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Abstract

STX12 (syntaxin12 or syntaxin13), a member of the SNARE protein family, plays a crucial role in intracellular vesicle
transport and membrane fusion. Our previous research demonstrated that Stx72 knockout mice exhibit perinatal
lethality with iron deficiency anemia. Despite its importance, the comprehensive physiological and pathological
mechanism of STX12 remains largely unknown. Here, we revealed that STX12 deficiency causes the depolarization
of mitochondrial membrane potential in zebrafish embryos and mouse embryonic fibroblasts. Additionally, the loss
of STX12 decreased the levels of mitochondrial complex subunits, accompanied by mitochondrial DNA (mtDNA)
release and activated cGAS-STING pathway and Type | interferon pathway in the lung tissue of Stx727~ mice. Addi-
tionally, we observed a substantial increase in cytokines and neutrophil infiltration within the lung tissues of Stx12
knockout mice, indicating severe inflammation, which could be a contributing factor for Stx72”~ mortality. Various
interventions have failed to rescue the lethal phenotype, suggesting that systemic effects may contribute to lethality.
Further research is warranted to elucidate potential intervention strategies. Overall, our findings uncover the critical
role of STX12 in maintaining mitochondrial function and mtDNA stability in pulmonary cells, and reveal that STX12
depletion results in pulmonary mtDNA release and activates mtDNA-dependent innate immunity.
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Introduction

Soluble N-ethylmaleimide-sensitive factor attachment
protein receptors (SNAREs) are a family of proteins that
play crucial roles in the process of membrane fusion
within eukaryotic cells [1, 2]. They are essential for various
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cellular functions, including vesicle trafficking, neuro-
transmitter release [3, 4], and the fusion of transport vesi-
cles with their target membranes. Syntaxin 12 (STX12) is
a member of the Qa-SNARE protein family, which plays a
critical role in the endosomal trafficking pathway, where it
facilitates the sorting and recycling of endocytosed mate-
rials [5-7]. The expression of STX12 is reported to be
developmentally regulated and is abundant during the late
embryonic and early postnatal phases, with levels sub-
sequently diminishing as the brain matures into the late
postnatal stages in the mice and rats [8, 9]. Additionally, in
primary cultured neurons and differentiated PC12 cells,
STX12 is prominently found in the perinuclear area of the
cell body, as well as distributed along neurites and within
growth cones [9, 10]. The overexpression of STX12 in
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PC12 cells can enhance neurite outgrowth during nerve-
growth-factor-induced differentiation [9, 11]. STX12 is
also involved in autophagosome maturation as a genetic
modifier of mutant CHMP2B in frontotemporal demen-
tia [12]. Studies have shown that STX12 colocalizes with
internalized transferrin and the transferrin receptor [5].
Our previous study has revealed a deficiency in fast recy-
cling of the transferrin receptor in Stx12~~ MEFs, and
demonstrated that Stx12-knockout mice exhibit iron defi-
ciency anemia and perinatal lethality [13]. However, the
pathophysiological alterations and the underlying lethal
mechanism of STX12 deficiency remain unknown.

Given the perinatal lethality of Stx12-knockout mice
and the difficulty in exploring potential mechanisms in
mice, we generated Stx12-knockdown zebrafish to inves-
tigate the potential effects of STX12 deficiency. Our
findings indicated that Stx12 knockdown in zebrafish
resulted in approximately 80% mortality rate within 6 h
post-fertilization, accompanied by mitochondrial dam-
age. Furthermore, we observed pronounced activation
of inflammatory response and reductions in the expres-
sion levels of mitochondrial complex subunits in the
lung tissue of Stx12-knockout mice. Further mechanis-
tic studies suggested that mitochondrial DNA (mtDNA)
escaped into the cytoplasm, leading to the activation of
the cGAS-STING pathway and subsequently triggering
the Type I interferon pathway in alveolar epithelial cells
of Stx12-knockout mice. Notably, we discovered that this
inflammatory response was closely associated with neu-
trophils, wherein a positive feedback loop involving neu-
trophil infiltration and cytokine release exacerbated the
inflammation. This amplified inflammatory response is
speculated to be a potential cause of perinatal mortality
observed in Stx12- knockout mice.

Materials and methods

Zebrafish care and maintenance

Adult wild-type AB strain zebrafish were maintained at
28. 5 °C on a 14 h light/10 h dark cycle. Five to six pairs
of zebrafish were set up for natural mating each time. The
embryos were maintained at 28.5 °C in fish water (0.2%
Instant Ocean Salt in deionized water).

Animal care and interventions

All animal care and experiments were performed in
accordance with Institutional Animal Care and Use
Committee of the first affiliated hospital of Zhengzhou
University guidelines (2024-KY-0928).

Stx12-knockout mice were generated by inserting a
EGEFP gene with a stop codon 10 bp upstream of the ATG
start codon of the Stx12 gene, as previously described
[13]. These mice were generated by Shanghai Model
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Organisms Center, Inc. (Shanghai, China). All mice were
maintained in a 12-h light—dark cycle at 22 °C.

Zebrafish microinjections

The morpholino (MO) was designed and synthesized by
Gene Tools, LLC (http://www.gene-tools.com/). Anti-
sense MOs (GeneTools) were microinjected into fer-
tilized one-cell stage embryos according to standard
protocols.

StxI12 ATG-MO 5'-
GAAGCCA -3’

Stx12 F414-MO 5'- ACTGGCAACTACAAAAGTACC
TGTT -3’

Control-MO  5’-
TATA -3.

The doses of the MOs used for injection were as fol-
lows: Control-MO and E4I4-MO, 4 ng per embryo;
ATG-MO, 4 ng per embryo. Primers spanning StxI2
exon 2 and exon 3 (forward primer: 5 - CACACTGAA
TACCGCTCAAATC -3’) and exon 5 (reverse primer: 5
- CCACTGACTCCTTCTCTTTCTC —-3’) were used for
RT-PCR analysis to verify the efficacy of the E414-MO.

TGGAGCAAACTACAGCAG

CCTCTTACCTCAGTTACAATT

Acridine orange staining for apoptosis

Control-MO injected embryos and embryos injected
with Stx12-MO were immersed in 5 pg/ml AO (acrid-
injum chloride hemi-[zinc chloride], Sigma-Aldrich, St.
Louis, MO, USA) in fish water from 2-hpf to 3.7-hpf at
28.5 °C. Next, the zebrafish embryos were rinsed thor-
oughly in fish water three times (5 min/wash) and then
oriented on their lateral side and mounted with methyl-
cellulose on a depression slide for observation via fluo-
rescence microscopy.

TMRM staining in zebrafish

The mitochondrial membrane potential (AW¥,) was
estimated by monitoring the fluorescence intensity of
tetramethylrhodamine methyl ester, perchlorate, bio-
tium (TMRM) [14, 15]. To determine the efficacy of
TMRM staining in zebrafish embryos, uninjected WT
AB zebrafish embryos were immersed in four different
concentrations of TMRM (0.05, 0.1, 0.3, and 1 uM) in fish
water from 2 hpf to 3.7 hpf at 28.5 ‘C in the dark. After
treatment, the embryos were checked via a Nikon SMZ18
fluorescence microscope. The results showed that 1 uM
TMRM displayed a good fluorescent signal. Control-
MO-injected embryos and embryos injected with Stx12-
MO were immersed in 1 pM TMRM in fish water from
2 hpf to 3.7 hpf at 28.5 °C in the dark. Next, the zebrafish
embryos were rinsed thoroughly in fish water three
times (5 min/wash) at 3.7 hpf. Zebrafish embryos were
then oriented on their lateral side and mounted with
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methylcellulose on a depression slide for observation via
fluorescence microscopy.

Primary culture of mouse embryo fibroblasts (MEFs)

The anesthetized pregnant mouse at embryonic 17.5
was sacrificed, and the uterus was carefully dissected.
The uterus was immersed in 75% (v/v) ethanol, followed
by rinsing with PBS without Ca®* or Mg** (Gibco, Inv-
itrogen, Carlsbad, CA, USA). Each embryo was sepa-
rated from its placenta; the head, limbs and viscera were
removed and the remaining tissue was minced into pieces
as small as possible. A part of the tail was used for geno-
type identification. The tissues were digested in 15 ml of
0.05% trypsin at 37 °C for 30 min, and the 50 ml tube was
shaken every 10 min. Trypsin activity was terminated by
adding an equal volume of MEF medium (10 ml of FBS in
90 ml of DMEM). The cells were centrifuged at 1000 X g
for 5 min, the supernatant was discarded, and this step
was repeated once. Finally, the cells were resuspended
in 10 ml of MEF medium and cultured in a 55 cm? Petri
dish at 37 °C with 5% CO2.

Cytokine array

Blood samples from Stx12-knockout (KO) and wild-type
(WT) littermate control mice were collected via decapi-
tation using capillary tubes, and the blood samples were
allowed to clot at room temperature for 2 h. The samples
were subsequently centrifuged at 2,000xg for 15 min
at 4 °C to obtain the serum. Tissue samples from Stx12-
knockout (KO) mice were collected, homogenized in
lysis buffer (1% Triton X-100, 20 mM Tris—HCI pH 7.5,
150 mM NaCl, 1% deoxycholate, and protease inhibitor
cocktail), and centrifuged at 12,000 x g for 15 min at 4 °C.
The supernatants were collected, and the protein con-
centrations were determined via a BCA protein assay kit
(Epizyme Biotech, Shanghai, China). The cytokine profile
of the tissue homogenates was assessed via the Mouse
Cytokine Array Panel A (R&D Systems, Minneapolis,
MN, USA) according to the manufacturer’s instructions.
Briefly, array membranes were blocked with the blocking
buffer provided in the kit for 1 h at room temperature.
Subsequently, 150 pg of protein from each sample or
100 pl of serum was incubated with the array membranes
overnight at 4 °C on a rocking platform. After washing,
the membranes were incubated with a cocktail of bioti-
nylated detection antibodies for 1 h at room temperature.
The membranes were then washed again and incubated
with streptavidin-HRP for 30 min. Chemiluminescent
detection was performed via the prepared Chemi Rea-
gent Mix in the kit, and the signals were captured via a
chemiluminescence imager (MiniChemi 610 Plus, Bei-
jing, China). Densitometric analysis was conducted via
Image] software (NIH). The intensity of each cytokine
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spot was normalized to that of the positive controls on
the membrane, and the relative cytokine levels were
quantified to those of the WT.

Western blotting

Protein extraction was performed via RIPA buffer (Beyo-
time, Shanghai, China) supplemented with protease and
phosphatase inhibitors (Roche, Basel, Switzerland). The
protein concentration was determined via a BCA pro-
tein assay kit (Epizyme Biotech, Shanghai, China). Equal
amounts of protein (20 pg) were separated by SDS-PAGE
on polyacrylamide gels and transferred to PVDF mem-
branes (Millipore, Billerica, MA, USA). The membranes
were blocked with 5% BSA in TBS-T (20 mM Tris—HCI,
150 mM NacCl, 0.1% Tween-20, pH 7.6) for 2 h at room
temperature and incubated overnight at 4 °C with pri-
mary antibodies diluted in antibody dilution buffer (Bey-
otime, Shanghai, China). After being washed three times
with TBS-T, the membranes were incubated with HRP-
conjugated secondary antibodies (1:5000, Proteintech,
Wuhan, China) for 2 h at room temperature and detected
with a chemiluminescence detection system (Milli-
pore). The primary antibodies used included the follow-
ing: rabbit anti-STX12 monoclonal antibody (1:1000,
custom-made), mouse anti-B-actin (1:5000; Proteintech,
#60,008—1-Ig), mouse anti-GAPDH (1:20,000, Protein-
tech, #60,004—1-Ig), anti-OXPHOS antibody (1:1000;
Abcam, #ab110413, Cambridge, UK), anti-cGAS (1:1000;
Cell Signaling Technology, #31,659, Danvers, MA, USA),
anti-TBK1(1:1000, Cell Signaling Technology, #3504S),
anti-pTBK1(1:1000; Cell Signaling Technology, # 5483S),
anti-IRF3(1:1000; Proteintech, #11,312—-1-AP), anti-
pIRF3(1:1000; Cell Signaling Technology, #29,047), anti-
IL-6 (1:1000; Abcam, #ab229381), anti-S100A9 (1:1000;
Boster, #PB0718, Wuhan, China). The grayscale intensity
of the bands was analyzed using Fiji software.

RNA extraction and RT-qPCR
RNA samples were extracted via Trizol reagent (Inv-
itrogen, Carlsbad, CA, USA) and RNA was converted
to complementary deoxyribonucleic acid (cDNA) via a
RevertAid First Strand cDNA Synthesis Kit following the
manufacturer’s instructions (Invitrogen). Quantitative
reverse transcription-PCR (qRT-PCR) was performed
via SYBR Green Master Mix (Takara, Otsu, Shiga, Japan)
on the gTOWER? Series (Analytik Jena, Jena, Germany).
Gene expression was calculated via the CT method rela-
tive to the housekeeping gene glyceraldehyde-3-phos-
phate dehydrogenase (GAPDH). The primers used for
PCR were as follows:

Isgl5: 5- CTAGAGCTAGAGCCTGCAG -3] 5- AGT
TAGTCACGGACACCAG -3}
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Mx1: 5- GGTCCAAACTGCCTTCGTAA -3, 5- TTC
AGCTTCCTTTTCTTGGTTT -3

Mx2: 5’- ACCAGGCTCCGAAAAGAGTT -3, 5- TCT
CGTCCACGGTACTGCTT -3

Ifi204: 5- GGGAGTGGAAAATGGCACAAC -3] 5'-
TCAGCACCATCACTTGTTTGG -3’

Ifi2712a: 5’- CTGTTTGGCTCTGCCATAGGA -3; 5'-
TTCCTGCACAGTGGACTTGAC -3

IL-6: 5- CCGGAGAGGAGACTTCACAG -3;5- TCC
ACGATTTCCCAGAGAAC -3}

CCL2: 5- AAGAGGATCACCAGCAGCAG -3] 5'-
TCTGGACCCATTCCTTCTTG -3

CCL17: 5- AGTGGAGTGTTCCAGGGATG -3; 5-
TGGCCTTCTTCACATGTTTG -3;

CXCL10: 5’- CCAAGTGCTGCCGTCATTTTC -3, 5-
GGCTCGCAGGGATGATTTCAA -3}

CCL20: 5- TTTTTGGGATGGAATTGGAC -3, 5-
AGGTCTGTGCAGTGATGTGC -3’

CCL20: 5- TTTTTGGGATGGAATTGGAC -3, 5-
AGGTCTGTGCAGTGATGTGC -3’

Ly6g: 5- GACTTCCTGCAACACAACTACC -3; 5-

ACAGCATTACCAGTGATCTCAGT -3

MPO: 5- AGTTGTGCTGAGCTGTATGGA -3; 5'-
CGGCTGCTTGAAGTAAAACAGG -3

ELANE: 5- CAGGAACTTCGTCATGTCAGC -3; 5-
AGCAGTTGTGATGGGTCAAAG -3’

CSE3R: 5'- CCTCACTTGAACTACACCCAGG -3, 5-
CCCTTGGTACTGACAGTCGG -3’

C3: 5- CCAGCTCCCCATTAGCTCTG -3; 5- GCA
CTTGCCTCTTTAGGAAGTC -3’

CXCL1: 5- ACTGCACCCAAACCGAAGTC -3; 5-
TGGGGACACCTTTTAGCATCTT -3’

CXCL2: 5- CATCCAGAGCTTGAGTGTGACG -3,
5- GGCTTCAGGGTCAAGGCAAACT -3’

CXCL5: 5°- GTTCCATCTCGCCATTCATGC -3; 5-
GCGGCTATGACTGAGGAAGG -3

TNEF: 5- CCTGTAGCCCACGTCGTAG -3; 5'- GGG
AGTAGACAAGGTACAACCC -3’

Csf3: 5- ATCCCGAAGGCTTCCCTGAGTG -3, 5-
AGGAGACCTTGGTAGAGGCAGA -3!

Mitochondrial respiration in lung tissue homogenates

Pregnant Stx127~ mice (HE) mice at gestational day
19.5 were humanely euthanized via cervical dislocation
followed by immediate cesarean delivery. Fetuses were
rapidly extracted and subjected to standardized neona-
tal resuscitation procedures including thorough drying,
tactile stimulation for respiratory initiation, and contin-
uous thermal support on a 37 °C pre-warmed pad. The
intact lung tissues of fetal mice were carefully excised
and placed in pre-chilled ice-cold PBS followed by twice
rinse with PBS to eliminate blood contaminants. Prefer-
ence was given to the smaller Stx12~~ mice. If immediate
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processing was not possible, the tissue samples were
stored in ice-cold BIOPS buffer (pH 7.1; 30 mM KCl,
10 mM KH,PO,, 0.6 mg/ml BSA, 5 mM MgCl,-6H,0, 1
mM EGTA, 105 mM K-MES). Approximately 15 mg of
lung tissue was then homogenized in 1 ml MiR05 buffer
(OROBOROS, 60,101-01) on ice using a glass homoge-
nizer with 10 up-and-down strokes to generate a uniform
homogenate.

Mitochondrial respiration was measured in duplicate
under hyperoxic conditions at 37 °C using high resolu-
tion respirometry (Oxygraph-2 k, Oroboros Instruments,
Innsbruck, Austria) with software (DatLab, version 4.2)
that presents respiration in terms of oxygen rate (pmol/
(sxmg)). The following protocol was applied: Basal oxy-
gen consumption was measured for 10-15 min. Leak res-
piration was assessed by addition of pyruvate (P, 5 mM),
glutamic acid (G, 10 mM) and malate (M, 2 mM), fol-
lowed by adenosine diphosphate (ADP) (3 mM of mag-
nesium (Mg>") was added as well) to evaluate complex
I linked respiratory capacity. Succinate (10 mM) was
then added to measure complex I+1I linked respiratory
capacity, followed by the addition of rotenone inhibiting
complex I to assess complex II linked respiratory capac-
ity. 2.5 uM Antimycin A was added to inhibit complex
III in the electron transport chain to measure the non-
mitochondrial respiration rate. Finally, activators of com-
plex IV, N, N, N  N’-Tetramethyl-p-phenylenediamine
(TMPD) and ascorbate (As) were added to determine
complex IV linked respiratory capacity. The subsequent
reagent was added once the previous reagent had reached
the plateau phase. Data from the plateau phase were col-
lected for subsequent statistical analysis.

Primary culture of alveolar type Il epithelial cells (AEC I)

The intact lung tissues of fetal mice (E19.5) were care-
fully excised and placed in pre-chilled ice-cold PBS. The
residual tracheal and connective tissues were removed
to ensure that only lung tissue was retained. The lungs
were rinsed twice with prechilled ice-cold PBS and cut
into approximately 1 mm? pieces using sharp ophthalmic
scissors, while antibiotics was added during the cutting
process. The lung tissue pieces were rinsed once with
0.25% trypsin (Gibco; 25,200,072) (containing 0.01%
DNase I (Sangon Biotech; A610099, Shanghai, China))
solution. The digestion was continued by pipetting the
tissue with 0.25% trypsin (containing 0.01% DNase I) and
the mixture was incubated at 37 °C in a shaking water
bath for 10-20 min. The digestion process was termi-
nated by adding an equal volume of DMEM/F12 medium
(Gibco™; C11330500BT) containing 10% FBS (Gibco';
A5669701). The mixture was centrifuged at 1000 rpm for
8 min. The supernatant was discarded, and the cell pel-
let, which consisted mainly of AECs and fibroblasts, was
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retained. The cell pellet was resuspended in 1 mL of 0.1%
collagenase I solution (Sangon Biotech; A004214) and
incubated at 37 °C with 5% CO, for 10-20 min (optimal
duration 15 min). The digestion was terminated by add-
ing an equal volume of DMEM/F12 medium containing
10% EBS, followed by thorough mixing with a pipette.
After the cell suspension was filtered through a 200-
mesh sieve, it was centrifuged at 1000 rpm for 5 min at
low temperature, the supernatant was discarded, and the
cell pellet, which primarily contained AECs and minimal
fibroblasts, was collected. The cells were resuspended
in 3 mL of red blood cell lysis buffer and incubated at
room temperature for 10 min to lyse the erythrocytes.
The mixture was centrifuged at 1000 rpm for 5 min at
low temperature, the supernatant was discarded, and the
cell pellet was resuspended in DMEM/F12 medium con-
taining 10% FBS. The cells were cultured in a 55 cm? Petri
dish at 37 °C with 5% CO,. After one hour, the adherent
cells are primarily fibroblasts, whereas the nonadher-
ent cells are mostly epithelial cells. The cells in the cul-
ture medium were gently aspirated and seeded into new
culture plates. This process was repeated one hour later,
and the remaining cells are primarily alveolar type II epi-
thelial cells (AEC II). After 24 h, the culture medium was
changed, and cell morphology and growth were observed
under an inverted microscope.

Immunostaining and confocal microscopy

Cells were fixed with 4% FSB solution containing 4%
paraformaldehyde (Servicebio; G1101, Wuhan, China)
and 4% sucrose (Sangon Biotech; A610498) in PBS for
30 min at room temperature (RT) and then washed with
PBS three times. The fixed cells were then exposed to
0.5% Triton X-100 and 5% serum in PBS for 30 min at
RT for permeabilization and blocking. Next, the cells
were incubated with the primary antibody overnight at
4 °C and diluted with 0.5% Triton X-100 and 5% serum in
PBS. The primary antibodies used included the following:
anti-TOM20 (1:500; Proteintech, # 11,802—1-AP) and
anti-DNA (1:200; progen, # AC-30-10;Heidelberg, Ger-
many). Following three washes with PBS, the cells were
incubated with Alexa 488- and 555- conjugated second-
ary antibodies (Invitrogen; 1:500, # A21422; #A11008)
for 1 h at RT and diluted with 0.5% Triton X-100 and 2%
serum. The nuclei were then stained with DAPI (1:1000)
for 10 min at RT. Finally, the coverslips were mounted
with anti-fade reagent. Images were acquired on a Zeiss
LSM 980 confocal microscope with Airyscan technology.
To maintain clarity and uniformity throughout the paper,
some images have been pseudocolored. For lung tissue
immunostaining, the intact lung tissues of fetal mice
(E19.5) were carefully excised and immersed in ice-cold
4% paraformaldehyde (PFA). After 24 h, the tissue was
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transferred to 30% sucrose (Sangon Biotech; A610498),
allowing the tissue to equilibrate until it sank, which
usually takes 48-72 h. The precipitated lung tissue was
removed, and the surface liquid was blotted with clean
absorbent paper. The tissue was embedded in optimal
cutting temperature (OCT) compound and rapidly frozen
via dry ice or liquid nitrogen. The 30 um sections were
cut with a cryostat, and then stored at —20 °C or proceed
directly with subsequent immunofluorescence staining.
The sections were permeabilized in 0.1% Triton X-100
for 10 min at RT, followed by blocking with 3% BSA in
PBS for an hour at RT. The antibody incubation process
and image acquisition were similar to those used for the
cells. The following primary antibodies were used: anti-
TOM20 (1:500; Proteintech, # 11,802—1-AP), anti-DNA
(1:200; progen, # AC-30-10; Heidelberg, Germany), anti-
S100A9 (1:200; Boster; # PB0718) and anti-ly6g (1:100;
BD Biosciences; # 551459). Images were acquired on a
Zeiss LSM 980 confocal microscope with Airyscan or
super-resolution imaging with HIS-SIM (High Sensitivity
Structured Illumination).

Image analysis

Quantification of cytosolic DNA puncta was conducted
using Fiji, a widely recognized software for image analy-
sis in microscopy. The procedure involved the follow-
ing steps: Initially, the regions corresponding to the cell
nucleus were masked using Fiji to isolate the cytosolic
compartment. Subsequently, the total number of cyto-
solic DNA puncta was determined using Fiji’s analysis
tools. Next, we quantified the cytosolic mtDNA puncta
that co-localized with mitochondria using image calcu-
lator and analysis tools. We defined "cells with cytosolic
mtDNA" as those with detectable free cytosolic DNA
puncta, with a threshold of > 1 punctum per cell.

Detection of the mtDNA content in the cytosolic extracts

Freshly purified lung alveolar type II epithelial cells were
resuspended in 500 pl of buffer containing 150 mM
NaCl, 50 mM HEPES pH 7.4 and 20 pg/ml digitonin
(Sigma D141, St. Louis, MO, USA). The homogenates
were incubated end-over-end for 10 min on a shaker to
allow for selective plasma membrane permeabilization
and then centrifuged three times at 800xg for 5 min
to pellet intact cells. The supernatants were trans-
ferred to fresh tubes and centrifuged at 25,300x g for
10 min to pellet any remaining cellular chip, yielding
cytosolic preparations free of nuclear, mitochondrial,
and endoplasmic reticulum contamination. The pro-
tein concentrations of the samples were normalized via
a BCA protein assay kit (Epizyme Biotech). DNA was
extracted from equal amounts of cytosolic fractions
using QIAquick Nucleotide Removal kit (QIAGEN,
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Hilden, Germany) following the manufacturer’s instruc-
tions. Quantitative PCR was performed on pure cytosolic
fractions using mtDNA primers: mouse mtND2 for-
ward, 5~ ccatcaactcaatctcacttctatg-3’, and reverse, 5'-
gaatcctgttagtggtggaagg-3’; mouse cytochrome b (Cytb)
forward, 5’- cttcgctttccacttcatcttacc-3”, and reverse, 5 -
ttgggttgtttgatcctgtttcg-3° and mouse Dloopl forward,
5’- aatctaccatcctccgtgaaacc-3”, and reverse, 5 - tcagtt-
tagctacccccaagtttaa-3”. For each independent sample,
qPCR was performed in triplicate.

Enzyme-linked immunosorbent assay (ELISA)

Lungs were collected from fetal mice (E19.5) and placed
in ice-cold PBS to remove any residual blood. The tis-
sues were then weighed and homogenized in ice-cold
PBS with a protease inhibitor cocktail (Sigma-Aldrich,
11,836,170,001) using a homogenizer, with a buffer
volume approximately ten times the tissue weight
(e.g.,100 mg of tissue in 1 mL of buffer). The homoge-
nate was centrifuged at 12,000x g for 10 min at 4 °C to
pellet the cellular debris. The protein concentration
of the lysate was measured via a BCA protein assay kit
(Epizyme Biotech). ELISAs were performed according to
the instructions of the mouse IL-1p ELISA kit (Protein-
tech; KE10003) and the IFN-B ELISA kit (E-EL-M0033),
and the final concentrations were normalized to the
respective protein concentrations.

Blood cell smear

Blood samples were collected from the mice via the
decapitation method using heparinized capillary tubes
to prevent coagulation. A small drop of blood (5-10
uL) was then placed near one end of a clean microscope
slide, and a thin, even smear was created by quickly and
smoothly pulling a spreader slide across the stationary
slide at a 30—45 degree angle. The blood smears were air-
dried completely at room temperature, fixed in metha-
nol for 2-3 min, and stained using Wright-Giemsa stain
solution by immersing the slides for 10 min, rinsing with
distilled water, and air drying. The stained blood smears
were examined under a light microscope at 100 X magni-
fication using oil immersion. Differential white blood cell
counts were performed by identifying and counting 100
leukocytes per slide, including neutrophils, lymphocytes
and monocytes, and the total number of each cell type
was recorded.

Quantification and statistical analysis

Student’s t- test was used to analyze differences between
two groups, and one-way or two-way ANOVA was
used to analyze intergroup differences. P- values less
than 0.05 were considered statistically significant. Sta-
tistical significance is displayed as *p<0.05, **p<0.01,
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**#p <0.001, ****p < 0.0001. The analysis was performed
via GraphPad Prism 8 (GraphPad software). The den-
sitometry results of western blotting were quanti-
fied via Fiji software. All the data are presented as the
means + SEMs and other details such as the number of
replicates and the level of significance, are mentioned in
the figure legends and supplementary tables.

Results

The zebrafish model of Stx12 knockdown

To gain insight into the function of STX12 and the lethal
mechanism associated with STX12 deficiency, we devel-
oped a Stx12 morpholino (MO) knockdown zebrafish
model by embryonic injection of Stx12-targeting mor-
pholinos. Two specific morpholino antisense strategies
were employed to disrupt the zebrafish Stx12 gene: one
to block translation (ATG-MO) and the other to inter-
fere with the proper splicing of exon 4 (E414-MO) (Figure
S1A). The effectiveness of Stx12 knockdown was vali-
dated by Sanger sequencing (Figure S1B) and qRT-PCR
(Figure S1C).

Consistent with our previous findings that Stx12 defi-
ciency in mice was lethal, approximately 80% of Stx12
morpholino-injected zebrafish embryos failed to survive
beyond 6 h post fertilization (hpf), with only about 10%
of these embryos could survive for days (Fig. 1A). This
demonstrates that Stx12 plays a vital role in the early
development of embryos. The expression pattern of Stx12
in zebrafish embryogenesis was subsequently explored.
The representative images of five selected stages (0.2
hpf, 1 hpf, 2 hpf, 3.7 hpf, 6 hpf) were displayed in Fig. 1B,
and quantitative RT-PCR for the embryo stages was per-
formed (Fig. 1C), revealing the expression level of Stx12
peaks within 2—3.7 h postfertilization during embryonic
development, which led us to choose this time window
for assessing the impact of Stx12 knockdown.

STX12 deficiency induces the decrease of mitochondrial
membrane potential but not apoptosis in zebrafish
Apoptosis and mitochondrial dysfunction play impor-
tant roles in embryogenesis and tissue homeostasis [16,
17]. Acridine orange (AO) staining allows us to examine
the role of Stx12 in apoptosis [18, 19] while Tetrameth-
ylrhodamine methyl ester, perchlorate, biotium (TMRM)
staining enables the investigation of the involvement
of STX12 in mitochondrial function [20]. The mito-
chondrial membrane potential (AW, ) was estimated by
monitoring fluorescence aggregates of TMRM [14, 15].
To assess the effectiveness of AO staining and TMRM
staining in zebrafish embryos, wild-type (WT)-unin-
jected AB strain zebrafish embryos were exposed to dif-
ferent concentrations of AO (0.25, 0.5, 1.67 and 5 pM)
and TMRM (0.05, 0.1, 0.3 and 1 pM) in fish water from
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Fig. 1 STX12 deficiency induces mitochondrial membrane potential defects in zebrafish. A A time-course plot of percent survival in the control
vs. Stx12 morphants for 3 days. dpf, days postfertilization; hpf, hours postfertilization. B Representative images of five selected stages of zebrafish
embryos. Scale bar: 100 um. C gRT-PCR for five embryo development stages (0.2 hpf, 1 hpf, 2 hpf, 3.7 hpf and 6 hpf) demonstrating different
expression patterns of Stx12 during embryonic development. D Representative images of TMRM staining and AO staining in control, E414-MO
and ATG-MO zebrafish. Treatment window: 2 hpf-3.7 hpf; Stage of image: 3.7 hpf. TMRM staining: 1 uM; AO staining: 5 pg/mL. n=10, Scale bar:
100 pm. E Quantification of the relative TMRM fluorescence intensity. F Quantification of apoptosis particle number in AO staining of control,
E414-MO and ATG-MO zebrafish. Image analysis was performed using ImageJ software, with n=10 per group. G Representative images of TMRM
staining and AO staining after CCCP treatment. Stage of Image: 3.7hpf. Scale bar: 300 um. Data are presented as mean + SEM,; statistical significance
was assessed by Student’s t-test
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2-hpf to 3.7-hpf at 28. 5 °C in the dark, and the results
demonstrated that 5 pug/ml AO and 1 pkM TMRM yielded
optimal fluorescence staining. In contrast, lower con-
centrations of TMRM and AO exhibited minimal fluo-
rescence (Figure S2A). Accordingly, we stained zebrafish
embryos with 5 pg/ml AO and 1 pM TMRM in fish water
from 2-hpf to 3.7-hpf at 28.5 °C in the dark. Here, 1 uM
TMRM was used in quenching mode, in which the fluo-
rescence intensity was weaker as the probes accumulated
in the mitochondria at high and quenching concentra-
tions [21]. The representative images of AO staining
and TMRM staining were present in Fig. 1D. Quantifi-
cation of TMRM fluorescence intensity using Fiji soft-
ware revealed a significant increase (approximately 5
to 10 fold) in embryos treated with ATG MO and 414
MO compared to the control-MO group (Fig. 1E). As
shown in the TGF-MO induced apoptosis used as a posi-
tive control in Figure S3, apoptotic cells were visible as
bright green spots while a less intense, homogeneous
green signal was nonspecific background staining. In
contrast, no apoptotic events were observed in embryos
treated with ATG MO or 414 MO, compared to those
treated with control-MO (Fig. 1D, F). These results indi-
cate that Stx12 knockdown in zebrafish does not induce
apoptosis. Although TMRM quenching mode is a sensi-
tive method for detecting rapid changes in Ay, within
individual cells, it is important to note that the release of
TMRM from mitochondria can vary between different
cell populations [22]. This variability may be influenced
by differences in mitochondrial membrane potential,
mitochondrial mass, and the presence of multidrug
resistance transporters that can affect the retention of
TMRM. In our study, we used zebrafish embryos at the
same developmental stage, which helps to minimize vari-
ability due to differences in mitochondrial properties or
cell types across different developmental stages. This
consistency in developmental timing ensures that the cel-
lular context and mitochondrial characteristics are rela-
tively uniform across the embryos, thereby reducing the
likelihood of differences in TMRM release rates between
the wild-type (WT) and knockout (KO) cell populations.
Besides, we performed control experiments to verify
that the observed changes in TMRM fluorescence were

(See figure on next page.)
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indeed reflective of changes in Ay, rather than artifacts
related to differences in mitochondrial mass or probe
retention. We used Carbonyl cyanide 3-chlorophenyl-
hydrazone (CCCP) to induce mitochondrial uncoupling
and monitored the resulting changes in TMRM fluores-
cence in WT-uninjected zebrafish embryos. The increase
of TMRM fluorescence intensity in embryos treated with
ATG MO and 414 MO was similar and consistent with
the effect of 1 pM CCCP (Fig. 1G). These findings indi-
cated that Stx12 knockdown in zebrafish promoted mito-
chondrial depolarization, resulting in a reduction in AY
with increased TMRM intensity in quenching mode. In
addition, the toxicity and safety of CCCP in zebrafish
model were also explored. The results indicated that
1 uM CCCP did not induce developmental delay or mor-
tality in zebrafish embryos, suggesting the safety of the
1 pM CCCP concentration (Figure S4); conversely, 10 pM
CCCP led to complete mortality in zebrafish embryos
(Figure S4).

Collectively, our findings revealed that Stx12 knock-
down results in embryonic lethality and a reduction in
the AY , in zebrafish.

STX12 deficiency elicites an inflammation response

in mice, with inflammation being predominantly localized
in the lung tissue

To investigate whether the function of STX12 is con-
served across different species and to bridge studies from
lower to higher organisms, building on the observation of
impaired mitochondrial membrane potential in zebrafish
embryos, we aimed to explore whether a similar pheno-
type occurs in a mouse model. To this end, we cocultured
primary mouse embryo fibroblasts from Stx12~'~ mice
and their littermate controls (E17.5) and evaluated the
mitochondrial membrane potential using 50 nM TMRM
staining (unquenching mode) (Fig. 2A). The Stx127/~
MEFs were tagged with an EGFP fluorescent marker,
which was incorporated during the gene editing pro-
cess, serving as an indicator for Stx12 knockout MEFs. In
agreement with the findings in zebrafish, the mitochon-
drial membrane potential of MEFs from Stx12~~ mice
was lower than that of those from littermate controls,

Fig. 2 The loss of STX12 elicites an inflammatory response predominantly in lung tissue. A Representative images of TMRM staining (50 nM)
of MEFs from Stx727/~ mice and littermate controls. B Quantification of the relative TMRM fluorescence intensity normalized to WT. The results
are presented as the mean = SEM,; statistical significance was assessed by Student’s t- test. C, D The cytokine kit displays of serum from Stx727/~
mice (HO) and the littermate controls (WT, Stx12*/*) (R&D Systems, Catalog # 410-MT) and quantitative analysis. E, F The cytokine kit displays
of lung lysates from Stx727/~ mice (HO) and the littermate controls (WT, Stx12*/*) (R&D Systems, Catalog # 410-MT) and quantitative analysis. G,
H The cytokine kit displays of brain lysates from Stx127/~ mice (HO) and the littermate controls (WT, Stx12*/*) (R&D Systems, Catalog # 410-MT)
and quantitative analysis. The Stx727/~ mice and their littermate controls were obtained at embryonic day 19.5 (E19.5)



Page 9 of 21

(2025) 23:174

Liu et al. Cell Communication and Signaling

[
g =
S0l : Ewao\m\g
o1 or] b HE eseuy,
c gi|o1| +3 Uidieg
¢ ¢i|ot| OP@D
s1|01| € UXequgy
o R Y g .
S PYB- |2 ¢ ¢ || [oeloy| &Hreoodny g4y,
S Kid
P g0l m:ummuzh - Q@,:x\f
n B = ol L C.S_EQ
o -2 Lo 20 m,mQO\N
" oz|ot| P-dNy 60 dbig
T T T T v 11 o;- O Upeysc
) 0 () ) ° " 00 gejo Pl 5
N 7 e e = | % at|ot| 9LT0xy ol w,Qmu\O\
Risuayul S 8L |0V ] <« O 6 1z|oy]| €L10n uoionpul pjo4
9ousosalony) INNINL 2Ane|9Y | roVVOO 01| 6-dm
9 25 b 01] 9709
q  Uononpuipioy W uononpui pjog T
o “ ”n . e ” e
3 582 3 &3 s &6 “ . “ - e -
u“ n o8 ° wo@ . o 3 "” . -
. o .00 " “ £ . . . .
.o .. - » .. .. » . g4 : - . ¢
09 o g : 28 8% g 3 2 s :
m » .o. " ” m . Iﬁ > °
o | . . 4 - . - : c .
% 3:58 +- m H m. : : . : s s :
e .. . » -l u u . (1]
.o .o P H -
8¢ 8¢ seé H . :
I R ” : : :
s RS § s $ $ 3 :
L200M 8Z00M . Z2Lv0M $200M 9200M
o -
- o =
g 2 - = I 2
(&) w O

Fig. 2 (Seelegend on previous page.)



Liu et al. Cell Communication and Signaling (2025) 23:174

as indicated by decreased TMRM fluorescence intensity
(Fig. 2B).

In addition, based on its pale, swollen, and stiff pheno-
type as demonstrated in our previous study [13], we spec-
ulated that inflammation was activated in Stx12~'~ mice.
Therefore, we performed a cytokine array (Fig. 2C) to
evaluate the expression of inflammatory cytokines in the
serum of Stx12~'~ (HO) and the littermate control (WT)
mice (E19.5). The results revealed that Stx12~/~ mice
presented significantly elevated levels of several inflam-
matory cytokines, including chemokines (CCL2, CCLS6,
CCL11, CCL12, CCL20), cytokines (G-CSE, IL-1a), adhe-
sion molecules (CD62E, CD62P), serpin E1, and MMP-
3, in line with our initial hypothesis (Fig. 2D). To further
investigate the tissue-specific origins of inflammation, we
assessed cytokine expression levels in homogenates from
multiple tissues including lung (Fig. 2E), brain (Fig. 2G),
spleen (Figure S5A), liver (Figure S5C) and kidney (Figure
S5E). The statistical results unveiled a significant activa-
tion of inflammation in the lung tissue (Fig. 2F), only few
cytokines that appeared to show differences in the brain
lysate (Fig. 2H) and minor increases in the lysates of the
spleen (Figure S5B), liver (Figure S5D), and kidney (Fig-
ure S5F). The results highlighted that the lung was the
primary site of inflammation, guiding our research aim
accordingly.

Next, we performed bulk RNA sequencing (RNA-
seq) of lung tissues from Stx127/~ mice and their lit-
termate controls at E19.5. The gene expression profiles
of the HO (Stx127/7) and WT groups identified 13,340
co-expressed genes, 597 genes specifically expressed in
the HO group, and 273 genes specifically expressed in
the WT group (Figure S6A). The differentially expressed
genes (DEGs) between the two groups were also ana-
lyzed. We defined DEGs with an absolute log-fold change
above 1 and an FDR-adjusted p- value of less than 0.05,

(See figure on next page.)
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yielding differences in 901 genes between HO and WT
mice with 806 genes upregulated and 95 genes down-
regulated, and the volcano plot was shown in Figure S6B.
GO enrichment analysis of the differentially upregulated
genes revealed several significantly enriched terms within
the biological process (BP), molecular function (MF), and
cellular component (CC) categories and the top 10 path-
ways from the three enriched terms were plotted accord-
ing to their Gene Ratios, as illustrated in the bubble plot
(Figure S6C). The prominent categories were associ-
ated primarily with the regulation of the inflammatory
response, leukocyte migration and cytokine activity, con-
sistent with the inflammatory activation observed in the
cytokine array of lung lysates from Stx12~/~ mice.

The deficiency of STX12 triggers mitochondrial damage
and mitochondrial DNA release into the cytosol in alveolar
type Il epithelial cells

Building on the decreased membrane potential pheno-
type we observed in Stx12-knockdown zebrafish embryos
and StxI12-knockout mouse MEFs, we further explored
the effects of STX12 deficiency on the mitochondria of
lung tissue. Considering that mitochondria generate
most of the energy of the cell through oxidative phospho-
rylation (OXPHOS), we examined the expression levels
of OXPHOS subunits in the lung tissue of Stx12~/~ mice
and their littermate controls via western blotting, with
quantification conducted via Image] (Fig. 3A, B). Our
analysis revealed a significant reduction in the expres-
sion levels of mitochondrial complex subunits I, II, and
V in Stx12~~ mice compared with their littermate con-
trols (E19.5), while the levels of subunits III and IV did
not significantly change. Moreover, we assessed the mito-
chondrial oxygen consumption rate (OCR) of lung tis-
sue homogenates from E19.5 mice of different genotypes
using the O2K system, a widely used tool for measuring

Fig. 3 The ablation of STX12 triggers mitochondrial damage and cytosolic release of mitochondrial DNA in alveolar type Il epithelial cells.

A SDS-PAGE of mitochondrial OXPHOS subunits in lung lysates using OXPHOS cocktail antibodies. B Quantification of the levels of C | (complex 1), C
Il (complex II), C Il (complex IIl), C IV (complex IV) and CV (complex V) in Fig. 3A. The results are presented as the mean =+ SEM,; statistical significance
was assessed by Student’s t- test. C Summarized data for the oxygen consumption capacity measured by high-resolution respirometry in Basal, C|
leak, C | (complex | OXPHOS), C I+1I (complex [+ 11 OXPHOS), C Il (complex [ OXPHOS) and C IV (complex IV OXPHOS) (WT n=5, HE n=6, HO n=4).
D Volcano plots of the GSEA results, highlighting the differentially regulated pathways in Stx72~~ mouse lung tissue. FDR, false discovery rate; NES,
normalized enrichment score. E Representative confocal images of immunofluorescence of primary alveolar type Il epithelial cells (AEC Il cells)
using antibodies against TOMM20 (mitochondria) and DNA. (WT n=4; KO n=3 independent cultures) Boxes mark the enlarged images shown
right. F The mean aspect ratio (ratio of the long axis to the short axis) of mitochondria per cell in AECII of Stx12~/~ mice (HO) versus the littermate
controls (WT). WT n=23, HO n=40. Results are presented as mean + SEM; statistical significance was assessed by Student’s t-test. G The mean

form factor of mitochondria per cell in AECII of Stx72~/~mice (HO) versus the littermate controls (WT). WT n=23, HO n=40. Results are presented
as mean + SEM,; statistical significance was assessed by Student’s t-test. H, I Quantification of DNA foci: Number of cytosolic DNA foci per cell

(H) and percentage of AEC Il cells showing cytosolic DNA foci (I) from E.WT n=3 HO n=4 independent experiments. The results are presented

as the mean + SD; statistical significance was assessed by Student’s t- test. J Quantification of mtDNA copy number by gPCR using mtND2, CytB
and Dloop1 primers, from isolated cytosolic fractions of AEC Il cells of WT and Stx727/~ mice. The Stx127/~ mice and their littermate controls were
obtained at embryonic day 19.5 (E19.5)
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mitochondrial respiration and assessing mitochondrial
function in various tissues. After reaching baseline lev-
els, we sequentially added the following compounds:
1.NAD"-linked substrates: Pyruvate (P)+ Glutamic
(G) +Malate (M); 2. Activator of ATP synthase: adeno-
sine diphosphate (ADP + MgCl,); 3. Activator of complex
I1: succinate (S); 4. Inhibitor of complex I: rotenone (Rot);
5. Inhibitor of complex III: antimycin A (Ama); 6. Activa-
tors of complex IV: N, N, N; N’-Tetramethyl-p-phenylen-
ediamine (TMPD) and Ascorbate (As). The subsequent
reagent was added once that the previous treatment had
reached the plateau phase. The resulting platform val-
ues corresponded to distinct mitochondrial functional
parameters as indicated above the curve. The representa-
tive traces of samples from littermate Stx12~~ mice (HO)
and controls (WT) were depicted in Figure S7. Statisti-
cal analysis of the OCR data revealed that the homozy-
gous absence of Stx12 led to a reduction in the OXPHOS
levels of mitochondrial complex I, II, and IV in lung tis-
sue. In contrast, no significant differences were observed
between the HE and WT mice (Fig. 3C). Besides, we
performed gene set enrichment analysis (GSEA) on the
RNA-seq data mentioned before. GSEA, by analyz-
ing gene sets, reduces the number of comparisons and
enhances the statistical power to detect meaningful bio-
logical signals by aggregating the effects of genes within
a pathway or functional group while traditional analyses
like differential expression focus on individual genes and
may suffer from multiple testing problems, leading to
false positives. By analyzing gene sets that correspond
to known pathways or biological functions, GSEA can
reveal pathway-level effects, even when individual genes
within the pathway might not show significant expres-
sion changes on their own. The results revealed that the
most prevalent altered biological processes were asso-
ciated with pathways linked to inflammation and the
innate immune response in the lung tissue of Stx127/~
mice. Additionally, there was notable enrichment of
the cytosolic DNA-sensing pathway (Fig. 3D). Next, we
cultured primary alveolar type II epithelial cells (AEC
II) and performed immunofluorescence staining using
DNA-specific antibody to detect cytosolic DNA, and
TOM20 antibody to identify mitochondria (Fig. 3E). We
observed a notable change in the mitochondrial mor-
phology of AEC II cells in Stx12~/~ mice (HO, E19.5). In
contrast to the elongated mitochondria observed in the
WT group, the HO group exhibited mitochondria with
a fragmented, rounded appearance. Quantitative analyses
of mitochondrial morphology including parameters such
as count (Figure S8A), mean area (Figure S8B), perim-
eter (Figure S8C), aspect ratio (Fig. 3F) and form factor
(Fig. 3G) per cell, were consistent with the observation.
More importantly, we performed quantitative analysis
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of cytosolic DNA puncta using Fiji and statistical analy-
sis demonstrated a marked increase in the number of
cytosolic DNA foci per cell, as well as a higher propor-
tion of cells containing cytosolic DNA foci in AECs II
isolated from Stx127/~ mice, compared to those from
littermate controls (E19.5) (Fig. 3H, I). These findings
suggested a significant accumulation of cytosolic DNA
in the alveolar type II epithelial cells of Stx127~ mice.
Previous studies have demonstrated the involvement of
mitochondrial DNA (mtDNA) and mitochondrial RNA
(mtRNA) as potent triggers of nucleic acid-sensing path-
ways, resulting in the activation of different inflammatory
pathways [23]. In light of the observed mitochondrial
abnormalities, we hypothesized that the cytosolic DNA
foci might originate from the release of mitochondrial
DNA (mtDNA). To explore this hypothesis, we first
attempted and optimized a method for extracting puri-
fied cytoplasm. Based on the reviewed literature [24, 25],
we employed two different protocols to isolate cytoplasm
respectively from primary in vitro cultured AECII cells
and freshly isolated AEC II cells from the fetal mice lung
tissues at E19.5. The isolation efficiency was assessed by
Western blot (WB) analysis, and purified cytoplasm was
confirmed by two different methods as shown in Figure
S9.

We quantified the copy number of mitochondrial DNA
(mtDNA) in isolated cytosolic fractions of alveolar type
II epithelial cells (AEC II) via quantitative polymerase
chain reaction (qPCR) (Fig. 3]). In line with our hypothe-
sis, the transcript levels of mitochondrial genes mt-ND2,
mt-CyTb and mt-Dloopl were significantly elevated in
the cytosolic compartments of Stx12~/~ alveolar type II
epithelial cells, in comparison to the corresponding lit-
termate controls.

These findings demonstrated that the knockout of
Stx12 resulted in impaired mitochondrial oxidative phos-
phorylation and the release of mtDNA into the cyto-
plasm, which might account for the activation of lung
inflammation observed in Stx12~/~ mice.

Loss of Stx12 elicits activation of the cGAS-STING-TBK1
pathway and type | interferon pathway

In addition to detecting cytoplasmic DNA foci at the cel-
lular level, these foci were also observed at the tissue level
within the lung 30-micron frozen lung tissue sections
obtained from StxI27/~ mice and the littermate con-
trols (E19.5).The frozen lung tissue sections were stained
with antibodies specific for DNA and TOM20, followed
by imaging under fluorescence microscopy (Fig. 4A).
The DNA foci that did not colocalize with TOM20 and
DAPI were identified as cytoplasmic DNA. These foci
were quantified and subjected to statistical analyses.
Compared with the corresponding littermate controls,
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Stx127/~ mice exhibited a significant increase in the
number of cytoplasmic DNA foci per cell (Fig. 4B).
Previous extensive research has demonstrated that the
cGAS-STING pathway (cyclic GMP-AMP synthase-stim-
ulator of interferon genes) is a crucial component of the
innate immune system and is responsible for detecting
cytosolic DNA from various sources, including microbial
pathogens, cancer cells, or DNA damage, and initiating
an immune response [26-28]. Therefore, we hypothe-
sized that activation of the cGAS-STING pathway might
play a role in the observed phenotypes of Stx12-knock-
out mice. The results of western blotting revealed that
Stx12 knockout markedly increased the levels of cGAS
and STING, and dramatically increased the phosphoryla-
tion of TBK1 and IRF3 in mouse lung lysates (Fig. 4C-F),
suggesting the activation of the cGAS-STING signal-
ing pathway in the lungs of Stx12~~ mice. Furthermore,
enzyme-linked immunosorbent assay (ELISA) analysis
revealed a statistically significant elevation in the level of
IFN-B within the lung tissue of Stx12~~ mice compared
with that of control subjects (Fig. 4G). Moreover, among
the up-regulated differential genes analyzed before, inter-
feron-stimulated genes (ISGs) accounted for a substan-
tial proportion, and the expression heatmap is shown in
Fig. 4H. To confirm the upregulation of the expression of
these ISGs including genes such as Isgl5, Mx2, Ifi204 and
Ifi2712a in Stx127/~ mice, reverse transcription quanti-
tative polymerase chain reaction (RT-qPCR) was used
(Fig. 4I). Our findings illustrated the sequential activa-
tion of the interferon signaling pathway following the
engagement of the cGAS-STING-pTBK1-pIRF3 cascade,
providing a comprehensive understanding of the inflam-
matory response in Stx12~/~ mice. Besides, we wonder if
STX12 knockout induces activation of the cGAS-STING
pathway in a broader context. Given the ease of obtaining
and studying MEF cells, we also employed western blot-
ting to assess the activation of the cGAS-STING pathway
in Stx12-KO MEF cells (Figure S10A). The quantitative
analysis revealed no significant changes in the levels of

(See figure on next page.)
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cGAS, STING, or phosphorylated TBK1 in Stx12-KO
MEEF cells compared to wild-type controls, only with a
modest upregulation of phosphorylated IRF3 (relative
to total IRF3) (Figure S10B-I). The results suggested that
the lung was particularly vulnerable to the deficiency of
STX12. In summary, the cGAS-STING pathway and the
Type I interferon signaling pathway were markedly acti-
vated by the presence of cytoplasmic mtDNA in the lung
tissue of Stx12™/~ mice.

Severe neutrophils-related immune response

in Stx12-knockout mice

The Kyoto Encyclopedia of Genes and Genomes (KEGG)
analysis is a valuable method for a mapping the results
transcriptomic data to well-defined biological pathways,
thereby facilitating the interpretation of gene expres-
sion changes within the context of cellular functions,
metabolic processes, and disease mechanisms. By per-
forming KEGG analysis on the upregulated differen-
tially expressed genes identified from the RNA-seq data
of lung tissue, we were able to gain deeper insights into
the underlying biological processes. The analysis result
revealed significant enrichment in inflammation-related
pathways and the pathways with -logl0 (padj)>5.5 were
displayed in Fig. 5A. Notably, the IL-17 signaling pathway
and neutrophil extracellular trap (NET) formation path-
way were prominently enriched, along with GO enrich-
ment of neutrophil migration and neutrophil chemotaxis
(Figure S6C), suggesting a crucial role of neutrophils in
the pulmonary inflammatory response of Stx12~/~ mice.
Consistent with these findings, the blood smear results
revealed a marked increase in the number of neutrophils
(Fig. 5B) in StxI12~/~ mice compared with Stx12+/T lit-
termate controls, with no significant changes observed
in lymphocytes or monocytes (Figure S11A and S11B).
Moreover, qPCR analyses revealed upregulated expres-
sion of neutrophil markers, including Ly6g, myeloper-
oxidase (MPO), ELANE and CSF3R, as well as elevated
levels of CSF3, C3, CXCL1, CXCL2, CXCL5 and TNE,

Fig. 4 The cGAS-STING pathway and Type | interferon pathway are activated in the lung tissue of Stx727/~ mice. A Representative confocal images
of immunofluorescence of frozen lung slices (30 um) using antibodies against TOMM?20 (mitochondria) and DNA. White arrowheads indicate
cytosolic DNA foci. Scale bar, 10 um. B Quantification of the average number of cytosolic DNA puncta per cell in the corresponding field. WT n=3,
KO n=4 independent experiments. C The expression of cGAS, STING, the phosphorylation of TBK1 (p-TBK1), the phosphorylation of IRF3 (p-IRF3)
and GAPDH by western blot in lung lysates from Stx127~ and the littermate control (WT, Stx12*/*) mice. D Relative quantification of cGAS and STING
levels normalized to 3-tubulin. E Relative quantification of p-TBK1 and p-IRF3 levels normalized to B-tubulin. F Quantification of the levels of p-TBK1/
TBK1 and p-IRF3/IRF3. G IFN-B levels of lung lysates from Stx727~ and the littermate control (WT, Stx72*/*) mice (n=5 per group) by enzyme-linked
immunosorbent assay. H Heat map displays upregulated interferon stimulates genes (ISG) based on RNA-seq data of lung tissue. Rows represent
individual ISGs and columns represent biological replicates. Color intensity reflects the level of gene expression and the values are represented

as log2 fold changes. I Expression levels of 1SGs by gRT-PCR from the lung tissues of Stx727/~ (n=6) and the littermate control (WT, Stx72*/*) (n=5)
mice. The mRNA expression of target genes was normalized to that of B-actin. The Stx727~ mice and their littermate controls were obtained
atembryonic day 19.5 (E19.5). The results are presented as the mean £ SEM; statistical significance was assessed by Student’s t- test
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which served as key chemokines for neutrophil recruit-
ment and activation in the lung tissue of Stx12~/~ mice
compared with littermate controls (Fig. 5C). Meanwhile,
we performed immunofluorescence staining on lung tis-
sue with Ly6G and S100A9 antibodies (Fig. 5D). The
statistical results demonstrated a significantly increase
both in the overall fluorescence intensity and the fluo-
rescence intensity per individual cell in the Stx12~~ mice
compared to the littermate controls (Fig. 5E-H). SI00A9,
which is primarily secreted by neutrophils and can pro-
mote their migration and activation [29], was also found
to be significantly upregulated by western blot analysis
(Fig. 51 and J). These observations indicated pronounced
neutrophil infiltration in the lung tissue of Stx127/~
mice. In addition, Stx127/~ lung homogenates showed
increased IL-1p (Fig. 5K), which can activate neutrophils
[30] and promote the formation of NETs [31]. Addition-
ally, the upregulation of IL-6 was confirmed through
qPCR and western blot analysis (Figs. 51, ] and L).The
heatmap indicated the accumulation of various cytokines,
including neutrophil-related elements, interleukins,
TNF-related factors, complement component-related
factors, colony-stimulating factors, and chemokines
(Fig. 5M), in the lung tissue of Stx127/~ mice, with some
further validated by qPCR (Figure S11C). These cytokines
and granule enzymes (MPO, Elane and MMP) further
attracted and activated neutrophils, creating a robust and
cascading inflammatory response within the lung tissue
of Stx127/~ mice. We hypothesized that this might be the
cause of mortality in Stx12 knockout mice. To investigate
this, we also conducted rescue experiments using vari-
ous interventions on pregnant mice, including the immu-
nosuppressant, also the autophagy inducers rapamycin
(intravenous injection; once a day; 1.6 mg/kg), the neu-
trophil elastase inhibitor sivelestat (intravenous injection;
once a day; 50 mg/kg, DMSO 5%), immunomodulators
vitamin C and vitamin D [32, 33] (via gavage; Vc: 205 mg/

(See figure on next page.)
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kg in double distilled water; Vd: 150 pg/kg in double dis-
tilled water, final ethanol < 1/10000), the voltage-depend-
ent anion selective channel (VDAC) inhibitor VBIT-4
[34], inhibiting apoptosis and preventing mitochondrial
dysfunction (provided in the drinking water; 20 mg/
kg, final pH 5.0, DMSO 0.05%), the mitochondrial sta-
bilizer taurine, protecting mitochondria from oxidative
stress and maintaining normal mitochondrial function
and energy metabolism (provided in the drinking water;
1000 mg/kg/day in double distilled water) and IFN inhib-
itor BX795, which exerts its effect by inhibiting TBK1
and IKKe (5 mg/kg/day, administered intraperitoneally
for 5 consecutive days). Given the lethality of Stxi2-
knockout mice at birth, these interventions cannot be
administered directly to the knockout mice. The results
showed that none of these interventions succeeded in
rescuing the phenotype. However, sivelestat showed bet-
ter effects than other treatments as demonstrated in the
Figure S12, which was consistent with the potential role
of neutrophile discussed above.

Discussion
SNAREs constitute a critical family of proteins that facili-
tate the intricate process of membrane fusion within
eukaryotic cells [35]. SNARE proteins are characterized
by their ability to form a complex that brings the mem-
branes of vesicles (v-SNARE) and target compartments
(t-SNARE) into close proximity, facilitating the fusion
process [36—39]. SNARE proteins are integral to numer-
ous fundamental processes, including the initiation and
extension of neurites, the specification and elongation of
axons, as well as synaptogenesis and synaptic transmis-
sion [40, 41] and are critically implicated in a range of
diseases such as neurodegenerative disorders, metabolic
conditions [42] and cancer [43, 44].

As for the roles of SNARE proteins in mitochondrial
dynamics, some evidence suggests that STX17 promotes

Fig. 5 Neutrophils are involved in the severe inflammation in the lung tissue of Stx727/~ mice. A KEGG pathway analysis of the differentially

upregulated expressed genes in Stx127/~

mice (-log,, (padj) > 5.5) from the RNA-seq data. B The number of neutrophils in the blood from Stx127/~

and the littermate control (WT, Stx12*/+) mice. C The relative mRNA levels of neutrophil markers (Ly6g, MPO, ELANE, and CSF3R) and key chemokines
for neutrophil recruitment and activation (CSF3, C3, CXCL1, CXCL2, CXCL5, and TNF) normalized to those of 3-actin. WT n=5, HO n=5 independent
samples. D Representative confocal images of immunofluorescence of frozen lung slice using antibodies against STO0A9 and lyég, the markers

of neutrophils. Their increase of fluorescence intensity indicates the infiltration of neutrophils (WT n=4; KO n=3). E, F Quantification of the total
fluorescence intensity of STO0A9 and ly6g. It is relative to normalized WT intensity. G, H Quantification of fluorescence intensity of ST00A9 and lyég
per cell. It is relative to normalized WT intensity. | Western blot analysis of the expression of IL.-6, ST0O0A9 and GAPDH in lung lysates from E19.5
Stx127/~ (HO) and the littermate control (WT, Stx12*"+) mice. J Relative quantification of IL-6 and ST00A9 levels normalized to GAPDH. K IL-1f3 levels
in the lung lysate from Stx72~/~(n=8) and the littermate control (WT) mice (n=6) at E19.5 by enzyme-linked immunosorbent assay. L Relative
MRNA levels of IL-6 from lung lysates of Stx727~ (HO) and the littermate control (WT) mice. M Heatmap showing upregulated inflammation-related
genes including neutrophil-related gene, interleukins, tumor necrosis factor (TNF)-related genes, complement(C)-related genes, colony stimulating
factor (CSF)-related genes and chemokines in Stx127/~(HO) and the littermate control (WT) mice lung tissues. The values are represented

as log2 fold changes. The Stx727~ mice and their littermate controls were obtained at embryonic day 19.5 (E19.5). The results are presented

as the mean + SEM,; statistical significance was assessed by Student’s t- test
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autophagy by localizing at contact sites between the endo-
plasmic reticulum and mitochondria [45] and is integral
to the process of autophagosome maturation by mediat-
ing autophagosome-lysosome fusion and thus facilitat-
ing cellular homeostasis [46]. Syntaxin 4 (STX4), when
enriched in skeletal muscle, reverses peripheral insulin
resistance and ameliorates mitochondrial dynamics via
the regulation of dynamin-related protein 1 (Drpl) [47]
and plays a pivotal role in the lysosome-associated exocy-
tosis of mitochondria, which is independent of mitophagy
and contributes to the parkinsonism-like symptoms
induced by flunarizine (FNZ) [48]. STX5 facilitates cho-
lesterol trafficking from plasma membranes to mito-
chondria for adrenal steroid synthesis [49]. Furthermore,
existing research has demonstrated that STX17 mitigates
heart failure by promoting Drpl-dependent mitophagy
via the recruitment of CDK1 [50] and plays a role in obe-
sity cardiomyopathy through facilitating obesity-induced
mitochondria-associated endoplasmic reticulum mem-
branes (MAM:s) formation and mitochondrial Ca** over-
load [51]. Here, we showed that STX12 depletion induced
decreased mitochondrial membrane potential in zebrafish
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(Fig. 1D and E) and mouse embryo fibroblasts (Fig. 2A
and B). Moreover, Stx12 knockdown led to reduced
expression levels and OXPHOS levels of mitochondrial
complex subunits and mtDNA release in lung tissue, acti-
vating the cGAS-STING signaling pathway and ultimately
leading to pulmonary inflammation in mice (Fig. 6).

To our surprise, there is no significant changes in the
levels of cGAS, STING, or phosphorylated TBK1 in
Stx12-KO MEFs compared to wild-type MEFs, but a
modest upregulation of phosphorylated IRF3 (relative
to total IRF3) was observed in the knockout group, sug-
gesting potential activation through a non-cGAS/STING
pathway, such as the RIG-I pathway, as also indicated in
Fig. 3D. This suggests that the activation of cGAS-STING
pathway induced by Stx12 knockout is tissue-specific
in mice, with a particular sensitivity in lung tissue. As
a member of the SNARE protein family, STX12 plays a
crucial role in vesicular trafficking and plasma membrane
fusion. Previous studies have reported that STX12 is
colocalized with TFR in endosomes [52, 10], although the
role of STX12 in endosomal dynamics remains unclear.
Our previous research indicates that STX12 may regulate
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Fig. 6 Schematic of systemic immune-inflammation in STX12-KO mice. The ablation of STX12 leads to decreased mitochondrial membrane
potential (MMP), reduced expression levels of mitochondrial complex subunits, and the release of mitochondrial DNA (mtDNA). Then, mtDNA
release activates the cGAS-STING-pTBK1-pIRF3 pathway, subsequently triggering Type | interferon response and downstream interferon-stimulated
genes (ISGs) and cytokines in lung tissue. Additionally, cytokines release and neutrophil infiltration mutually enhance each other, resulting

in an amplified cascade of hyperinflammation, referred to as “cytokine storm’, which potentially contributes to the mortality observed in Stx12

knockout mice
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endosomal membrane fusion, thereby facilitating rapid
recycling of TFR and maintaining intracellular iron
homeostasis [13]. In that study, we observed that Stx12-
knockout (KO) mice exhibit iron deficiency anemia.
Further investigation into the underlying mechanisms
revealed that STX12 is critical for cellular iron trans-
port and circulation. The absence of STX12 disrupts TFR
cycling, leading to abnormalities in transferrin and iron
homeostasis. Hemoglobin, the key molecule responsible
for oxygen transport, requires iron for its synthesis. Iron
deficiency directly impairs hemoglobin production, lead-
ing to reduced oxygen-carrying capacity. Organs sensitive
to oxygen, such as the lungs, are particularly vulnerable
to hypoxic conditions, which could result in mitochon-
drial depolarization and inflammatory responses. This
may explain the observed tissue-specific effects in the
lungs.

Terribly, the lack of cGAS-STING pathway activation
in MEFs, along with the limitations that primary AECII
cells are not suitable for long-term culture hinders fur-
ther investigation of this pathway in vitro. Therefore,
crossing Stx12"" mice with ¢cGAS-KO mice warrants
further study to determine whether cGAS knockout res-
cues the phenotypes observed in Stx12~~ mice. Addi-
tionally, the broader impact of Stx12 knockout on other
tissues requires further investigation.

Transcriptome and inflammation analyses revealed
the enrichment of cytokines and chemokines in Stx12~/~
lung tissue. The enriched IL-17 signaling pathway has
been implicated in the regulation of neutrophil func-
tion including migration, activation, and degranulation
of these cells [53]. NETs are complex structures com-
posed of DNA, histones, and antimicrobial proteins that
are expelled by neutrophils as critical components of
the immune response to ensnare and neutralize a broad
spectrum of pathogens [54]. The formation of NETs is a
highly regulated process that can be triggered by vari-
ous stimuli, including IL-17. Once activated, neutro-
phils undergo a unique form of cell death that leads to
the release of NETs, which can effectively immobilize
and kill a wide range of microorganisms [55]. How-
ever, excessive or uncontrolled NET formation can also
contribute to tissue damage and has been implicated
in the pathogenesis of several inflammatory diseases,
including acute lung injury and acute respiratory dis-
tress syndrome [56]. The substantial enrichment of the
IL-17 signaling pathway and NET formation pathway in
the KEGG analysis underscores the pivotal role of neu-
trophils in the pulmonary inflammation observed in
Stx12-knockout mice (Fig. 5A). Furthermore, GO analy-
sis, which emphasizes the chemotaxis and migration of
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leukocytes—especially neutrophils—provides additional
support for this conclusion (Figure S6C). For instance,
ly6G is a glycoprotein that is predominantly expressed
on the surface of mouse neutrophils and is commonly
used as a marker of neutrophils [57, 58]. MPO is a key
enzyme found in the azurophilic granules of neutrophils
and plays a crucial role in the antimicrobial defense of
neutrophils by producing hypochlorous acid [59, 60].
Particularly, MPO has been implicated in the regula-
tion of various neutrophil functions, including neutro-
phil activation [61, 62], trafficking [62, 63], phagocytosis
[62], lifespan [64], the formation of extracellular traps
[60] and MPO-triggered autoimmunity [62, 65]. Elane,
also known as neutrophil elastase, is a serine protease
enzyme found in the azurophilic granules of neutrophils.
Elane has been shown to degrade almost all extracellular
matrix proteins [66], disrupt the structural integrity of
the tissue microenvironment [67], and induce the release
of proinflammatory cytokines such as interleukin-6,
interleukin-8 and so on [68, 69]. These significant eleva-
tions of Ly6G, MPO and Elane in Stx127~ lung tissue
indicate substantial neutrophil infiltration and potential
damage of lung tissue. These injuries further exacerbate
the release of cytokines and chemokines. SI00A9, highly
present in the cytoplasmic fraction of neutrophils, is
associated with increased production of inflammatory
cytokines [70] and can promote the migration and acti-
vation of neutrophils [29]. Besides, MMPs released by
activated neutrophils have been demonstrated to mod-
ulate inflammatory responses by influencing the levels
and activities of cytokines and chemokines, including
the cleavage of several CXC chemokines in addition
to degrading the extracellular matrix and facilitating
neutrophil migration [71]. Furthermore, the increased
cytokines such as IL-1, IL-6, TNF, CSF, C3 and neutro-
phil-specific chemokines, particularly CXCL1, CXCL2,
and CXCL5 could also promote the chemotaxis and
activation of neutrophils [72-76]. Besides, the signifi-
cantly elevated IFN can indirectly influence neutrophil
chemotaxis by modulating intracellular signaling path-
ways and the expression of extracellular chemokines,
thereby exacerbating neutrophil infiltration. Therefore,
we proposed that the infiltration of neutrophils and the
release of cytokines in the lung tissue mutually enhance
each other, creating a cascade amplification of inflamma-
tion, commonly referred to as "cytokine storm" [77, 78].
Consequently, we employed various interventions, but
none effectively rescued the lethal phenotype. On the
one hand, it is conceivable that the placental barrier sig-
nificantly diminishes the fetal absorption of these drugs,
which may account for the lack of efficacy observed.
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The permeability of VBIT-4 through the placental bar-
rier, in particular, remains uncertain. On the other hand,
the observed lethality in the mice might result from a
combination of systemic effects including multi-system
failure, anemia, inflammation, and other potential com-
plications. These findings suggest that the underlying
mechanisms are complex and multifactorial, necessitat-
ing further detailed investigations to elucidate the pre-
cise causes of mortality in Stx12~/~ mice.

To date, research on Stx12 remains limited, with previ-
ous studies primarily focusing on its roles in endosomal
trafficking, vesicle fusion, neuronal differentiation, and
related processes. Our previous study explored the role
of STX12 in TFR cycling, prompted by observations of
iron-deficiency anemia in StxI2-knockout mice. Build-
ing on this previously identified lethal phenotype, our
current study delves deeper into the function of STX12
in mitochondrial dynamics and immune inflamma-
tion. While we hypothesize that iron deficiency-induced
hypoxia in lung tissue, which leads to mitochondrial
stress, is a key factor, we cannot rule out the possibility
that STX12 deficiency may also impair vesicle-mediated
transport of mitochondrial membrane components or
repair machinery, potentially affecting other tissues as
well. The observed leakage of mtDNA suggests a poten-
tial failure in mitochondrial quality control mechanisms
dependent on STX12-mediated vesicular transport. Fur-
ther research is essential to fully elucidate the roles and
mechanisms of STX12 in these processes.

Overall, the cGAS-STING activation triggered by
pulmonary mtDNA release in Stx127~ mice is a new
mechanism of pulmonary inflammation, expanding our
understanding of how mitochondria affect innate immune
responses and providing a basis for further investigations
of mitochondria injury-driven immunopathology.
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