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cGAS/STING signaling in the regulation of rheumatoid synovial
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Background: Fibroblast-like synoviocytes (FLSs) play a critical role in promoting synovial aggression and
joint destruction in rheumatoid arthritis (RA). Cyclic GMP-AMP synthase (¢GAS)/stimulator of interferon
gene (STING) signaling plays an important role in controlling a series of cellular biological processes.
However, it is still unclear whether cGAS/STING signaling regulates rheumatoid synovial aggression.
Methods: Cell migration and invasion were detected using a Transwell chamber. Gene expression was
measured using quantitative reverse transcription-polymerase chain reaction (QRT-PCR), and protein
expression was detected by western blotting. Reactive oxygen species (ROS) levels were measured by 2',7'-di
chlorodihydrofluorescein diacetate (DCFH-DA) probe. F-actin staining and immunofluorescence assays
were used to investigate lamellipodia formation and nuclear translocation, respectively. A severe combined
immunodeficiency (SCID) mouse model was established to observe the migration and invasion of RA FLSs
in vivo.

Results: Our results showed that cytosolic double-stranded DNA (dsDNA)-induced cGAS/STING
activation promoted the iz vitro migration and invasion of RA FLSs. Moreover, RA FLSs treated with
¢GAS or STING short hairpin RNA (shRNA) exhibited reduced invasion into cartilage in the SCID model.
Mechanistically, we determined that cGAS/STING activation leads to increased mitochondrial ROS levels,
and thereby increases phosphorylation of mammalian sterile 20-like kinase 1 (MST1I), a core component
of the Hippo pathway, subsequently promoting activation of forkhead box1 (FOXOI). MSTI and FOXOI
knockdown also diminished the migration and invasion of RA FLSs.

Conclusions: Our findings suggest that cGAS/STING signaling has an important role in regulating
rheumatoid synovial aggression and that targeting cGAS/STING may represent a novel potential therapy for
RA.
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Introduction

Rheumatoid arthritis (RA) is a common autoimmune
disorder characterized by persistent inflammation and
joint destruction. Fibroblast-like synoviocytes (FLSs),
which exhibit “tumorlike” properties, including increased
migration and invasion, hyperproliferation, and apoptosis
resistance, have a critical role in controlling synovial
aggression and joint destruction (1). An increasing amount
of evidence indicates that targeting FLSs might be a novel
strategy for controlling joint damage in RA (2,3). However,
the precise underlying mechanisms for regulating the
development of the invasive phenotype of RA FLSs are still
undefined.

Cytosolic DNA is a powerful activator of the innate
immune system and figures prominently in autoimmune
diseases. Cytosolic DNA is derived from multiple sources,
including viral and bacterial pathogens or self-DNA,
such as damaged mitochondrial DNA, leaked/damaged
nuclear DNA, and cytosolic DNA in micronuclei (4).
A previous study found elevated double-stranded DNA
(dsDNA) levels in the synovial fluid of patients with
RA. Interestingly, dsSDNA from RA synovial fluid can
induce joint inflammation in vive (5). Our previous study
also demonstrated that the accumulation of cytosolic
dsDNA in RA FLSs contributes to the inflammatory
response (6). Cyclic guanosine monophosphate-
adenosine monophosphate (GMP-AMP) synthase (cGAS),
which serves as a key cytosolic DNA sensor, activates
the stimulator of interferon genes (STING), thereby
promoting type I interferon (IFN) production and causing
an inflammatory response in turn (4). Our previous
study showed that the accumulation of cytosolic dsDNA
induces ¢cGAS/STING activation, which promotes the
proinflammatory cytokine secretion in RA FLSs, suggesting
an important role for cytosolic dsDNA-mediated cGAS/
STING activation in rheumatoid synovial inflammation (6).
Interestingly, recent studies have indicated that cGAS/
STING pathway activation is involved in modulating
migration, invasion, and proliferation in some cell lines
(7,8). However, it is unknown whether the cGAS/STING
signaling pathway plays a role in regulating rheumatoid
synovial aggression and joint destruction.

Protein kinase mammalian sterile 20-like kinase 1
(MSTI), as the core component of the Hippo signaling
pathway, has been implicated in the downstream control
of the cGAS/STING pathway in endothelial cell migration
and angiogenesis process (8). Previous studies have
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suggested the importance of MSTI1/2 in regulating
cytoskeleton remodeling and integrin activation in
lymphocytes (9). We were thus interested in exploring
whether MST1 mediates the role of cGAS/STING
signaling in modulating migration and the cytoskeleton in
RA FLSs. We present the following article in accordance
with the MDAR (Materials Design Analysis Reporting)
reporting checklist (available at https://atm.amegroups.
com/article/view/10.21037/atm-21-4533/rc).

Methods
Materials

dsDNA (ISD) and polymerase chain reaction (PCR) primers
were synthesized by Sangon Company (Shanghai, China;
sequences listed in Table S1). Primary antibodies against
¢GAS (rabbit), STING (rabbit), p-MSTI (Thr183, rabbit),
MSTTI (rabbit), forkhead box1 (FOXOI, rabbit), and B-actin
(mouse) were purchased from Cell Signaling Technology
(Danvers, MA, USA). p-FOXO1 (Ser212, rabbit) was
purchased from Invitrogen (Waltham, MA, USA).

Preparation of buman FLSs

Twenty active patients with RA from the First Affiliated
Hospital, Sun Yat-sen University who were undergoing
joint replacement or synovectomy were enrolled in our
study. RA was diagnosed according to classification criteria
of the 2010 American College of Rheumatology/European
League Against Rheumatism (ACR/EULAR) (10). The
study was conducted in accordance with the Declaration
of Helsinki (as revised in 2013). This study was approved
by the Medical Ethics Committee of the First Affiliated
Hospital, Sun Yat-sen University, China (No. [2017]049).
All patients provided informed consent before participating
in the study. The backgrounds of the RA patients are
summarized in Table S2.

To isolate FLSs, synovial tissues were cut into small
pieces and digested with collagenase for 2 hours at 37 °C.
Isolated FLSs were grown in Dulbecco’s Modified Eagle
Medium/F-12 (DMEM/F12) containing 10% fetal bovine
serum (FBS), 100 U/mL penicillin, and 100 pg/mL
streptomycin. At confluence, FLSs were routinely
trypsinized, passaged, and used from passages 4 to 6.

For lentiviral transduction, cells were inoculated with
lentivirus (GeneChem, Shanghai, China) at subconfluence
in the presence of 10 pg/mL polybrene. After transfection
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for 8 hours, the media were replaced with fresh media. The
target sequences of short hairpin RNA (shRNAs) are listed
in Table S3.

Real-time PCR

Total RNA was extracted from FLSs and reverse-transcribed
by using PrimeScript RT Master Mix (Takara, Shiga, Japan)
according to the manufacturer’s protocol. Quantitative
reverse transcription-polymerase chain reaction (QRT-PCR)
analysis was performed using a Light Cycler 480 Real-
Time PCR Detection System (Roche, Basel, Switzerland)
and SYBR Premix Ex Taq (Takara) according to the
manufacturers’ instructions. The relative messenger RNA
(mRNA) expression levels were normalized to the GAPDH
(ACt = Ct target - Ct GAPDH) and compared with a
calibrator using the AACt method (AACt = ACt sample -
ACt calibrator). Table S1 shows the primer sequences. All
experiments were performed at least 3 times.

Gene silencing

¢GAS small interfering RNA (siRNA), STING siRNA,
MSTI siRNA, FOXO1 siRNA, and yes-associated protein
(YAP) siRNA were purchased from Ribobio (Guangzhou,
China). The target sequences of the siRNNAs are listed in
Table S4. RA FLSs that reached 60-70% confluence were
transfected with a mixture of 100 nM siRNA and 10 mg/mL
Lipofectamine 3000 (Thermo Fisher Scientific, Waltham,
MA, USA) for 6 hours, according to the manufacturer’s
protocols. Experiments were performed 48 hours after
transfection. At the end of the culture, the transfection
efficiency was confirmed using western blot and qRT-PCR.

In vitro migration and invasion assay of FLS

Cell migration ability was assessed with the Boyden
chamber method using a filter with an 8.0-pm pore size and
a 6.5 mm diameter (Corning Life Sciences, Tewksbury MA,
USA). FLSs (6x10* cells/mL) were suspended in serum-free
DMEM in the upper wells, while DMEM containing 10%
FBS as a chemoattractant was placed in the lower wells.
The chamber was incubated at 37 °C for 6 hours. After
incubation, the remaining cells on the upper surface of the
filter were scraped using a cotton bud. The migrated cells
in the filter were fixed in methanol for 15 minutes, stained
with 0.1% crystal violet for 15 minutes, and counted using
an optical microscope. The stained cells were quantified
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as the mean number of cells per 10 random fields for each
assay. Transwell chambers precoated with Matrigel matrix
(BD Biosciences, Franklin Lakes, NJ, USA) were used for
invasion assay.

F-actin staining

RA FLSs were cultured on 18 mm coverslips. The cells
were fixed in 4% paraformaldehyde for 15 minutes and
permeabilized by 0.1% Triton X-100 in phosphate-buffered
saline (PBS) for 5 minutes at room temperature and then
blocked in a blocking buffer for 1 hour. Cells were incubated
overnight with phalloidin at 4 °C to detect F-actin and then
stained using 4',6-diamidino-2-phenylindole (DAPI; BBI,
Shanghai, China) to detect nuclei. The coverslips were
mounted using fluoroshield histology mounting medium
(Sigma-Aldrich, St. Louis, MO, USA) and examined using a

fluorescence microscope (DMIS8, Leica, Wetzlar, Germany).

Immunofluorescence

FLSs were briefly washed in PBS, fixed in 4%
paraformaldehyde in PBS for 15 minutes, permeabilized
with 0.1% Triton X-100 in PBS for 15 minutes, and blocked
in a blocking buffer for 1 hour at room temperature. After
incubation with diluted primary antibodies overnight at
4 °C and fluorochrome-conjugated secondary antibody
(Invitrogen) for 1 hour at room temperature, the cell
nuclei were stained using DAPI (BBI) and imaged using
fluoroshield histology mounting medium (Sigma-Aldrich).

Western blotting

Protein concentrations were quantified using the
bicinchoninic acid (BCA) protein assay (Thermo Fisher
Scientific). The cell lysates prepared in sodium dodecyl
sulfate- polyacrylamide gel electrophoresis (SDS-PAGE)
Sample Loading Buffer (Beyotime, Shanghai, China)
were separated by 10-12% SDS-PAGE and transferred
onto a 0.2-pm polyvinylidene fluoride (PVDF) membrane
(Millipore, Burlington, MA, USA). The PVDF membranes
were incubated with indicated primary antibodies diluted
1:1,000 for ¢GAS, STING, p-MST1, MST1, p-FOXO1,
FOXO1, LATSI, and YAP

Intracellular ROS detection

2',7'-dichlorodihydrofluorescein diacetate (DCFH-DA)
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(Beyotime) was used to detect intracellular ROS levels of
FLSs. FLSs were incubated with 10 pM of DCFH-DA
in serum-free DMEM/F12 at 37 °C for 20 minutes. Cells
were washed 3 times to remove excessive DCFH-DA
and subjected to flow cytometry (CytoFLEX S, Beckman
Coulter, Brea, CA, USA), with an emission wavelength of
525 nm and an excitation wavelength of 488 nm.

Assessment of the in vivo invasion of RA FLSs into buman
cartilage implants

RA FLSs (4x10°) were suspended in 100 pL of sterile
saline and absorbed by a gelatin sponge (80 mm’). Human
cartilage obtained from non-arthritic trauma patients
undergoing knee surgery was cut into pieces and inserted
into the sponge. For implantation, each sponge containing
cartilage and RA FLSs was placed under the skin on the left
flanks of 4-week-old SCID mice (Sun Yat-sen University
Laboratory Animal Center, Guangzhou, China). All mice
were housed under specific pathogen-free (SPF) conditions
and allowed free access to water and food. After 50 days
of implantation, the implants were taken out from the
mice, and the mice were killed. Each explant specimen was
stained with hematoxylin and eosin (HE). FLS invasion
into cartilage was graded as previously described (11). The
invasiveness level was scored as follows: 0 = no or minimal
invasion, 1 = visible invasion (2-cell depth), 2 = invasion
(5-cell depth), and 3 = deep invasion (more than 10-cell
depth). Each specimen was evaluated in a blinded manner
by 2 experienced investigators. All procedures involving
animals were approved by the Institutional Animal Care and
Use Committee (IACUC) of Sun Yat-sen University (No.
SYSU-IACUC-2021-000028) and conducted according to
the guidelines of the Chinese Ethics Committee for the care
and use of animal research.

Statistical analysis

All statistical analyses of the data were performed using
SPSS 13.0 IBM Corp., Armonk, NY, USA) and analyzed
in a blinded manner. Data are expressed as the means =
standard error of the mean (SEM). Presented values were
derived from at least 3 independent experiments. A 2-tailed
Student’s 7-test was used to analyze the differences between
2 groups, and 1-way analysis of variance (ANOVA) analysis
of variance with Bonferroni’s post hoc comparisons was used
to analyze 3 or more groups in normally distributed data.
We used nonparametric tests (Mann-Whitney rank-sum test
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for 2 groups or the Kruskal-Wallis 1-way analysis among 3
groups for continuous variables) to compare the differences
between different groups in abnormal distribution data. P
values less than 0.05 were considered significant.

Results

The cGAS/STING pathway regulated cytosolic dsDNA-
induced migration and invasion of RA FLSs

The abnormal migration and invasion of FLSs play a key
role in controlling rheumatoid synovial aggression and
joint destruction. Our previous study found an increased
accumulation of cytosolic dsDNA and expression of ¢GAS
and STING in FLSs and synovial tissues from patients
with RA. In addition, a positive correlation between the
¢GAS immunoreactive score (IRS) and synovitis score was
observed (6). Herein, we evaluated the role of cytosolic
dsDNA-mediated cGAS/STING signaling in regulating the
migration and invasion of RA FLSs. Specific siRNAs were
used to inhibit cGAS or STING expression. As shown in
Figure 1A, transfection with all 3 siRNA oligonucleotides
decreased ¢cGAS or STING expression; however, the
inhibitory effect of siRNA-1 and siRNA-2 on ¢GAS or
siRNA-2 and siRNA-3 on STING was more prominent.
Thus, siRNA-1 and siRNA-2 for ¢GAS or siRNA-2 and
siRNA-3 for STING were used for further experiments.
We transfected ISD dsDNA (45 bp dsDNA) into the RA
FLSs to activate the cGAS/STING pathway. As shown in
Figure 1B, treatment with ISD dsDNA promoted the
migration of RA FLSs; however, this promotion was
mitigated in ¢GAS or STING siRNA-transfected RA FLSs.
Since the ability to invade cartilage and bone is a critical
pathogenic behavior of RA FLSs, we examined the effect
of ¢cGAS or STING suppression on modulating the invasive
behavior of RA FLSs using Matrigel-coated Transwell
membranes. We determined that ISD dsDNA stimulation
increased the invasion of RA FLSs, whereas the transfection
with ¢GAS or STING siRNA diminished ISD dsDNA-
induced invasion of RA FLSs (Figure 1C).

Cell migration requires the dynamic reorganization
of the actin cytoskeleton. We used fluorescent phalloidin
staining to observe polymerized actin in ISD-induced
migrating cells after wounding in ¢GAS- or STING-
inhibited RA FLSs. As shown in Figure 1D, RA FLSs with
ISD stimulation displayed lamellipodia, while RA FLSs with
¢GAS or STING knockdown exhibited reduced formation of
lamellipodia. Our data indicate a role for the cGAS/STING
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dsDNA
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siC

siC + dsDNA sicGAS-1 + dsDNA

SicGAS-2 + dsDNA siSTING-2 + dsDNA

Figure 1 Effects of cGAS/STING knockdown on the migration and invasion of RA FLSs induced by cytosolic dsDNA. RA FLSs were
transfected with siRNA or ISD dsDNA (2 pg/mL). (A) RA FLSs were transfected with ¢GAS or STING siRNA (sicGAS1-3 or siSTING1-3)
or control siRNA (siC) for 48 hours and subjected to qRT-PCR analysis for mRNA expression or western blot analysis for protein
expression. A representative blot of at least 3 independent experiments is shown. (B,C) Migration and invasion of RA FLSs were measured
using a Transwell assay. Invasion was evaluated using inserts coated with matrigel basement membrane matrix. The relative migratory or
invasive rate was calculated by counting migrated or invaded cells and then normalized to the siC or siC + dsDNA. Migrated and invaded
cells on the membrane were stained with 0.3% crystal violet. Representative images (original magnification: 100x) are shown. The graphs
show the relative migration rates. (D) ¢cGAS or STING knockdown impaired the lamellipodia formation in RA FLSs. RA FLSs were
wounded and stimulated with dsDNA (2 pg/mL) for 8 hours. Representative images are shown (original magnification: 400x). The yellow
arrow indicates lamellipodia formation. The data (A-C) are shown as the mean + SEM from at least 3 independent experiments. *P<0.05;
**P<0.01 vs. siC; "P<0.05; ¥P<0.01 vs. siC + dsDNA. RA, rheumatoid arthritis; FLSs, fibroblast like-synoviocytes; ¢<GAS, cyclic GMP-AMP
synthase; STING, stimulator of interferon genes; sicGAS, ¢GAS siRNA; siSTING, STING siRNA; siC, control siRNA; dsDNA, double-

stranded DNA; qRT-PCR, quantitative reverse transcription-polymerase chain reaction.

pathway in the formation of membrane protrusions in
migrating cells.

Finally, we evaluated the effect of cGAS or STING
knockdown on the in vivo invasion of RA FLSs into
cartilage using the SCID mouse coimplantation model.
Specific shRNAs were used to inhibit ¢<GAS or STING
expression. As shown in Figure 2A4, transfection with all 3
lentiviral ShRNAs decreased ¢cGAS or STING expression;
however, the inhibitory effect of shRINA-1 and shRINA-3
on ¢cGAS or shRNA-2 and shRNA-3 on STING was
more prominent. Thus, shRNA-1 and shRNA-3 for
¢GAS or shRNA-2 and shRNA-3 for STING were used
for subsequent experiments. RA FLSs carrying ¢GAS or
STING shRNA or empty vector were coimplanted side
by side into the left or right flanks of SCID mice. RA
FLSs transfected with ¢cGAS or STING shRNA exhibited
a significantly decreased of invasion into cartilage as
compared to the cells transfected with empty vector
(Figure 2B). Collectively, our findings suggested that the
¢GAS/STING pathway is important for regulating the
migration and invasion of RA FLSs.

© Annals of Translational Medicine. All rights reserved.

MST1I1 mediated the cGAS/STING regulation of RA FLS
function

A previous study showed that the cGAS/STING pathway is
involved in cell migration through regulating the activation
of MSTI (8). Therefore, we investigated whether MST1
mediates the role of the cGAS/STING pathway in the
cytosolic dsDNA-induced migration and invasion of RA
FLSs. As shown in Figure 34, ISD dsDNA transfection
promoted MST1 phosphorylation with a peak at 2 hours;
however, this promotion was mitigated by ¢GAS or STING
knockdown (Figure 3B).

We further determined the role of MSTI in RA FLS
migration and invasion by using 2 specific MST1 siRNAs to
inhibit MST1 expression (Figure 3C). We found that MST1
knockdown inhibited the enhanced ISD dsDNA-induced
migration and invasion of RA FLSs (Figure 3D). Consistent
with our findings regarding migration and invasion, RA
FLSs with MST1 knockdown exhibited decreased formation
of lamellipodia (Figure 3E). These data suggested that
MSTTI acts downstream of the cGAS/STING pathway in the

Ann Transl Med 2022;10(8):431 | https://dx.doi.org/10.21037/atm-21-4533



Annals of Translational Medicine, Vol 10, No 8 April 2022 Page 7 of 18

1.5
A 15
s c .
S o £
a <
X ke
YY) - 0 v
= O
© uo
E ° practin E
0.0 T T T T 0.0 T T T T
< N Q o RO, Q.2 Y N Q [
MY S b g ¢ RS : b b
& F F K & F K K & F F K
& & & SN &£ &£ &
& S 83 &S
1.5
5 15
f = c
S« £ .
22 10 S 1.0 - -
o & N b
o v
sg STING | _—-——— g os I
2Z 05 = 0.
= 1%}
5® B-actin G ——
o
0.0 0.0 T T T T
S N D Y N Q
F F ¢ & x0 & o b
RPN & ¥ ¢ ¢
‘{b Q"a ‘\‘5 2 o o
o 9 9 Y Y 2

Vector
shcGAS-1
shcGAS-3

shSTING-2
shSTING-3

In vivo invasion score

Figure 2 The effect of cGAS or STING inhibition on the invasion of RA FLSs into human cartilage implants transferred under the skin of
SCID mice. (A) RA FLSs were transfected with ¢cGAS or STING shRNA (shcGAS1-3 or shSTING1-3) or control vectors for 48 hours and
subjected to qRT-PCR analysis for mRINA expression or western blot analysis for protein expression. A representative blot of 3 independent
experiments is shown. (B) RA FLSs, transfected with vector, cGAS or STING shRNA were transferred side by side into the left or right
flanks of the SCID mouse model (n=6 for each group). The mice were killed after 50 days, and implants were stained with haematoxylin
and histologically evaluated for cell invasion. The arrows indicate RA FLSs invading Ca (upper image; original magnification: 200x). Data
represent the mean mean = SEM of semiquantitative analysis. *P<0.05; **P<0.01 vs. vector. RA, rheumatoid arthritis; FLSs, fibroblast like-
synoviocytes; cGAS, cyclic GMP-AMP synthase; STING, stimulator of interferon genes; sicGAS, cGAS siRNA; siSTING, STING siRNA;
siC, control siRNA; dsDNA, double-stranded DNA; Ca, cartilage; SCID, severe combined immunodeficiency; qRT-PCR, quantitative

reverse transcription-polymerase chain reaction.
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E i siMST1-3 + dsDNA
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Figure 3 The effect of cGAS/STING inhibition on MST1 activation. (A) The effect of ISD dsDNA transfection on MST1 phosphorylation.
RA FLSs were transfected with ISD dsDNA (2 pg/mL) for different times (2, 4, 6, and 8 hours). Western blotting was used to detect the
expression of total and phosphorylated MSTI. (B) RA FLSs, transfected with ¢GAS or STING siRNA, or control siRNA, were serum-starved
overnight and then transfected with dsDNA (2 pg/mL) for 2 hours. Representative images of immunoblots (left panel) and densitometric
quantification (right panel) of phosphorylated MST1 expression are shown. (C) Efficiency of MST1 knockdown. RA FLSs were transfected
with MST1 siRNA (siMSTI-1-3) or siC for 48 hours and subjected to qRT-PCR analysis and western blot analysis. (D) The effect of MST1
knockdown on migration and invasion. RA FLSs, transfected with MST1 siRNA, were serum-starved overnight and then transfected with
ISD dsDNA (2 pg/mL) for 8 hours. Migration and invasion were measured using a Boyden chamber. The relative migration and invasion
rate was calculated by counting migrated or invaded cells and was followed by normalization to the siC. Migrated and invaded cells on
the membrane were stained with 0.3% crystal violet. Representative images (original magnification: 100x) are shown. Graphs show the
relative migratory and invasive rates. (E) The effect of MSTI knockdown on lamellipodia formation of RA FLSs. Representative images are
shown (original magnification: 400x). The yellow arrows indicate lamellipodia formation. A representative blot of at least 3 independent
experiments is shown. The data (A-D) are shown as the mean + SEM from at least 3 independent experiments. *P<0.05; **P<0.01 vs. siC;
*P<0.05; #P<0.01 vs. siC + dsDNA. MSTI, mammalian sterile 20-like kinase 1; RA, rheumatoid arthritis; FLSs, fibroblast like-synoviocytes;
¢GAS, cyclic GMP-AMP synthase; STING, stimulator of interferon genes; sicGAS, cGAS siRNA; siSTING, STING siRNA; siC, control
siRNA; dsDNA, double-stranded DNA; siMST1, MSTI siRNA; qRT-PCR, quantitative reverse transcription-polymerase chain reaction.

cytosolic dsDNA-induced migration and invasion of RA
FLSs.

protein expression of LATSI or YAP (Figure 4). These
findings suggested that MST1 does not use the canonical
Hippo signaling pathway for directing migration of RA

FLSs.
MST1 regulated the migration and invasion of RA FLSs 5s

independent of the canonical Hippo pathway
FOXO1 mediated MST1 regulation for the migration and
invasion of RA FLSs

To determine whether canonical large tumor suppressor
kinase 1 (LATSI) and YAP are the downstream regulators

of MSTI in RA FLSs, we assessed the effect of MSTI
inhibition on LATSI and YAP protein expression. We
discovered that MSTI knockdown did not influence the

© Annals of Translational Medicine. All rights reserved.

In canonical signaling, MST1/2 activation leads to
phosphorylation of LATS1/2, and subsequently regulates
the Hippo pathway effector Yorkie (Y4P/TAZ) (12). Thus,
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Figure 4 The effects of MST1 knockdown on canonical LATS1 and YAP protein expression in RA FLSs. RA FLSs, transfected with ¢GAS or
STING siRNA or control siRNA, were serum-starved overnight and transfected with dsDNA (2 pg/mL) for 8 hours. (A) LATSI and (B) YAP

protein expression was measured using western blotting. Densitometric quantification of protein levels (right panel) is shown as the mean

+ SEM from at least 3 independent experiments. LATSI, large tumor suppressor kinase 1; YAP, yes-associated protein; RA, rheumatoid
arthritis; FLSs, fibroblast like-synoviocytes; MST1, mammalian sterile 20-like kinase 1; siMST1, MST1 siRNA; dsDNA, double-stranded

DNA.

to explore the underlying mechanisms by which MST1
modulates the migration and invasion of RA FLSs, we
clarified the effect of MSTI knockdown on the expression
of LATSI and YAP. MST1 knockdown did not influence the
protein expression of LATSI or YAP (Figure 4), suggesting
that MST1 does not use the canonical Hippo pathway for
the migration of RA FLSs.

Therefore, we focused on the alternative downstream
effector of MSTI beyond the canonical Hippo pathway.
According to the findings on other cell types in previous
reports, FOXOI may be a downstream cellular substrate
of MSTI. As shown in Figure 5A, phosphorylation of
FOXOI reached a peak at 8 hours in response to ISD
stimulation. Transfection with MSTI siRNA decreased
the phosphorylation of FOXO1 (Figure 5B). Moreover,
we observed that ISD dsDNA stimulation resulted in the
nuclear translocation of FOXOI in RA FLSs; however, this
translocation was reversed in MST1 siRNAs-transfected
cells (Figure 5C). To clarify the role of FOXOI in RA FLS
migration and invasion, we used siRNA to knockdown
FOXO1I (Figure 5D). FOXOI siRNA-transfected RA FLSs
exhibited reduced migration and invasion (Figure SE).

© Annals of Translational Medicine. All rights reserved.

Our findings implied that FOXO1 may be a downstream
substrate of MST'1 for regulating the cytosolic dsDNA-
induced migration and invasion of RA FLSs.

cGAS/STING regulated the level of reactive oxygen species
production in RA FLSs

We next sought to gain mechanistic insights into how cGAS/
STING modulates MST1 expression in RA FLSs. It has
been reported that MST1 is sensitive to oxidative stress (13);
therefore, we investigated whether reactive oxygen species
(ROS) production is involved in the role of cGAS/STING
in controlling MSTI. 2',7'-dichlorodihydrofluorescein
diacetate (DCFH-DA) was used to measure the ROS
production. We first evaluated the effect of ISD dsDNA
stimulation on ROS production and found that the ROS
levels peaked 8 hours after ISD dsDNA stimulation (Figure
6A). The major sources of ROS include the NADPH
oxidases, xanthine oxidase, and mitochondria; therefore,
we used a series of pharmacological inhibitors to determine
the sources of ROS induced by ISD dsDNA. Our results
showed that rotenone (mitochondrial complex I inhibitor)

Ann Transl Med 2022;10(8):431 | https://dx.doi.org/10.21037/atm-21-4533
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Figure 5 The effect of MSTI knockdown on FOXOI activadon. (A) The effect of ISD dsDNA treatment on FOXOI phosphorylation. RA
FLSs were transfected with ISD dsDNA (2 pug/mL) for different times (2, 4, 6, and 8 hours). Protein expression was detected by western blot.
(B) The effect of MSTI knockdown on FOXOI phosphorylation. RA FLSs transfected with MST1 siRNA or control siRNA were serum-
starved overnight and transfected with dsDNA (2 pg/mL) for 8 hours. The pFOXO1 and tFOXO!I protein expression was measured using
western blotting. (C) The effect of MST'1 knockdown on the nuclear translocation of FOXOI. The translocation of FOXOI into the nucleus
was evaluated using immunofluorescence staining. Representative immunofluorescent images of FOXOI (green) and nuclei (blue) in FLSs are
shown. Original magnification 400x. (D) Efficiency of FOXO1I knockdown. RA FLSs were transfected with FOXO1 siRNA (siFOXO01-1-3)
or siC for 48 hours. The FOXOI mRNA and protein expression were detected by qRT-PCR and western blotting, respectively. The effect of
FOXO1 knockdown on the migration and invasion of RA FLSs. (E) RA FLSs transfected with FOXO! siRNA were serum-starved overnight
and then transfected with ISD dsDNA (2 pg/mL) for 8 hours before migration and invasion. The relative migratory and invasive rate was
calculated by counting migrated or invaded cells and through normalization to the siC or siC + dsDNA. Migrated and invaded cells on the
membrane were stained with 0.3% crystal violet. Representative images (original magnification: 100x) are shown. Graphs show the relative
migration rates. The data (A,B,D,E) are shown as the mean + SEM from at least 3 independent experiments. *P<0.05; **P<0.01 vs. siC; *P<0.05;
"P<0.01 vs. siC + dsDNA. RA, rheumatoid arthritis; FLSs, fibroblast like-synoviocytes; FOXO1I, forkhead box 1; pFOXO1, phosphorylation of
FOXO1; MSTI, mammalian sterile 20-like kinase 1; ssMST1, MSTI siRNA; siFOX01, FOXO1I siRNA; siC, control siRNA; dsDNA, double-
stranded DNA; qRT-PCR, quantitative reverse transcription-polymerase chain reaction.

or antimycin A (mitochondrial complex III inhibitor) induction occurs downstream of the cGAS/STING pathway.
abrogated ISD dsDNA-induced ROS production for 8 Finally, we investigated the role of ROS in regulating
hours, while apocynin (NADPH oxidase inhibitor), AEBSF MSTI and FOXOI activity. As shown in Figure 6E,
(NADPH oxidase inhibitor), carboxine (xanthine oxidase treatment with rotenone or antimycin A diminished
inhibitor), or oxypurinol (xanthine oxidase inhibitor) the phosphorylation of MST1 and FOXOI in RA FLSs;
treatment did not affect ROS production, indicating that however, MSTI knockdown did not affect ISD dsDNA-
the mitochondrial ROS are the major source induced by induced ROS levels (Figure 6F). These data indicated that
ISD dsDNA (Figure 6B). ROS operate upstream of the MST1-FOXO1I pathway.
Next, we evaluated the effect of cGAS or STING As a previous study reported an increased amount
inhibition on ROS production. Our results showed that of mitochondrial ROS in RA FLSs (14), we aimed to
¢GAS or STING knockdown decreased the ROS levels further determine whether mitochondrial ROS affects the
induced by ISD dsDNA (Figure 6C), while treatment migration and invasion of RA FLSs. Our results showed
with rotenone or antimycin A did not influence the cGAS that treatment with rotenone or antimycin A reduced the
or STING expression (Figure 6D), implying that ROS ISD dsDNA-induced migration and invasion of RA FLSs
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Figure 6 The effect of cGAS/STING inhibition on ROS production in RA FLSs. Protein expression was measured using western blotting.
(A) The effect of ISD dsDNA on ROS production. RA FLSs were transfected with ISD dsDNA (2 pg/mL) at different times (2, 4, 6, and
8 hours). Representative plots of ROS level are shown. (B) RA FLSs were pretreated with rotenone (20 nM), apocynin (30 pM), AEBSF
(2 uM), carboxin (5 pM), antimycin A (2 pg/mL), and oxypurinol (0.3 mM) for 24 hours and transfected with ISD dsDNA (2 pg/mL) for
8 hours. (C) The effect of cGAS or STING knockdown on ROS production. RA FLSs transfected with ¢GAS, STING siRNA, or control
siRNA were serum-starved overnight and then transfected with dsDNA (2 pg/mL) for 8 hours. Graphs (A-C) show the relative MFI of
ROS. (D,E) The effect of rotenone or antimycin A treatment on the expression of cGAS (D), STING (D), phosphorylated MST1 (E), and
phosphorylated FOXO1I (E). RA FLSs were pretreated with rotenone (20 nM) or antimycin A (2 pg/mL) for 24 hours and then transfected
with ISD dsDNA (2 pg/mL) for 24 hours (¢GAS and STING group), 2 hours (pMST1 group) or 8 hours (pFOXOI group). (F) The effect
of MST1 knockdown on ROS production. RA FLSs transfected with MSTI siRNA or control siRNA were serum-starved overnight and
transfected with dsDNA (2 pg/mL) for 8 hours. (G) The effect of ROS production on migration and invasion. RA FLSs were pretreated
with rotenone (20 nM) or antimycin A (2 pg/mL) for 24 hours and then transfected with ISD dsDNA (2 pg/mL) for 8 hours. The relative
migration and invasion rate was calculated by counting migrated or invaded cells and then through normalization to the lipo or lipo +
dsDNA. Migrated and invaded cells on the membrane were stained with 0.3% crystal violet. Representative images (original magnification:
100x) are shown. Graphs show the relative migration rates. ns indicates no statistically significant difference. The data (A-G) are shown as
the mean + SEM from at least 3 independent experiments. *P<0.05; **P<0.01 vs. lipo; "P<0.05; #P<0.01 vs. lipo + dsDNA. RA, rheumatoid
arthritis; FLSs, fibroblast like-synoviocytes; ROS, reactive oxygen species; LIPO, Lipofectamine 3000; CTR, control; cGAS, cyclic GMP-
AMP synthase; STING, stimulator of interferon genes; MST1, mammalian sterile 20-like kinase 1; FOXO1I, forkhead box 1; siC, control
siRNA; sicGAS, ¢GAS siRNA; siSTING, STING siRNA; siMSTI; MST1 siRNA; dsDNA, double-stranded DNA; ns, no statistically

significant difference; MFI, mean fluorescence intensity.

(Figure 6@G). These findings suggested that mitochondrial the migration and invasion of RA FLSs, while ¢GAS or
ROS play an important role in regulating the migration and STING knockdown decreases dsDNA-induced migration
invasion of RA FLSs induced by ISD dsDNA. and invasion. Furthermore, our results showed that cGAS/
STING activation leads to increased mitochondrial ROS
Discussion levels that proTnote MSTI phosphorylation. and subsequent

phosphorylation and nuclear translocation of FOXOI.

We found that transfection with synthetic dsDNA promotes Furthermore, cGAS/STING activation may contribute to
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the aggressive behavior of RA FLSs by targeting MST1-
mediated FOXO1 (Figure 7).

Recent studies have indicated that the cGAS/STING
pathway participates in regulating the migration of some
cell lines and tumor metastasis. For instance, cytosolic
mitochondrial DNA (mtDNA) can activate cytosolic DNA
sensor cGAS/STING signaling to regulate endothelial cell
migration and angiogenesis processes (8). Furthermore,
STING knockdown was found to enhance cervical cancer
cell migration (15), while cGAS/STING signal activation
was shown to promote the maturation and migration of
dendritic cells (16). In our study, we demonstrated that
¢GAS or STING inhibition also decreased the migration and
invasion of cytosolic dsDNA-induced RA FLSs. Moreover,
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¢GAS or STING knockdown blocked the invasion of RA
FLSs into human cartilage implants transferred under the
skin of SCID mice. A growing body of evidence indicates
that the high invasive ability of FLSs is critical for joint
destruction in RA; therefore, our findings suggest that the
¢GAS/STING pathway has an important role in controlling
rheumatoid synovial aggression and joint destruction.

Hippo kinase MSTI has emerged as a critical
downstream target of the cGAS/STING pathway in the
process of endothelial cell migration (8). To explore how
the cGAS/STING pathway regulates RA FLSs functions,
we evaluated the role of c<GAS/STING in modulating
MSTTI activation in RA FLSs. We determined that cGAS
or STING knockdown suppressed dsDNA-induced MST1
phosphorylation and that MSTT inhibition reduced the
migration and invasion of RA FLSs, suggesting that MST1
mediates the role of cGAS/STING in controlling RA
FLS migration. Consistent with our findings, it has been
reported that MST1 promotes the malignant proliferation
and metastasis of tumor cells (17) and that MST1
knockdown inhibits the proliferation and migration of T
cells from psoriasis patients, indicating that MST1 may
be a target for the treatment of psoriasis (18). However,
there are also reports that MSTI overexpression inhibits
the proliferation and migration of breast cancer cells (19),
suggesting that MST1 might possess a cell type-specific
role in regulating cellular functions.

We further explored how MST1 controls RA FLS
functions. It is well known that the Hippo signaling
pathway figures prominently in development, tissue
homeostasis, and immune response. Dysregulation of
Hippo signaling results in abnormal cell proliferation
and neoplasia (20). In mammalian cells, Hippo
signaling can be initiated by a series of upstream
stimuli. In canonical signaling, activation of MST1/2,
a core component of Hippo, results in subsequent
phosphorylation of LATS1/2, and negatively modulates
the Hippo pathway effector Yorkie (YAP/TAZ) (12).
Therefore, we evaluated whether MSTI regulates the
phosphorylation of LATSI and YAP. We found that MST1
knockdown did not affect the phosphorylation of LATS1/2
or YAP in dsDNA-induced RA FLSs. This indicates that
the LATS1/YAP pathway does not mediate the role of MST1
in regulating RA FLS functions. Similar to our results,
netrin-1-induced YAP protein stability is not dependent on
the Hippo kinase MST'1/2 in various liver and glioblastoma
cancer cells (21). Therefore, we speculated that MST1
controls RA FLSs functions through alternative pathways.
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Recent evidence shows that MSTI regulates various
cellular processes by activating the noncanonical Hippo
pathways or alternative pathways and not the “canonical”
Hippo pathway (22). Interestingly, recent studies show that
MSTI phosphorylates the transcription factor FOXO1,
resulting in oxidative stress-induced neuronal cell death
(23,24). The endothelial MSTI-FOXO1 cascade is critical
for the directional migration of endothelial tip cells (24).
Moreover, phosphorylation of FOXOI has been observed
in RA FLSs (25). This prompted us to ascertain whether
FOXO1I mediates the role of MST1 in RA FLS functions.
As expected, we found that MSTI knockdown decreased
the dsDNA-induced phosphorylation of FOXO1 and that
¢GAS or STING knockdown also inhibited the dsDNA-
induced phosphorylation of FOXOI. Furthermore, FOXO1
knockdown decreased the migration and invasion of RA
FLSs. Collectively, these findings suggest that MST1-
mediated cGAS/STING controls RA FLS migration and
invasion via FOXOI and not via the “canonical” LATSI-
YAP pathway.

It has been reported that ROS-mediated regulation
of cell migration and tumor metastasis is dependent on
the noncanonical Hippo MST1/MST2-FoxO3a-ANp63a
pathway (26). ROS produced in the mitochondria can
activate MST1 in endothelial cells, promoting the nuclear
import of FOXO1 and augmenting its transcriptional
regulation of polarity and migration-associated genes (27),
which suggests that MSTT is sensitive to oxidative stress.
In our study, we found that ¢cGAS or STING knockdown
reduced ROS production and that a mitochondrial ROS
inhibitor diminished the phosphorylation of MST1 in ISD
dsDNA-stimulated RA FLSs. Consistent with our findings,
a previous study showed that oxidative stress stimulation
increased MST1 expression and promoted mitochondrial
dysfunction in RA FLSs (13). We also observed that a
mitochondrial ROS inhibitor reduced ISD dsDNA-induced
migration and invasion of RA FLSs. Taken together, our
findings suggest that the cGAS/STING activation may
elicit mitochondrial ROS production, leading to MST1
phosphorylation in RA FLSs.

In summary, we demonstrated that cGAS/STING
signaling plays an important role in controlling rheumatoid
synovial aggression via the mitochondrial ROS-mediated
MSTI-FOXO1I pathway. This suggests that targeting cGAS/
STING signaling might be a potential therapeutic strategy
for RA.

© Annals of Translational Medicine. All rights reserved.
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Supplementary

Table S1 Primer sequences of the mRNA used in this study

Table S3 shRINA target sequences

mRNA Primer sequences shRNA Sequences
cGAS Forward: ACATGGCGGCTATCCTTCTCT shcGAS-1 CAACTACGACTAAAGCCATTT
Reverse: GGGTTCTGGGTACATACGTGAAA shcGAS-2 GATGCTGTCAAAGTTTAGGA
STING Forward: CCAGAGCACACTCTCCGGTA shcGAS-3 CGTGAAGATTTCTGCACCTAA
Reverse: CGCATTTGGGAGGGAGTAGTA shSTING-1 CTGCTCGTAGCGCCGGGCCTT
GAPDH Forward: GCACCGTCAAGGCTGAGAAC shSTING-2 CAGCATTACAACAACCTGCTA
Reverse: TGGTGAAGACGCCAGTGGA shSTING-3 GACCGGTGACCATGCTGGCAT
MST? Forward: GGAGACGGTACAGCTGAGGA shRNA, short hairpin RNA.
Reverse: CAACAATCTGGCCGGTCTCT

FOXO1 Forward: TCGTCATAATCTGTCCCTACACA

Reverse: CGGCTTCGGCTCTTAGCAAA

ISD Forward: TACAGATCTACTAGTGATCTATGACTGATCTGT

ACATGATCTACA

Reverse: TGTAGATCATGTACAGATCAGTCATAGATCACT

AGTAGATCTGTA

Table S4 Sequences of siRNA

cGAS, cyclic GMP-AMP synthase; STING, stimulator of

interferon genes; MST1, mammalian sterile 20-like kinase 1;
LATS1, large tumor suppressor kinase 1; YAP, Yes-associated

protein; FOXO1, forkhead box1.

Table S2 Demographic and clinical features of patients with active

RA

Demographic and clinical features Values

Age, years (mean + SD) 54.73+7.14

Female, n (%) 16 (80)

Male, n (%) 4 (20)

Disease duration, years (mean + SD) 6.03+7.36

Rheumatoid factor-positive, n (%) 19 (95)

Anti-CCP positive, n (%) 17 (85)

DAS28 (CRP) (mean + SD) 5.57+1.46

Previous medications, n (%)

Prednisone (<10 mg/d) 8 (40)
Methotrexate 6 (30)
Leflunomide 1(5)
Sulfasalazine 1(5)
Hydroxychloroquine 4 (20)

siRNA Sequences
sicGAS-1 GTAAGGAATTTCTGACAAA
SicGAS-2 CTAGCAACTTAATTGACAA
sicGAS-3 GGCTATCCTTCTCTCACAT
siSTING-1 GATCGGGTTTACAGCAACA
siSTING-2 CTGGCATGGTCATATTACA
siSTING-3 GGATTCGAACTTACAATCA
siMST1-1 GGCAGCGTATACAAAGCTA
siMST1-2 CAAGCGGAATACAGTGATA
siMST1-3 GGTAGCAGGTCAACTTACA
siFOXO1-1 GAGGTATGAGTCAGTATAA
siFOXO01-2 GCCCTCGAACTAGCTCAAA
siFOXO1-3 TTCGGAATGACCTCATGGA
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siRNA, small interfering RNA.
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