasm, where they activate the cGAS-STING
pathway, causing a severe congenital inflammatory disease
known as Aicardi–Goutières syndrome [34]. Taking these findings
together, it appears that cells are capable of inducing many DNA-
sensing pathways to recognize damaged self-DNA in intracellular
compartments or in the cytoplasm. This chronic inflammation is
believed to stem from persistent genomic instability driven by a
lack of appropriate DNA repair. Consistent with these findings, we
demonstrated that in Pol β-knockdown macrophages, the cGAS-
STING pathway was activated by DNA damage and cytosolic
leakage, and NF-κB p65 was then phosphorylated and translo-
cated into the nucleus. Accordingly, high levels of IL-1β and IL-18
were induced in Pol β-knockdown macrophages. More impor-
tantly, Pol β+/−-CIA mice and Pol βR137Q-CIA mice exhibited
significantly increased levels of p-STING, p-NF-κB p65, IL-1β, and
IL-18 compared with WT mice. Collectively, our study provides a
novel explanation of the role of Pol β in inflammation mediated by
the cGAS/STING pathway.
In addition to cGAS, several proteins have been suggested to

function as DNA sensors, including DDX41, interferon γ-inducible
protein 16 (IFI16), absent in melanoma 2 (AIM2), LSm14A (also
called RAP55), meiotic recombination 11 (MRE11), DNA-
dependent protein kinase (DNA-PK), DNA-dependent activator of
IRFs (DAI), and RNA polymerase III [29, 35–41]. Among these
cytosolic dsDNA sensors, cGAS and AIM2 play important roles in
macrophage pyroptosis, and both factors increase proinflamma-
tory IL-1β and IL-18 expression via the activation of caspase-1. In
this study, we focused on the cGAS/STING pathway because self-
dsDNA is mainly recognized by cGAS, and AIM2 is crucial for
protecting from DNA viruses and some cytosolic bacterial
pathogens [42]. However, we cannot completely rule out the
possibility that these sensors are relevant to STING activation and
macrophage pyroptosis in the pathological mechanism of RA, and
we will continue to study this in the future.
As a rapidly inducible transcription factor, NF-κB has a wide role

in inflammation and other physiological or pathological processes,
such as cell proliferation, metastasis, metabolic changes, and
apoptosis [43]. Recent studies have focused on NF-κB in
pyroptosis, especially macrophage pyroptosis. It was reported
that NF-κB was necessary but not sufficient for NLRP3 activation,
and a second stimulus, such as ATP or crystal-induced damage,
was required for NLRP3 activation. In addition, cleaved caspase-1
and the NLRP3 inflammasome were dose-dependently reduced by
a specific inhibitor of NF-κB [44]. Moreover, histone deacetylase 6
(HDAC6) and tannic acid can inhibit NLRP3 inflammasome-
mediated IL-1β production by blocking NF-κB signaling in
macrophages [45, 46]. Interestingly, A20 deficiency in macro-
phages significantly enhanced NLRP3 inflammasome-mediated
caspase-1 activation, pyroptosis, and IL-1β secretion, and negative
regulation of the NLRP3 inflammasome by A20 protected against
rheumatoid arthritis [8]. Our data revealed that the activation of
NF-κB p65 was essential for Pol β deficiency-mediated exacerba-
tion of macrophage pyroptosis because the increases of NLRP3

and IL-1β expression were blocked by the NF-κB p65-specific
inhibitor JSH-23. Additionally, the STING inhibitor CCCP had the
same effect as JSH-23. Overall, Pol β deficiency exacerbated
pyroptosis in macrophages via the cGAS/STING/NF-κB pathway.
It is well established that various kinds of immune cells,

including macrophages, mast cells, natural killer cells, and
neutrophils, are involved in rheumatoid arthritis [1]. Among them,
macrophages play a key role in the pathogenesis of RA. The
activation of macrophage pyroptosis leads to the release of
proinflammatory mediators, including cytokines, alarmins, IL-1β,
and IL-18, which in turn promote inflammation by recruiting
additional immune cells, polarizing T cells, and activating
fibroblasts [3]. Here, we established CIA models in Pol β+/− and
Pol βR137Q transgenic mice, and the data showed that Pol β
deficiency exacerbated disease severity in CIA mice. Moreover, our
findings confirmed that the levels of IL-1β and IL-18 and the
pyroptosis-related molecules NLRP3 and GSDMD-N in macro-
phages were significantly upregulated by Pol β deficiency.
Collectively, our in vivo and in vitro data suggest that Pol β can
affect RA via macrophage pyroptosis.
In conclusion, we revealed a novel role of Pol β in the autoimmune

disease RA. DNA damage caused by Pol β deficiency can activate the
cGAS/STING/NF-κB signaling pathway, upregulate the expression of
NLRP3, IL-1β, and IL-18, exacerbate macrophage pyroptosis and
regulate the occurrence and development of RA, while Pol β
overexpression downregulates inflammatory cytokines and impair
macrophage pyroptosis. Taken together, Pol β regulates RA by
inhibiting macrophage pyroptosis via the cGAS/STING/NF-κB Path-
way. These findings provide clear evidence of the role of Pol β in RA
and suggest that Pol β may be an effective target for the prevention
and treatment of RA and other relevant autoimmune diseases.

MATERIALS AND METHODS
Reagents and antibodies
DMEM, RPMI 1640, and Opti-MEM medium were purchased from Thermo
Fisher Scientific (Waltham, MA, USA). Fetal bovine serum, Hoechst 33342,
propidiumiodide (PI), penicillin G sodium salt, lipopolysaccharide (LPS),
Freund’s complete adjuvant, and chicken type II collagen were obtained
from Merck (Darmstadt, Germany). Antibodies against NLRP3, GSDMD,
caspase-1, NF-κB, and p-NF-κB were obtained from Cell Signaling
Technology (Danvers, MA, USA). Antibodies against Tubulin, STING, p-
STING, F4/80, and γ-H2AX were obtained From Abcam (Cambridge, United
Kingdom). Mouse IL-1β and IL-18 uncoated ELISA kits were purchased from
Thermos Fisher Scientific (Waltham, MA, USA). Lactate dehydrogenase
(LDH) assay kits were obtained from Nanjing Jiancheng Bioengineering
Institute (Nanjing, China). TRIzol reagent, PrimeScript RT Reagent Kit with
gDNA Eraser, Effectene Transfection Reagent, and SYBR Premix Ex TaqII
were obtained from Vazyme (Nanjing, China). CCCP and JSH-23 were
purchased from MCE (New Jersey, USA). Human or mouse PBMC
separation medium were obtained from Solarbio (Beijing, China).

Animals and collagen-induced arthritis (CIA) mouse model
Pol β+/− mice on a C57BL/6 genetic background and their wild-type
littermates were obtained from GemPharmatech Co., Ltd. (Nanjing, China).
Pol βR137Q mice and their wild-type (WT) littermate 129S1 mice were gifts
from Professor Binghui Shen (Beckman Research Institute, City of Hope,
Duarte, CA, USA).

Fig. 6 The cGAS-STING pathway is activated in Pol β-deficient cells. A Representative immunofluorescence images of the colocalization of
cGAS (green) and dsDNA (red) in Pol β -knockout MEFs. Right panel: quantification of the colocalization was performed by using Image J from
100 cells. Data present mean ± SEM of three independent experiments, **P < 0.01, Student’s t-test. Scale bar, 10 μm. B Representative Western
blot of STING phosphorylation in Pol β-knockout MEFs. C The mRNA levels of IL-1β and IL-18 were examined by qRT-PCR. Data present
mean ± SEM of three independent experiments, *P < 0.05, ***P < 0.001, Student’s t-test. D Representative Western blot of Pol β overexpression
in Pol β−/− MEFs. E IL-1β and IL-18 mRNA levels test by qRT-PCR. Data present mean ± SEM of three independent experiments *P < 0.05,
**P < 0.01, Student’s t-test. F–J The protein levels in wild-type and Pol β-knockout MEFs were examined after CCCP treatment (10 μM, 2 h) (F),
STING knockdown (H), or STING overexpression (J). The relative mRNA levels of IL-1β and IL-18 in Pol β-knockout MEFs after CCCP treatment
(G), STING knockdown (I) or STING overexpression (K). Data present mean ± SEM of three independent experiments. *P < 0.05, **P < 0.01, ***P
< 0.001 two-way ANOVA.
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6–8 weeks male mice were maintained on a 12 h light/dark cycle at
22–24 °C and 40–70% humidity and had free access to rodent chow and
tap water. After adaptive feeding for 7 days, the CIA mouse model was
induced according to previous studies [47]. Briefly, chicken type II collagen
was emulsified in an equal volume of Freund’s complete adjuvant on ice.

Then, the mice were immunized with a single subcutaneous injection
around the base of the tail with 100 μL of the emulsion (100 μg of chicken
type II collagen) containing 1mg/mL Mycobacterium tuberculosis. Arthritic
scores and body weight were determined by two independent, blinded
observers twice per week. Scoring was performed with a 0–4 scale as
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follows: 0: normal; 1: mild swelling; 2: moderate swelling (or mild swelling
+ 1 or 2 swollen joints); 3: swelling of all joints; and 4: joint distortion and/
or rigidity and dysfunction. Each hind limb was graded, and the maximum
possible score was 8 for each mouse. A mouse with a score of one or above
was regarded as arthritic. The animal experiment was performed in
accordance with the Regulations of Experimental Animal Administrations
issued by the Laboratory Animal Care Committee at Nanjing Normal
University (Ethical code: IACUC-1903029).

Cell culture and stable cell lines
RAW264.7 cells were obtained from the China Infrastructure of Cell Line
Resources (Beijing, China) and cultured in complete medium consisting of
DMEM supplemented with penicillin (100 U/mL), streptomycin (100 μg/mL)
and 10% fetal bovine serum (FBS) in a humidified 5% CO2 atmosphere at
37 °C. To knockdown Pol β or overexpression Pol β, we used the lentivirus
vector pGLV3 containing the shRNA sequence or mouse full-length Pol β.
The following oligonucleotides were used: ShPol β: 5′-GGAGCTGAAGC-
TAAGAAA TTG-3′. Mouse full-length STING was cloned into pFlag-CMV4
plasmids. The mouse STING shRNA plasmid was constructed by our lab
with the pSilencer 3.0 H1 plasmid with the sequence 5′-CAACATTCGAT
TCCGAGATAT-3′. Wild-type and Pol β-knockout mouse embryonic
fibroblasts (MEFs) were a gift from Professor Binghui Shen. Primary bone
marrow-derived macrophages (BMDMs) were isolated from the tibia and
femoral bone marrow cells of mice as previously described [48] and
cultured in RPMI 1640 supplemented with 10% FBS, 1 mM sodium
pyruvate, and 2 mM L-glutamine in the presence of 50 ng/mL granulocyte
macrophage colony stimulating factor (GM-CSF). Cell cultures were
replenished with fresh medium every 3 days, and BMDM purity was
determined (>95%) on the seventh day by immunofluorescence staining
with a monoclonal antibody against F4/80.

Human PBMC isolation
PBMCs were isolated from the anticoagulant-treated blood of active RA
patients (n= 8) and healthy donors (n= 7) according to the manufac-
turer’s instructions. This study was approved by the Ethics Committee of
The Affiliated Drum Tower Hospital of Nanjing University Medical School
(Ethical code: 202127901). All study subjects provided written informed
consent.

Induction of macrophage pyroptosis
LPS plus ATP was used to induce pyroptosis in RAW264.7 cells. To
determine the optimal pyroptosis stress conditions, RAW264.7 cells were
treated with 0–1 μg/mL LPS for 5 h, and the concentration of 1 μg/mL
increased NLRP3 levels more than twofold. Then, RAW264.7 cells were
treated with 1 μg/mL LPS for 4 h, and 5mM ATP was added and incubated
for an additional 0–1 h. Treatment with 5 mM ATP for 1 h dramatically
affected NLRP3 levels. Accordingly, treatment with 1 μg/mL LPS for 4 hours
and incubation with 5mM ATP for an additional hour was selected for
subsequent experiments.

Western blot analysis
Cells or tissues were homogenized in cold RIPA lysis buffer contained
PMSF, and the supernatant was harvested by centrifugation. After protein
quantification using a bicinchoninic acid (BCA) Protein Assay Kit, 30 µg
total proteins were separated by SDS-PAGE gel and transferred to 0.22 μm
PVDF membrane. The membranes were blocked with blocking buffer (5%
non-fat milk powder in TBST: 10 mM Tris-HCl pH 8.0, 150mM NaCl, and
0.05% Tween 20) for 1 h at room temperature, and then were incubated
with primary antibodies at 4 °C overnight, followed by incubation with

appropriate horseradish peroxidase-conjugated secondary antibody for
1–2 h at room temperature. They were finally exposed to ECL western blot
detection reagents.

Immunofluorescence staining
Cells were fixed in 4% paraformaldehyde for 30min and followed by
incubation with 0.1% Triton-100 for 15min at room temperature. Then
cells were blocked with 5% BSA and incubated with the primary antibody
at 4 °C overnight. After incubating with the secondary antibody, cells were
stained with DAPI for 10min. Subsequently, images were acquired by
using Nikon 80I 10–1500X microscope. Negative control was performed by
omitting the primary antibody and revealed no labeling (data not shown).
For histological analysis, tissues were fixed in 4% paraformaldehyde at

4 °C overnight, embedded in paraffin, and sliced. After deparaffinization
and hydration, tissues were pretreated by sodium citrate solution for the
antigen retrieval. Then blocking with 5% goat serum for 30min at room
temperature, tissue sections were incubated with primary antibody at 4 °C
overnight, followed by incubating with the secondary antibody for 1 h at
37 °C in the dark. After counterstaining with DAPI to show cell nucleus,
tissue sections were photographed by Nikon 80I 10-1500X microscope.
Quantification of colocalization was analyzed by Image J colocalization
finder plugin.

Histopathological assessment
The joint was excised and fixed in 4% paraformaldehyde at 4 °C overnight.
After decalcification with 10% EDTA, joint tissue was embedded in paraffin,
cut into 5 μm-thick slices, and stained with hematoxylin-eosin. Images
were obtained with a Nikon 80I 10-1500X microscope. Histopathological
analysis was evaluated by independent observers in a blinded manner.

Safranin O/fast green staining
The cartilage injury was identified by safranin O/fast green staining
according to the manufacturer’s instructions. The paraffin-embedded slices
were deparaffinized, sequentially were stained with hematoxylin for 5 min,
and acid differentiated for 15 s. Then slices were stained with fast green for
another 5 min, dried to discard excessive dying solution until the cartilage
was colorless. For Safranin staining, the slices were stained with safranin
staining solution for 5 min and dehydrated quickly with absolute ethanol.
Finally, slices were mounted with neutral gum and photographed by
microscope. Staining results: The cartilage matrix was dark red, the
chondrocyte cytoplasm was red, the nucleus was gray black, and the bone
tissue was gray green or green. Cartilage damage was performed with a
0–4 scale as follows [49]: 0: normal; 1: mild loss of Safranin O staining with
no obvious chondrocyte loss; 2: moderate loss of staining with focal mild
chondrocyte loss; 3: marked loss of staining with multifocal marked
chondrocyte loss; and 4: severe diffuse loss of staining with multifocal
severe chondrocyte loss.

Enzyme-linked immunosorbent assay (ELISA)
The protein levels of IL-1β or IL-18 were measured by specific ELISA kits
according to the manufacturer’s instructions. Briefly, 96-well ELISA plates
were incubated with capture antibody (pretitrated, purified anti-mouse IL-
1β or IL-18 antibody) overnight at 4 °C and then blocked with ELISA/
ELISPOT Diluent at room temperature for 1 h. Samples (100 μL/well) or
prepared standards were added to the appropriate wells and incubated
overnight at 4 °C for maximum sensitivity. After being incubated with
detection antibody (pretitrated, biotin-conjugated anti-mouse IL-1β or IL-
18 antibody) at room temperature for 1 h, the samples were treated with
streptavidin-HRP for 30min. Finally, the samples were incubated with TMB

Fig. 7 Pol β deficiency exacerbates macrophages pyroptosis via the cGAS/STING/NF-κB pathway in vitro and in vivo. A, B RAW264.7 cells
were pretreated with 10 μM CCCP or 10 μM JSH-23 for 2 h, treated with 1 μg/mL LPS for 4 h, and then treated with 5mM ATP for the final hour.
The protein levels were examined by Western blotting. Data are representative blot of three independent experiments. C Representative
images of NF-κB p65 staining. Scale bar, 10 μm. Lower panel: statistical analysis, the data represent the mean ± SEM from more than 100 cells
for each group; *P < 0.05, **P < 0.01, ***P < 0.001, one-way ANOVA. The levels of IL-1β (D) and IL-18 (E) secreted by macrophages were analyzed
by ELISA. Data present the mean ± SEM of three independent experiments, *P < 0.05, **P < 0.01, ***P < 0.001, one-way ANOVA. The protein
levels in the ankles of Pol β knockdown-CIA mice (F) and Pol β R137Q-CIA mice (G). Data are representative blot of three independent
experiments. H Representative immunofluorescence images showing NF-κB p65 phosphorylation in macrophages in the ankles of CIA mice.
Scale bar, 500 μm. J Schematic diagram showing our proposed mechanisms of Pol β deficiency exacerbating macrophage pyroptosis through
activating the cGAS-STING-NF-κB pathway.
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substrate solution, and the absorbance was read at 450 nm using a
microplate spectrophotometer.

Alkaline Comet assay
Alkaline Comet assay was performed using a Comet assay kit according to
the manufacturer’s recommendations. Briefly, after treatment, cells were
harvested and mixed with low-melting-point agarose, subsequently plated
on a comet assay glass slide. After lysis and electrophoresis (25 V, 30 min),
cells were stained with propidium iodide (PI). Images were obtained by a
fluorescence microscope. The percentage of DNA in tails was quantified by
Comet assay software project (CASP).

Reverse transcription-quantitative PCR (qRT-PCR) analysis
Total mRNA was isolated from cells and tissues by using TRIzol reagent
according to the manufacturer’s instructions and quantified by using
Thermo NanoDrop 2000. Then, 1 μg total RNA was reverse transcribed into
cDNA. qRT-PCR was performed using a reaction mixture with SYBR
according to the manufacturer’s protocols. All PCR amplifications were
performed in triplicate and repeated in three independent experiments.
Primers for each gene were showed in Table S1.

Hoechst 33342/PI double staining
Morphological analysis was observed by Hoechst 33342/PI double staining.
Cells were cultured in six-well plates at a density of 2 × 105 cells per well.
After treatment, cells were stained with Hoechst 33342 (10 μg/ml) for
30min at room temperature, followed with PI (1 μg/ml) for 5 min in the
dark. Cells were photographed by using a fluorescence microscope.

LDH release assay
When the cell membrane is destroyed by pyroptosis, enzymes in the
cytoplasm are released into the culture medium, including the relatively
stable LDH. By measuring the activity of LDH released into the culture
medium by membrane-ruptured cells, the integrity of the cell membrane
can be examined. LDH in the culture medium was measured by using
commercial kits in 96-well enzyme immunoassay plates according to the
manufacturer’s instructions.

Karyotype analysis
Chromosome breakage and chromosome aneuploidy were detected by
karyotype analysis. Cells were collected and treated with colcemid to arrest
cells at metaphase, then incubated with hypotonic solution (75mM KCl)
for 20min at room temperature. Subsequently, cells were fixed with
Carnoy’s solution three times and stained with Giemsa solution. Finally, the
images were recorded and analyzed with ImagePro 7.0 (Media Cybernetics,
Bethesda, MD, USA), and the chromosomes in each metaphase cell were
counted.

Transmission electron microscopy
The collected cells were fixed with 2.5% glutaraldehyde at 4 °C overnight
and washed three times. Then, the cells were postfixed in 1% osmic acid at
4 °C for 2 h and dehydrated with a series of ethanol solutions. After being
embedded in Spurr’s epoxy resin, the samples were cut into 50–60 nm
ultrathin sections. Finally, the images were photographed by a JEOL JEM-
100CX electron microscope.

Statistical analysis
Statistical analysis was performed by one-way ANOVA, two-way ANOVA or
Student’s t-test by using Prism 8.0 software (GraphPad Software, La Jolla,
CA, USA). Values of P less than 0.05 were considered statistically significant.

DATA AVAILABILITY
All data are available in the main text or the supporting information.

REFERENCES
1. Mcinnes IB, Schett G. The pathogenesis of rheumatoid arthritis. N Engl J Med.

2011;365:2205–19.
2. Smolen JS, Aletaha D, McInnes IB. Rheumatoid arthritis. Lancet. 2016;388:

2023–38.

3. Udalova IA, Mantovani A, Feldmann M. Macrophage heterogeneity in the context
of rheumatoid arthritis. Nat Rev Rheumatol. 2016;12:472–85.

4. Jorgensen I, Miao EA. Pyroptotic cell death defends against intracellular patho-
gens. Immunological Rev. 2015;265:130–42.

5. Bergsbaken T, Fink SL, Cookson BT. Pyroptosis: Host cell death and inflammation.
Nat Rev Microbiol. 2009;7:99–109.

6. Wu X, Li K, Yang H, Yang B, Lu X, Zhao L, et al. Complement C1q synergizes with
PTX3 in promoting NLRP3 inflammasome over-activation and pyroptosis in
rheumatoid arthritis. J Autoimmun. 2020;106:102336.

7. Choulaki C, Papadaki G, Repa A, Kampouraki E, Kambas K, Ritis K, et al. Enhanced
activity of NLRP3 inflammasome in peripheral blood cells of patients with active
rheumatoid arthritis. Arthritis Res Ther. 2015;17:257.

8. Walle LV, Opdenbosch NV, Jacques P, Fossoul A, Verheugen E, Vogel P, et al.
Negative regulation of the NLRP3 inflammasome by A20 protects against
arthritis. Nature. 2014;512:69–73.

9. Sobol R, Horton J, Kuhn R, Gu H, Singhal R, Prasad R, et al. Requirement of
mammalian DNA polymerase-|[beta]| in base-excision repair. Nature.
1996;379:183–6.

10. Yamtich J, Nemec AA, Keh A, Sweasy JB. A germline polymorphism of DNA
polymerase beta induces genomic instability and cellular transformation. PLoS
Genet. 2012;8:e1003052.

11. Sobol RW. Genome instability caused by a germline mutation in the human DNA
repair gene POLB. PLoS Genet. 2012;8:e1003086.

12. Wang M, Long K, Li E, Li L, Li B, Ci S, et al. DNA polymerase beta modulates cancer
progression via enhancing CDH13 expression by promoter demethylation.
Oncogene. 2020;39:5507–19.

13. Sykora P, Misiak M, Wang Y, Ghosh S, Leandro GS, Liu D, et al. DNA polymerase β

deficiency leads to neurodegeneration and exacerbates Alzheimer disease phe-
notypes. Nucleic Acids Res. 2015;43:943–59.

14. Jusik K, Keeeun K, Mo JS, Y. L. Atm deficiency in the DNA polymerase β null
cerebellum results in cerebellar ataxia and Itpr1 reduction associated with
alteration of cytosine methylation. Nucleic Acids Res. 2020;7:3678–91.

15. Senejani A, Liu Y, Kidane D, Maher S, Zeiss C, Park HJ, et al. Mutation of POLB
causes lupus in mice. Cell Rep. 2014;6:1–8.

16. Zhao S, Klattenhoff AW, Thakur M, Sebastian M, Kidane D. Mutation in DNA
polymerase beta causes spontaneous chromosomal instability and inflammation-
associated carcinogenesis in mice. Cancers. 2019;11:1160.

17. Ye H, Zhang J, Wang J, Gao Y, Du Y, Li C, et al. CD4 T-cell transcriptome analysis
reveals aberrant regulation of STAT3 and Wnt signaling pathways in rheumatoid
arthritis: evidence from a case-control study. Arthritis Res Ther. 2015;17:76.

18. Hua K, Wang L, Sun J, Zhou N, Zhang Y, Ji F, et al. Impairment of Pol β-related
DNA base-excision repair leads to ovarian aging in mice. Aging.
2020;12:25207–28.

19. Pan F, Zhao J, Zhou T, Kuang Z, Dai H, Wu H, et al. Mutation of DNA polymerase
beta R137Q results in retarded embryo development due to impaired DNA base
excision repair in mice. Sci Rep. 2016;6:28614.

20. Guo Z, Zheng L, Dai H, Zhou M, Xu H, Shen B. Human DNA polymerase β

polymorphism, Arg137Gln, impairs its polymerase activity and interaction with
PCNA and the cellular base excision repair capacity. Nucleic Acids Res.
2009;37:3431–41.

21. Duewell P, Kono H, Rayner KJ, Sirois CM, Vladimer G, Bauernfeind FG, et al. NLRP3
inflammasomes are required for atherogenesis and activated by cholesterol
crystals. Nature. 2010;464:1357–61.

22. Kovacs SB, Miao EA. Gasdermins: Effectors of pyroptosis. Trends Cell Biol.
2017;27:673–84.

23. Wang K, Sun Q, Zhong X, Zeng M, Zeng H, Shi X, et al. Structural mechanism for
GSDMD targeting by autoprocessed caspases in pyroptosis. Cell.
2020;180:941–55.

24. Kuo LJ, Yang L. γ-H2AX—A novel biomarker for DNA double-strand breaks. Vivo.
2008;22:305–10.

25. Paludan SR, Reinert LS, Hornung V. DNA-stimulated cell death: Implications for
host defence, inflammatory diseases, and cancer. Nat Rev Immunol.
2019;19:141–53.

26. Benmerzoug S, Ryffel B, Togbe D, Quesniaux VFJ. Self-DNA sensing in lung
inflammatory diseases. Trends Immunol. 2019;40:719–34.

27. Abe T, Barber GN. Cytosolic-DNA-mediated, STING-dependent proinflammatory
gene induction necessitates canonical NF-κB activation through TBK1. J Virol.
2014;88:5328–41.

28. Fang R, Wang C, Jiang Q, Lv M, Gao P, Yu X, et al. NEMO-IKKβ are essential for IRF3
and NF-κB activation in the cGAS-STING pathway. J Immunol. 2017;199:3222–33.

29. Kondo T, Kobayashi J, Saitoh T, Maruyama K, Ishii KJ, Barber GN, et al. DNA
damage sensor MRE11 recognizes cytosolic double-stranded DNA and induces
type I interferon by regulating STING trafficking. Proc Natl Acad Sci USA.
2013;110:2969–2674.

L. Gu et al.

13

Cell Death and Disease          (2022) 13:583 



30. Li T, Chen ZJ. The cGAS-cGAMP-STING pathway connects DNA damage to
inflammation, senescence, and cancer. J Exp Med. 2018;215:1287–99.

31. Sharma S, tenOever BR, Grandvaux N, Zhou G-P, Lin R, Hiscott J. Triggering the
interferon-antiviral response through an-IKK-related pathway. Science. 2003;300:4.

32. Hartlova A, Erttmann S, Raffi F, Schmalz A, Resch U, Anugula S, et al. DNA damage
primes the type I interferon system via the cytosolic DNA sensor STING to pro-
mote anti-microbial innate immunity. Immunity. 2015;42:332–43.

33. Dunphy G, Flannery SM, Almine JF, Connolly DJ, Paulus C, Jonsson KL, et al. Non-
canonical activation of the DNA sensing adaptor STING by ATM and IFI16 med-
iates NF-kappaB signaling after nuclear DNA damage. Mol Cell. 2018;71:745–60.

34. Coquel F, Silva MJ, Techer H, Zadorozhny K, Sharma S, Nieminuszczy J, et al.
SAMHD1 acts at stalled replication forks to prevent interferon induction. Nature.
2018;557:57–61.

35. Zhang Z, Yuan B, Bao M, Lu N, Kim T, Liu YJ. The helicase DDX41 senses intra-
cellular DNA mediated by the adaptor STING in dendritic cells. Nat Immunol.
2011;12:959–65.

36. Unterholzner L, Keating SE, Baran M, Horan KA, Jensen SB, Sharma S, et al. IFI16 is
an innate immune sensor for intracellular DNA. Nat Immunol. 2010;11:997–1004.

37. Hornung V, Ablasser A, Charrel-Dennis M, Bauernfeind F, Horvath G, Caffrey DR,
et al. AIM2 recognizes cytosolic dsDNA and forms a caspase-1-activating
inflammasome with ASC. Nature. 2009;458:514–8.

38. Ferguson BJ, Mansur DS, Peters NE, Ren H, Smith GL. DNA-PK is a DNA sensor for
IRF-3-dependent innate immunity. Elife. 2012;1:e00047.

39. Li Y, Chen R, Zhou Q, Xu Z, Li C, Wang S, et al. LSm14A is a processing body-
associated sensor of viral nucleic acids that initiates cellular antiviral response in
the early phase of viral infection. Proc Natl Acad Sci USA. 2012;109:11770–5.

40. Takaoka A, Wang Z, Choi MK, Yanai H, Negishi H, Ban T, et al. DAI (DLM-1/ZBP1) is
a cytosolic DNA sensor and an activator of innate immune response. Nature.
2007;448:501–5.

41. Ablasser A, Bauernfeind F, Hartmann G, Latz E, Fitzgerald KA, Hornung V. RIG-I-
dependent sensing of poly(dA:dT) through the induction of an RNA polymerase
III-transcribed RNA intermediate. Nat Immunol. 2009;10:1065–72.

42. Motwani M, Pesiridis S, Fitzgerald KA. DNA sensing by the cGAS-STING pathway
in health and disease. Nat Rev Genet. 2019;20:657–74.

43. Zhang Q, Lenardo MJ, Baltimore D. 30 Years of NF-kappaB: A blossoming of
relevance to human pathobiology. Cell. 2017;168:37–57.

44. Bauernfeind FG, Horvath G, Stutz A, Alnemri ES, MacDonald K, Speert D, et al.
Cutting edge: NF-kappaB activating pattern recognition and cytokine receptors
license NLRP3 inflammasome activation by regulating NLRP3 expression. J
Immunol. 2009;183:787–91.

45. Xu S, Chen H, Ni H, Dai Q. Targeting HDAC6 attenuates nicotine-induced mac-
rophage pyroptosis via NF-kappaB/NLRP3 pathway. Atherosclerosis.
2021;317:1–9.

46. Song D, Zhao J, Deng W, Liao Y, Hong X, Hou J. Tannic acid inhibits NLRP3
inflammasome-mediated IL-1beta production via blocking NF-kappaB signaling
in macrophages. Biochem Biophys Res Commun. 2018;503:3078–85.

47. Bevaat L, Vervoordeldonk MJ, Tak PP. Collagen-induced arthritis in mice. Methods
Mol Biol. 2010;602:181–92.

48. Hsieh WC, Chuang YT, Chiang IH, Hsu SC, Miaw SC, Lai MZ. Inability to resolve
specific infection generates innate immunodeficiency syndrome in Xiap−/−
mice. Blood. 2014;18:2847–57.

49. Mukai T, Gallant R, Ishida S, Kittaka M, Yoshitaka T, Fox DA, et al. Loss of SH3
domain-binding protein 2 function suppresses bone destruction in tumor
necrosis factor-driven and collagen-induced arthritis in mice. Arthritis Rheumatol.
2015;67:656–67.

ACKNOWLEDGEMENTS
We acknowledge all patients and healthy donors in this study and the staff of the
Affiliated Drum Tower Hospital of Nanjing University Medical School for collecting

blood samples for this study. We acknowledge Dr. Binghui Shen (Beckman Research
Institute, City of Hope, Duarte, CA, USA) for providing Pol β+/+, Pol β−/− MEF cell
lines, and Pol βR137Q transgenic mice. We also thank Dr. Mei Liu from Nanjing Normal
University for helpful suggestions and comments. This work was supported by
National Natural Science Foundation of China (31901012, 81872284, 32171407),
Natural Science Foundation of the Jiangsu Higher Education Institutions of China
(18KJA180006), Jiangsu Province Graduate Research and Practice Innovation program
(KYCX21_1374).

AUTHOR CONTRIBUTIONS
Conceptualization: LG, ZG, and FP. Methodology: LG, YS, TW, GC, and XT. Funding
acquisition: LG, FP, ZG, and ZY. Statistical analysis: LG, GC, LZ, and LS. Project
administration: ZG and FP. Writing – original draft: LG, YS, and TW. Writing – review &
editing: LG, FP, ZG, and ZY.

CONFLICT OF INTEREST
The authors declare no competing interests.

ETHICS
The animal experiment was performed in accordance with the Regulations of
Experimental Animal Administrations issued by the State Committee of Science and
Technology of the People’s Republic of China (Ethical code: IACUC-1903029). The
study in human subjects was approved by the Ethics Committee of The Affiliated
Drum Tower Hospital of Nanjing University Medical School (Ethical code: 202127901).
All study subjects provided written informed consent.

ADDITIONAL INFORMATION
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41419-022-05047-6.

Correspondence and requests for materials should be addressed to Feiyan Pan,
Zhimin Yin or Zhigang Guo.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in anymedium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this license, visit http://
creativecommons.org/licenses/by/4.0/.

© The Author(s) 2022

L. Gu et al.

14

Cell Death and Disease          (2022) 13:583 

https://doi.org/10.1038/s41419-022-05047-6
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	A novel mechanism for macrophage pyroptosis in rheumatoid arthritis induced by Pol &#x003B2; deficiency
	Introduction
	Results
	Pol &#x003B2; levels are decreased in active RA patients and collagen-induced arthritis (CIA) mice
	Pol &#x003B2; deficiency exacerbates disease severity in CIA mice
	Pol &#x003B2; deficiency exacerbates the inflammatory response and macrophage pyroptosis
	Pol &#x003B2; deficiency exacerbates DNA damage and increases the leakage of dsDNA into the cytoplasm in pyroptotic macrophages
	The innate immune cGAS-STING pathway is activated by Pol &#x003B2; deficiency
	Pol &#x003B2; deficiency exacerbates pyroptosis in macrophages via the cGAS-STING-NF-&#x003BA;B pathway

	Discussion
	Materials and methods
	Reagents and antibodies
	Animals and collagen-induced arthritis (CIA) mouse model
	Cell culture and stable cell lines
	Human PBMC isolation
	Induction of macrophage pyroptosis
	Western blot analysis
	Immunofluorescence staining
	Histopathological assessment
	Safranin O/fast green staining
	Enzyme-linked immunosorbent assay (ELISA)
	Alkaline Comet assay
	Reverse transcription-quantitative PCR (qRT-PCR) analysis
	Hoechst 33342/PI double staining
	LDH release assay
	Karyotype analysis
	Transmission electron microscopy
	Statistical analysis

	References
	Acknowledgements
	Author contributions
	Conflict of interest
	Ethics
	ADDITIONAL INFORMATION




