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Mitochondrial DNA drives noncanonical
inflammation activation via cGAS-STING
signaling pathway in retinal microvascular
endothelial cells
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Abstract

Background: Pathological stimuli cause mitochondrial damage and leakage of mitochondrial DNA (mtDNA) into
the cytosol, as demonstrated in many cell types. The cytosolic mtDNA then drives the activation of noninfectious
inflammation. Retinal microvascular endothelial cells (RMECs) play an important role in the inner endothelial blood-
retinal barrier (BRB). RMEC dysfunction frequently occurs in posterior-segment eye diseases, causing loss of vision. In
this study, we investigated the involvement of cytosolic mtDNA in noninfectious immune inflammation in RMECs
under pathological stimuli.

Methods: RMECs were stimulated with 100 ng/ml lipopolysaccharide (LPS), 200 uM hydrogen peroxide (H,0O,), or
25 mM p-glucose. After 24 h, immunofluorescent staining was used to detect the opening of the mitochondrial
permeability transition pore (MPTP). Cytosolic mtDNA was detected with immunofluorescent staining and PCR after
stimulation. mtDNA was then isolated and used to transfect RMECs in vitro, and the protein levels of cGAS were
evaluated with western blotting. Real-time PCR was used to examine cGAS mRNA expression levels at different time
points after mtDNA stimulation. The activation of STING was detected with immunofluorescent staining 6 h after
mtDNA stimulation. Western blotting was used to determine the expression of STING and IFNB, the
phosphorylation status of TBK1, IRF3, and nuclear factor-kB (NF-kB) P65, and the nuclear translocation of IRF3 and
NF-kB P65 at 0, 3, 6, 12, and 24 h. The mRNA expression of proinflammatory cytokines CCL4, CXCL10, and IFNBT,
and transcription factor IRF1 were determined with real-time PCR, together with the concentrations of intercellular
adhesion molecule 1 (ICAM-1) mRNA.
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TBK1 signaling pathway.

Results: Pathological stimuli caused mtDNA to leak into the cytosol by opening the MPTP in RMECs after 24 h.
Cytosolic mtDNA regulated the expression of cGAS and the distribution of STING in RMECs. It promoted ICAM-1,
STING and IFN expression, TBK1, IRF3, and NF-kB phosphorylation and the nuclear translocation in RMECs at 12
and 24 h after its transfection. The mRNAs of proinflammatory cytokines CCL4, CXCL10, and IFNB1, and transcription
factor IRF1 were significantly elevated at 12 and 24 h after mtDNA stimulation.

Conclusions: Pathological stimulation induces mtDNA escape into the cytosol of RMECs. This cytoplasmic mtDNA
is recognized by the DNA sensor cGAS, increasing the expression of inflammatory cytokines through the STING-

Keywords: Mitochondrial DNA, Noncanonical inflammation, cGAS-STING

Background

The inner endothelial blood—retinal barrier (BRB) plays
a crucial role in maintaining the intraocular balance and
normal visual acuity. It regulates the transcellular trans-
port between the retinal vascular and tissues, and pre-
vents the leakage of potentially harmful agents into the
retina. The breakdown of the BRB frequently occurs in
posterior-segment eye diseases, causing loss of vision.
BRB dysfunction is involved in many retinal diseases [1],
including diabetic retinopathy, uveitis, age-related macu-
lar degeneration (AMD), retinopathy of prematurity, and
retinal artery or vein occlusion. As an important part of
the blood—tissue barrier, vascular endothelial cells play a
critical role in posterior-segment eye diseases. Hypergly-
cemia, oxidative stress, inflammation, and hypoxia can
injure vascular endothelial cells through a variety of
complex signaling pathways [2]. Despite some break-
throughs in understanding these diseases, the common
mechanism is unclear.

In recent decades, the activation of inflammation in
retinal diseases has attracted increasing attention and re-
search [3, 4]. Recent advances in understanding the role
of mitochondrial damage in the inflammatory and im-
mune responses [5] have shown that mitochondrial
DNA (mtDNA) is an important source of damage-
associated molecular patterns (DAMPs) [6], which trig-
ger and maintain inflammation in some inflammatory
[7] or degenerative diseases [4]. In fact, the release of
mtDNA has been reported in various pathological condi-
tions, including rheumatoid arthritis [8], cardiovascular
diseases [7], trauma [9], and systemic inflammation [10].
On entering the cytoplasm, the extracellular space, or
the circulation, mtDNA, acts as a DAMP, cell-type- and
context-specifically engaging multiple pattern recogni-
tion receptors to trigger proinflammatory and type I
interferon (IFN) responses [11]. mtDNA can activate
several arms of the innate immune response, including
the NLRP3 inflammasome [12], toll-like receptor 9
(TLR9) [13], and cyclic GMP-AMP synthase (cGAS)-
stimulator of interferon response cGAMP interactor
(STING)-driven IFN signaling [14]. In particular,

mtDNA has recently been reported to be involved in the
activation of cGAS, a cytosolic DNA sensor that is trig-
gered by the escape of mtDNA into the cytosol as a con-
sequence of mitochondrial stress [15]. In AMD is
characterized by the early and induced release of
mtDNA from the retinal pigment epithelium (RPE)
mitochondria [4]. The escaped cytosolic mtDNA then
activates the DNA sensor cGAS, which drives nonca-
nonical inflammasome activation, resulting in RPE de-
generation. In endothelial inflammation, cytosolic
mtDNA activates cGAS, which induces the activation of
TANK-binding kinase 1 (TBK1) and the phosphoryl-
ation of the transcription factor interferon regulatory
factor 3 (IRF3), which are involved in vascular inflamma-
tion and destruction [16].

Given the importance of mtDNA-cGAS signaling in
inflammation, we examined its role in retinal micro-
vascular endothelial cells (RMECs) in this study. We
found that pathological stimulation induced mitochon-
drial damage and the release of mtDNA in these cells,
and that the cytosolic mtDNA activated the cGAS-
STING pathway, which in turn induced the expression
of type I IFN and proinflammatory cytokines.

Methods

Cell culture

Primary rat RMECs (catalogue no. RA-6065; Cell Bio-
logics Company, Chicago, IL, USA), stored in liquid ni-
trogen, were quickly incubated in a 37 °C thermostatic
water bath until the cell freezing medium had melted
completely. The cells were then transferred to a 15ml
centrifuge tube and centrifuged at 1000xg for 5 min.
The supernatant was discarded, and the cell pellet was
resuspended in 10ml of cell culture growth medium
(Complete Rat Endothelial Cell Medium, catalogue no.
M1266; Cell Biologics) containing 10% fetal bovine
serum (FBS; lot 42F0282K, Gibco, Carlsbad, CA, USA)
and 1% streptomycin—penicillin. The resuspended cells
were then transferred to a T75 cell culture flask and in-
cubated under 5% CO, at 37°C. The cell culture
medium was replaced once every 2days. The RMECs
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from passages 2—6 were used in the experiments. The
cells were stimulated when they were > 70% confluent.

Cell stimulations

Lipopolysaccharide (LPS; Sigma-Aldrich, St. Louis, MO,
USA) was first dissolved (1 mg/ml) in phosphate-
buffered saline (PBS; HyClone, Logan, UT, USA) and di-
luted in complete cell culture growth medium to a con-
centration of 100ng/ml. Hydrogen peroxide (H,O,)
solution (35%; 349,887, Sigma-Aldrich) was diluted with
complete cell culture growth medium to a concentration
of 200 uM. D-Glucose (WF0108, WEIAO, China) was
dissolved in complete cell culture growth medium to a
concentration of 25mM. There were 2x 10° RMECs
that was seeded in 6-well plates and stimulated when
they were >70% confluent. The RMECs were collected
after stimulation with one or other of these treatments
for 0, 12, or 24 h.

Isolation of mitochondrial DNA and transfection

RMEC mtDNA was isolated with the Mitochondrial
DNA Isolation Kit (ab65321, Abcam, Cambridge, MA,
USA), according to the manufacturer’s instructions. In
brief, RMECs (about 5 x 10°) were collected and centri-
fuged at 600xg for 5 min at 4 °C. The cell pellet was then
washed with ice-cold PBS and centrifuged at 600xg for
5min at 4°C. After the supernatant was discarded, 1 x
Cytosol Extraction Buffer was added to resuspend the
cells and the mixture was incubated on ice for 10 min.
The cells were homogenized in an ice-cold dounce tissue
grinder and transferred to a 1.5 ml microcentrifuge tube.
After centrifugation at 700xg for 10min at 4°C, the
supernatant was transferred to a fresh 1.5 ml tube, and
centrifuged at 10,000xg for 30 min at 4°C. The super-
natant was removed and the pellet resuspended in 1 x
Cytosol Extraction Buffer and centrifuged again at 10,
000xg for 30 min at 4 °C. Enzyme Mix (5 pl) was added
to the tube, which was incubated in a 50 °C water bath
for 60 min before centrifugation in a microcentrifuge at
the top speed for 5 min at room temperature. The pellet
was mtDNA. After the supernatant was removed, Tris—
EDTA (TE) buffer was used to resuspend the mtDNA.
The concentration of mtDNA was measured with a
NanoDrop 2000 spectrophotometer (Thermo Fisher Sci-
entific, Rockford, IL, USA).

RMECs were transfected with the mtDNA using
Attractene Transfection Reagent (Qiagen, 301,005), ac-
cording to the manufacturer’s instructions. Briefly, the
cells were incubated under normal growth conditions
(37°C and 5% CO,) and were 70% confluent on the day
of transfection. The mtDNA was diluted in TE buffer to
a concentration of 0.5 pg/pl and then 2 pl of mtDNA
was mixed with growth medium containing no serum or
antibiotics to a total volume of 100 pl. Attractene
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Transfection Reagent (4.5 pl) was added to the Eppen-
dorf tube and the transfection complexes were allowed
to form. After the solution was pipetted up and down or
vortexed, the tube was centrifuged for a few seconds to
make the transfection complexes be at the bottom of the
tube. The samples were incubated for 15min at room
temperature to allow the transfection complex forma-
tion. The medium was replaced with new complete cell
culture medium, and the mixture of mtDNA and Attrac-
tene Transfection Reagent was added dropwise onto the
cells. The plate was gently swirled to ensure the uniform
distribution of the transfection complexes. The cells
were incubated under their normal growth conditions
and the medium was replaced again after 3 h.

Detection of mitochondrial permeability transition pore
opening

The opening of the mitochondrial permeability transition
pore (MPTP) was detected with the Image-iT™ LIVE Mito-
chondrial Transition Pore Assay Kit (Invitrogen, 135103), ac-
cording to the manufacturer’s instructions. RMECs were
cultured in a 24-well plate in complete cell growth medium
in the presence of LPS (1 mg/mL), H,O, (200 uM), or high
glucose (25 mM) for 24 h. The cells were washed in 1 x
Hank’s balanced salt solution (HBSS; Corning). Calcein AM
stock solution (1.0 mM), MitoTracker Red CMXRos stock
solution (200 uM), and 1.0 mM Hoechst 33342 dye were
then combined (1.0 pL. of each). Prewarmed (37 °C) HBSS
(997 pl) was added to the preparation to produce the labeling
solution. A sufficient amount of labeling solution was applied
to cover cells adhering to a coverslip. The cells were incu-
bated for 15 min at 37 °C in the dark. A mixture of 1.0 ul of
1.0M CoCl, and 999 pl of HBSS was then added and the
cells were incubated for another 15 min at 37 °C in the dark.
The cells were washed twice with warm HBSS buffer to re-
move any residual dye and to minimize the background
noise, and mounted in warm buffer. The cells were observed
under a Leica TCS SP8 WLL confocal microscope with a
63x, 1.35-NA oil-immersion objective. The approximate ex-
citation/emission peaks of calcein after hydrolysis were 494/
517 nm, respectively; the approximate excitation/emission
peaks of MitoTracker Red CMXRos dye were 579/599 nm,
respectively; and the approximate excitation/emission peaks
of Hoechst 33342 dye were 350/461 nm, respectively. The
calcein, MitoTracker Red CMXRos, and Hoechst 33342 sig-
nals were observed with standard filter sets.

Detection of mtDNA and cytosolic DNA with staining

Immunofluorescent double-label staining was used to as-
sess the release of mtDNA into the cytoplasm. After 24
h in the presence of LPS, H,O,, or high glucose, RMECs
were washed twice with PBS. MitoTracker Red stock so-
lution (1 mM; MitoTracker™ Red CMXRos - Special
Packaging, Invitrogen, M7512) was diluted in growth
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medium without FBS. The prewarmed (37 °C) staining so-
lution containing MitoTracker Red was added to the cells
in a 24-well plate to a final working concentration of 400
nM. The cells were cultured for 15-45 min under stand-
ard growth conditions in the dark. Quant-iT™ PicoGreen™
dsDNA Reagent (Invitrogen, P7581) was diluted 200-fold,
according the manufacturer’s instructions. After Mito-
Tracker Red staining solution was removed and the cells
were washed twice with PBS. An aliquot (1.0 ml) of the
aqueous working solution of Quant-iT™ PicoGreen
dsDNA Reagent was added to each cell sample, which was
incubated for 10 min at 37 °C in the dark. The PicoGreen
reagent was discarded and the cells were rinsed with 4°,6-
diamidino-2-phenylindole (DAPI; Sigma-Aldrich) solution
for 10 min. After staining was complete, the staining solu-
tion was replaced with fresh prewarmed medium or buf-
fer, and the cells were observed with a fluorescence
confocal microscope (Leica TCS SP8 WLL). The approxi-
mate excitation/emission peaks of MitoTracker Red were
579/599 nm, respectively, and the approximate excitation/
emission peaks of Quant-iT™ PicoGreen dsDNA Reagent
were 502/523 nm, respectively.

Detection of cytosolic mtDNA with PCR

To detect cytosolic mtDNA with a PCR assay, the
cytosol of RMECs was extracted with a Mitochondria
Isolation Kit for Cultured Cells (C3601, Beyotime,
China), according to the manufacturer’s instructions.
Ice-cold PBS was used to wash the RMECs, which
were then centrifuged at 600xg for 5min at 4°C. The
supernatant was removed and discarded. The pellet
was resuspended in Mitochondria Isolation Reagent
and incubated for 15min on ice. The cell suspension
was transferred to a dounce tissue grinder and ho-
mogenized with 15 passes on ice. The homogenate
was transferred to a 1.5ml microcentrifuge tube, and
centrifuged at 600xg for 10 min at 4°C. The super-
natant was transferred to a fresh 1.5ml tube and cen-
trifuged at 11,000xg for 10 min at 4°C. The cytosolic
supernatant was collected. The FlexiGene DNA Kit
(no. 51206, Qiagen) was used to isolate the mtDNA
from the collected cytoplasm. Buffer FG1 was added
to the collected cytoplasm in a 2ml Eppendorf tube
and mixed by pipetting. Buffer FG2 was then added
and the tube was inverted three times. The tube was
placed in a heating block and incubated at 65°C for
10 min. Isopropanol (100%) was added and the tube
was inverted to induce DNA precipitation. After cen-
trifugation for 3 min at 10,000xg, the supernatant was
discarded and Buffer FG3 was added to dissolve the
DNA during incubation for 30 min at 65°C in a heat-
ing block. The mtDNA was detected with quantitative
PCR with primers that hybridized to sequences in the
gene encoding mitochondrial cytochrome c¢ oxidase 1
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(mt-Col). The nuclear DNA was measured with PCR
using primers that hybridized sequences in the 18S
rDNA (encoding 18S rRNA). The copy numbers of
mtDNA were normalized against the copy numbers of
nuclear DNA, and compared between groups. All
PCR primers were synthesized by Tsingke Biological
Technology (Shanghai, China). The primers for 18S
rDNA were 5 -TAGAGGGACAAGTGGCGTTC-3’
(forward) and 5-CGCTGAGCCAGTCAGTGT-3" (re-
verse). The primers for mt-Col were 5'-GCCCCCGA
TATGGCGTTT-3" (forward) and 5'-GTTCAACCTG
TTCCTGCTCC-3" (reverse).

Western blotting analysis

Each sample was collected and suspended in lysis buffer
(Cell Signaling Technology, Beverly, MA, USA). The mix-
ture was centrifuged at 10,000xg for 15min. The BCA
Protein Assay Kit (Beyotime, Shanghai, China) was used
to determine the protein concentrations. Cytoplasmic Ex-
traction Reagents (Thermo Fisher Scientific) were used to
separate the nuclear proteins and cytoplasmic proteins.
The proteins were separated with SDS-PAGE and trans-
ferred to polyvinylidene difluoride membranes (Millipore,
Billerica, MA, USA). The membranes were blocked with
5% bovine serum albumin for 1 h and incubated with the
primary antibody overnight. The antibodies used for this
assay were: anti-cGAS antibody (ab179785, Abcam), anti-
ICAM1 [1A29] antibody (ab171123, Abcam), anti-TBK1/
NAK (D1B4) rabbit mAb (#3504, Cell Signaling Technol-
ogy), anti-phospho-TBK1/NAK (Ser172) (D52C2) XP°
rabbit mAb (#5483, Cell Signaling Technology), anti-IRF3
(D83B9) rabbit mAb (#4302, Cell Signaling Technology),
anti-phospho-IRF3  (Ser396) (D601M) rabbit mAb
(#29047, Cell Signaling Technology), anti-NF-kB P65
(D14E12) XP rabbit mAb (#8242, Cell Signaling Technol-
ogy), anti-phospho-NF-kB P65 (Ser536) (93H1) rabbit
mAb (#3033, Cell Signaling Technology), anti-STING
(D1V5L) Rabbit mAb (#50494, Cell Signaling Technol-
ogy), anti-Interferon beta antibody (ab140211,abcam),
anti-p actin antibody (ab8227, Abcam), anti-lamin B1 anti-
body (a nuclear envelope marker; ab16048, Abcam), and
horseradish-peroxidase-conjugated goat anti-rabbit IgG
H&L (ab205718, Abcam). After the membranes were
washed three times with 1 x TBS—Tween bulffer, they were
incubated with the secondary antibody for 1h at room
temperature. Pierce ECL Western Blotting Substrate
(Thermo Fisher Scientific) and a Kodak Digital Imaging
System (Kodak, Rochester, NY, USA) were used to
visualize and quantify the immunoblots.

Immunofluorescence

Coverslips were placed in 24-well plates before they
were seeded with 5x 10* cells. After stimulation, the
RMECs were washed twice with PBS and fixed with 4%
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paraformaldehyde for 10 min. The cells were washed
again and the cultures incubated with blocking buffer
containing 0.3% Triton X-100 and 5% goat serum for 1 h
at 37°C. They were then incubated overnight at 4°C
with the primary antibody (anti-TMEM173/STING anti-
body, diluted 1:50; cat 19,851-1-AP, Proteintech) and
co-stained with ER, ERGIC and Golgi maker respectively
(Calnexin Monoclonal Antibody (GT1563), diluted 1:
100; cat MA5-31501, Invitrogen, LMAN1 Monoclonal
Antibody (OTI1A8), diluted 1:100; cat MA5-25345,
Invitrogen, Purified Mouse Anti-GM130, diluted 1:100;
cat 610,822, BD bioscience). After the RMECs were
rinsed with PBS, they were incubated with the secondary
antibody (Alexa-Fluor®-488-conjugated goat anti-rabbit
IgG H&L, diluted 1:1000; ab150077, Abcam, Alexa-
Fluor®-555-conjugated goat anti-mouse IgG H&L, di-
luted 1:1000; ab150114, Abcam) for 60 min at room
temperature and counterstained with DAPI (Sigma-Al-
drich) for another 10 min. The cells were washed twice
with PBS and observed with a laser confocal microscope
(Leica Microsystems).

Real-time PCR

RMECs were treated as described above and the total
RNA was isolated with TRIzol Reagent (Invitrogen). The
mRNA was reverse transcribed into cDNA with the Pri-
meScript RT reagent Kit (Takara, Shiga, Japan), accord-
ing to the manufacturer’s protocol. The LightCycler 480
II real-time PCR instrument (Roche, Basel, Switzerland)
was used to perform real-time PCR in 10 ul reaction
mixtures containing 0.2 pl of the forward primer, 0.2 pl
of the reverse primer, 1 ul of cDNA, 5 pl of 23 LightCy-
cler 480 SYBR Green I Master Mix (Roche), and 3. 6 pl
of nuclease-free water. The thermal cycling parameters
were 95 °C for 10 min, followed by 40 cycles of 95 °C for
10s and 60 °C for 30s. The mRNA levels were normal-
ized to those of ACTB mRNA and calculated with the
27A4Ct method. All PCR primers were synthesized by
Tsingke Biological Technology (Shanghai, China). The
primers are shown in Table S1.

Statistical analysis

All statistical analyses were performed with SPSS for
Windows version 17.0 (SPSS, Inc., Chicago, IL, USA).
Data are presented as means + standard deviations. Rep-
resentative images of all assays are shown, and the quan-
titative results are the means of three independent
experiments. Differences between two groups were com-
pared with the Mann—Whitney U test. To compare dif-
ferences among three or more groups, the Kruskal—-
Wallis test was used in this study. Values of P<0.05
were considered statistically significant.
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Results

Pathological stimuli cause mtDNA to leak into the cytosol
by opening the MPTP in RMECs

We used double-stranded DNA (dsDNA) staining
(PicoGreen) and mitochondrial staining (MitoTracker)
to simultaneously detect mtDNA (PicoGreen that
colocalized with MitoTracker), nuclear DNA (Pico-
Green in the nucleus), and cytosolic DNA (PicoGreen
that did not colocalize with either MitoTracker or the
nucleus). As shown in Fig. la-d, small dsDNA parti-
cles were detected outside the mitochondria and the
nuclei in the RMECs treated with LPS, H,O,, or high
glucose, suggesting the presence of cytosolic DNA.
However, cytosolic DNA was barely detectable in the
untreated RMECs. We also detected mtDNA in the
cytosolic fractions with a PCR analysis using primers
directed against mtDNA sequences. As shown in Fig.
le-g, the amount of cytosolic mtDNA was signifi-
cantly higher in cells treated with H202, high glu-
cose, or LPS than in the control cells. Together, these
data suggest that pathological stimuli cause mtDNA
leakage into the cytosol.

How is mtDNA released into the cytoplasm? Previous
research ascribed the escape of mtDNA to the opening
of the MPTP after pathological stimulation. Therefore,
we examined the function of the MPTPs in RMECs at
24 h after H202, high-glucose, or LPS treatment. The
opening of the MPTP was detected with the Image-iT™
LIVE Mitochondrial Transition Pore Assay Kit after
stimulation, but was not observed in the unstimulated
cells (Fig. 2).

Cytosolic mtDNA regulates the expression of cGAS and
the distribution of STING in RMECs

cGAS, an important cytosolic DNA sensor, decreased
soon after mtDNA transfection and was lowest 6 h after
stimulation. The level of cGAS protein then increased
gradually to 12 and 24 h after stimulation (Fig. 3a). This
increase was consistent with the changes in cGAS mRNA.
As shown in Fig. 3b, cGAS mRNA remained stable for 5h
after mtDNA stimulation, increased slightly at 6 h, and in-
creased significantly at 12 and 24 h. The decline in cGAS
within the first 6 h correlated positively with the concen-
tration of transfected mtDNA (Fig. 3c).

STING, an endoplasmic-reticulum (ER)-membrane pro-
tein, is a critical signaling molecule of the immune system
and is activated by the leakage of mtDNA into the cytosol.
At normal control group of RMECs, STING was disper-
sive and localization in ER in cytoplasm. Then the pro-
nounced translocation of STING was observed, with the
formation of aggregated specks in the perinuclear region
at 6 h after stimulation with 1.0 ug of mtDNA. Further-
more, the STING moved from ER and partly localized in



Guo et al. Cell Communication and Signaling (2020) 18:172

Page 6 of 12

Normal control H202

HG LPS

MitroTrack Red MitroTjracker Red

b1

Ei
JPico green
{

wbo
o a2

404 —_— 354

354 20
30|

254
254 :

204
204

154
154
104 7
054 054
0.0- 00+

NC H,0, 12 H,0, 24h NC

Amount of mtDNA in cytosol
(relative to control)

Amount of mtDNA in cytosol
(relative to control)

HG 12h HG 24h NC

Fig. 1 (1) Immunofluorescent double-labeling of DNA and mitochondria in RMECs after treatment with 200 uM H202 (B1-4), 25 mM glucose (C1-
4), or 100 ng/ml LPS (D1-4) for 24 h. (A1, B1, C1, and D1) Mitochondria were labeled with MitoTracker Red. (A2, B2, C2, and D2) Double-stranded
DNA was labeled with PicoGreen. (A3, B3, C3, and D3) Nuclei were labeled with DAPI. (A4, B4, C4, and D4) Merged images of A1-3, B1-3, C1-3,
and D1-3, respectively. (al1-4, b1-4, c1-4, and d1-4) Magnification of A1-4, B1-4, C1-4, and D1-4, respectively. (2) Real-time PCR was used to
determine the copy number of mtDNA in the cytoplasm. In RMECs, the copies of mtDNA released from the mitochondria are shown after
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(Fig. 4).

Cytosolic mtDNA promotes ICAM-1, STING and IFNf
expression; TBK1, IRF3, and NF-kB phosphorylation; IRF3,
and p65 NF-kB nuclear translocation in RMECs

As shown in Fig. 5a-d, the phosphorylation of IRF3,
TBK1, and nuclear factor-kB (NF-kB) P65 was signifi-
cantly increased by mtDNA at 12 and 24 h after trans-
fection. The mtDNA stimulation also promoted protein
levels of ICAM-1at 12 and 24'h, STING at 3, 6, 12 and
24 h and IFNp at 6, 12 and 24 h Fig. 5e-g. Western blot-
ting analysis of IRF3 and p65 levels in the cytoplasm and
nuclei of RMECs after stimulation with 1 ug of mtDNA
for different times. Figure 5h-m shown that most IRF3
and p65 were located in the cytosol, with little nuclear
p65 in normal RMECs. The stimulation of mtDNA

significantly reduced the levels of cytosolic IRF3 and p65
at 3, 6,12 and 24 h and induced marked increase in nu-
clear IRF3 and p65 at 6,12 and 24 h. In a word, stimula-
tion of mtDNA significantly enhanced p65 translocation
from the cytoplasm to the nucleus.

Cytosolic mtDNA promotes transcription of
proinflammatory cytokines in RMECs

In parallel with the nuclear translocation of IRF3 and NF-kB
P65, the amount of intercellular adhesion molecule 1
(ICAM1) increased at both the protein and mRNA levels
after mtDNA stimulation (Figs. 5e and 6e). Simultaneously,
cytosolic mtDNA significantly induced the transcription of
CCL4, CXCLI0, IRF1, and IFNBI. As shown in Fig. 6, CCL4,
CXCL10, and IFNBI mRNAs were significantly higher at 12
and 24h than in the normal control. IRFI and ICAMI
mRNAs increased at 6 h and continued to increase to 24 h.
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Fig. 2 Mitochondrial permeability transition pore (MPTP) opening was detected with Image-iT™ LIVE Mitochondrial Transition Pore Assay Kit. (A1,
B1, C1, and D1) show the fluorescence of calcein (green). (A2, B2, C2, and D2) show MitoTracker Red staining. (A3, B3, C3, and D3) show DAPI
staining. (A4, B4, C4, and D4) Merged images of A1-3, B1-3, C1-3, and D1-3, respectively. (al1-4, b1-4, c1-4, and d1-4) Magnification of A1-4,
B1-4, C1-4, and D1-4, respectively

Discussion

In this study, we have shown that the escape of mtDNA
into the cytosol under pathological stimulation is a uni-
versal phenomenon in RMECs. The release of mtDNA
from the mitochondria may occur after the opening of
the MPTP. The cytoplasmic mtDNA is recognized by
the DNA sensor cGAS in the cytosol, which is followed

by the activation of STING. Activated STING translo-
cates to the perinuclear region, where it forms aggre-
gated specks, and then promotes the phosphorylation of
TBK1, IRF3, and NF-kB P65 and the nuclear transloca-
tion of IRF3 and NF-«xB P65. With the nuclear transfer
of IRF3 and NF-kB P65, the expression of downstream
factors (e.g. ICAM1, CCL4, CXCL10, IRF1, and IFN-f1)
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Fig. 3 Changes in cGAS protein and mRNA levels in RMECs after mtDNA stimulation. a RMECs were treated with 1 ug of mtDNA for 1h, 2h, 3h,
4h,5h,6h,12h and 24 h. And the cGAS protein levels were determined by Western blot analysis; 3-actin was used as the loading control.
Quantitative analysis of cGAS, as determined by densitometric analysis, expressed as a ratio of B-actin. b RT-PCR was used to determine cGAS
MRNA levels in RMECs treated with 1 ug of mtDNA for different times. ¢ Western blotting analysis of cGAS protein levels in RMECs treated with
different concentrations of mtDNA for 6 h. P < 0.05, *xP < 0.01, n=3 in each group
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Fig. 4 Immunofluorescence of ER, ERGIC and Golgi and STING after mtDNA stimulation of RMECs. Figure A1-C1: normal control groups; Figure A2-C2:
mtDNA stimulation groups. Green was STING and blue was DAPI. Red was ER, ERGIC and Golgi in figure A2-2, B2-2 and C2-2, respectively. In normal
control group, STING was dispersive and co-localization with ER maker. In mtDNA-stimulated group, STING was aggregated specks formed in the

DAPI Merge

is induced after the extracted mtDNA is transfected into
RMECs.

The mitochondria play an important role not only in
the generation of cellular energy but also in the metabol-
ism of lipids and amino acids [17]. The complex structure
and highly dynamic nature of the mitochondria are
thought to make them vulnerable to pathological condi-
tions [18]. Blajszczak noted [19] that mtDNA is more
often damaged than nuclear DNA because of its

specialized location in the inner mitochondrial membrane.
Previous reports have suggested that mitochondria
evolved from a-Proteobacteria and that the structure of
the eukaryotic mtDNA contains hypomethylated CpG
motifs that have some similarity to bacterial CpG DNA
[20, 21]. Several recent studies have demonstrated that
mitochondria are versatile organelles that function in in-
fection, inflammation, cancer, and degenerative diseases
[22]. Nerlich reported that under pathological stimulation,
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the Ca?* influx into the mitochondria changes [23], ac-
companied by morphological changes in the mitochondria
[24]. The mitochondrial Ca®* influx and loss of mitochon-
drial membrane potential results in the opening of the
MPTP, with the consequent release of cytochrome c and
mtDNA into cytoplasm [23, 25]. In this study, we have
shown that pathogenic stimulation causes MPTP opening
and the escape of mtDNA, which was detected with im-
munofluorescence. This activated a noninfectious inflam-
matory response in RMECs through the cGAS-STING
pathway. Moreover, this is a general phenomenon in
RMECs when mtDNA escapes from the mitochondria.
The structure of cGAS contains a nucleotidyltransfer-
ase domain and two major DNA-binding domains,
which recognize dsDNA, combine ATP and GTP, and
synthesize cyclic GMP-AMP (cGAMP) [26]. It has been
recognized as an important cellular DNA sensor in re-
cent years [27]. As a cytosolic DNA sensor, the cGAS
played as a conserved enzyme and converted ATP and

GTP into the dinucleotide cGAMP. The cGAMP further
played as a second messenger and activated downstream
cGAMP-STING signaling pathway. Then the cGAS was
degraded by p62-depdendent ubiquitination as previous
research reported [28]. In our present research, the
amount of cGAS decreased at 1h and was lowest at 6 h
after mtDNA stimulation. At 12 and 24 h after mtDNA
stimulation, the transcription and translation of cGAS
tended to increase gradually. The STING plays an im-
portant role in facilitating the innate immune signaling
processes during DNA virus infection [29]. In normal
RMECs, the STING was dispersive and localization in
cytoplasm and co-localized in ER. After 1pg mtDNA
stimulation, the pronounced translocation of STING
was observed, with the formation of aggregated specks
in the perinuclear region and partly co-localization in
ERGIC and Golgi. The changes indicated that STING
was activated and moved from ER to ERGIC and Golgi.
Research has shown that activated STING enhances the
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phosphorylation of protein kinases IkB kinase (IKK) and
TANK-binding kinase 1 (TBK1) [30, 31]. This then in-
duces the phosphorylation and nuclear translocation of
the transcription factor IRF3 [32]. Our data are consist-
ent with these studies. After treatment with mtDNA, the
phosphorylation of TBK1 and IRF3 gradually increased
and IRF3 aggregated in the nucleus rather than in the
cytosol. NF-kB is a regulatory molecule that promotes
the expression of some proinflammatory factors, and is
also phosphorylated as a consequence of the full activa-
tion of TBK1 [33]. In this study, we confirmed that
mtDNA resulted in NF-kB phosphorylation and nuclear
transfer via the cGAS-STING pathway. In another
study, Mao et al. demonstrated that activated IRF3 is an
essential factor mediating JCAMI expression, and that
IRF3 binds directly to the JCAM1 promoter and induces
ICAM1 expression during inflammation [16]. In a study
of diabetic retinopathy induced by hyperglycemia, the
transcript and protein levels of ICAM1 were upregulated
[34]. ICAM1 has already been identified as playing a key

role in diabetic retinopathy and vascular inflammation,
and the knockdown of ICAM1 can reduce endothelial
injury and the loss of pericytes [34]. In this study, we
found that the production of inflammatory cytokines,
such as CCL4, CXCL10, IRF1, and IFN-B1, was accom-
panied by the phosphorylation of IRF3 and NF-«kB.
Macrophage inflammatory protein 1p (MIP13/CCL4) is
a highly related member of the CC chemokine subfamily
[35] that is involved in the occurrence and development
of atherosclerosis [36], and CXCL10 (IP-10) is a chemo-
kine induced by IFN-y. It is chemoattractive to immune
cells and enhances angiogenesis in cancers and auto-
immune diseases [37]. Several studies by Shizuka et al.
reported that increases in MIP1p and IP-10 occur in the
vitreous fluid during rhegmatogenous retinal detach-
ment, proliferative diabetic retinopathy, and retinal vein
occlusion [38, 39]. IRF3 is responsible for the induction
of some IFN-stimulated genes [40]. Type I interferon
(IFNBI) expression is upregulated by the phosphoryl-
ation of STAT6, which occurs after the phosphorylation
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of IRF3 in the STING signaling pathway [41]. A study by
Wang et al. suggested that IFN-B1 protein is significantly
increased via the TLR4 Inflammatory pathway during
the breakdown of the BRB in diabetic retinopathy [42].
IEN-B1 also contributes to the initiation of the innate
immune response by binding the TLRs on RPE cells.
IRF1 is a known target gene of NF-«kB, which binds dir-
ectly to its promoter, stimulating the expression of sev-
eral genes related to the host defense against pathogens
[43]. A previous study suggested that IRF1 contributes
to the activation of complement factor H, a key regula-
tor of AMD [44]. A study by Eckhardt et al. demon-
strated that IRF1 is a critical regulator of the
proinflammatory cytokine secretion induced by BV6
during the immune response [45]. Stimulation with LPS
induced mtDNA replication and the activation of IRF1
and NLRP3, which is similar to our findings in cells
treated with isolated mtDNA [12]. In our study, patho-
logical stimulation led to the release of mtDNA into
cytoplasm of RMECs, which induced a noninfectious im-
munoinflammatory response. This was accompanied by
the secretion of a series of inflammatory factors, which
mediate the adhesion of inflammatory cells around vas-
cular endothelial cells. The BRB function was destroyed
as a consequence of this signaling cascade in the vascu-
lar inflammatory response.

Conclusion

The cGAS-STING signaling pathway is a conserved path-
way that plays a critical role in the immune and inflamma-
tory responses [46]. Although there have been several
reports of the involvement of cGAS-cGAMP-STING sig-
naling in cancer, degenerative diseases, and systemic in-
flammation, there have been few studies of diseases related
to the inner BRB in the retina [4, 22]. We have demon-
strated that pathological stimulation induces mtDNA es-
cape into the cytosol of RMECs, and that this cytoplasmic
mtDNA is recognized by the DNA senor cGAS, increasing
the expression of inflammatory cytokines through the
STING-TBK1 signaling pathway. Our findings suggest that
mtDNA escape is one of the most important factors in the
destruction of the BRB in retinal vascular diseases, such as
diabetic retinopathy, uveitis, and AMD.
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