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Abstract

Background: Traumatic spinal cord injury (SCl)-induced neuroinflammation results in secondary neurological
destruction and functional disorder. Previous findings showed that microglial pyroptosis plays a crucial role in neu-
roinflammation. Thus, it is necessary to conduct a comprehensive investigation of the mechanisms associated with
post-SCl microglial pyroptosis. The Fanconi Anemia Group C complementation group gene (FANCC) has been previ-
ously reported to have an anti-inflammation effect; however, whether it can regulate microglial pyroptosis remains
unknown. Therefore, we probed the mechanism associated with FANCC-mediated microglial pyroptosis and neuroin-
flammation in vitro and in vivo in SCI mice.

Methods: Microglial pyroptosis was assessed by western blotting (WB) and immunofluorescence (IF), whereas
microglial-induced neuroinflammation was evaluated by WB, Enzyme-linked immunosorbent assays and IF. Besides,
flow cytometry, TdT-mediated dUTP Nick-End Labeling staining and WB were employed to examine the level of neu-
ronal apoptosis. Morphological changes in neurons were assessed by hematoxylin—eosin and Luxol Fast Blue staining.
Finally, locomotor function rehabilitation was analyzed using the Basso Mouse Scale and Louisville Swim Scale.

Results: Overexpression of FANCC suppressed microglial pyroptosis via inhibiting p38/NLRP3 expression, which in
turn reduced neuronal apoptosis. By contrast, knockdown of FANCC increased the degree of neuronal apoptosis by
aggravating microglial pyroptosis. Besides, increased glial scar formation, severe myelin sheath destruction and poor
axon outgrowth were observed in the mice transfected with short hairpin RNA of FANCC post SCI, which caused
reduced locomotor function recovery.
Conclusions: Taken together, a previously unknown role of FANCC was identified in SCI, where its deficiency led
to microglia pyroptosis, neuronal apoptosis and neurological damage. Mechanistically, FANCC mediated microglia

L pyroptosis and the inflammatory response via regulating the p38/NLRP3 pathway.
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Introduction

Spinal cord injury (SCI) is a devastating disease of the
central nervous system (CNS) leading to paralysis and
even death, which affects patients’ quality of life and
results in a heavy financial burden on their families [1-3].
The pathogenesis of SCI is complicated, in that the ini-
tial trauma (primary SCI) causes primary neural injuries
that then result in a stream of neurological sequelae (sec-
ondary SCI), which severely affect neurologic functional
recovery over an extended period of time [4, 5]. As the
resident macrophages of the CNS, resting microglia rap-
idly activate in response to primary SCI and release a
variety of proinflammatory cytokines and mediators that
evoke neuroinflammation in the neural lesion and con-
tribute to the biological cascades during secondary SCI
[6, 7]. Pyroptosis, also known as inflammatory necrosis,
is a modality of programmed cell death mediated via
multifarious inflammation-related signaling pathways
[8-10]. Specifically, after cellular inflammation has been
initiated, the activation of inflammasomes contain-
ing apoptosis-associated speck-like protein containing
CARD (ASC), caspase proteases and Nod-like receptor
(NLR) family proteins, cleave the precursor of caspase-1,
which further promotes the formation of active N-ter-
minus pore-forming protein gasdermin D (GSDMD-N),
interleukin-1 (IL-1P) and IL-18, leading to pyroptosis
that amplifies inflammation [11-13]. Previous studies
confirmed that microglial pyroptosis is involved in the
inflammatory process and that blocking it attenuates
neuroinflammation levels and neuronal apoptosis post
SCI [14, 15]. However, the underlying molecular mech-
anism of post-SCI microglial pyroptosis still remains
unclear.

The Fanconi Anemia Group C complementation group
gene (FANCC) encodes a protein, FANCC, which plays
an indispensable role in the pathogenesis of Fanconi
Anemia [16—18]. Besides, FANCC was reported to regu-
late bone marrow failure pathogenesis in human inher-
ited bone marrow failure syndromes [19]. Although the
mechanism of FANCC was elaborated in hematologi-
cal diseases, there has been little research concerning
FANCC in inflammatory diseases since Hadjur et al. first
found that FANCC-deficient mice were more sensitive
to proinflammatory factors like IL-1p and tumor necro-
sis factor-a [20]. Given the results of the previous study,
we speculated that FANCC may participate in microglia-
induced neuroinflammation and regulate IL-1p-related
pyroptosis signaling post SCIL.

Here, we identified a previously unidentified role of
FANCC in microglial pyroptosis and the subsequent
neuroinflammatory response post SCI. We utilized
lipopolysaccharide (LPS) to mimic SCI-induced micro-
glial inflammation to trace the specific molecular mech-
anism associated with FANCC-mediated regulation
of microglial pyroptosis, established microglia-neuron
co-cultures in vitro to clarify the effect of FANCC on
inflammatory microglia-induced neuronal apoptosis and
employed silencing of FANCC in SCI mice via short hair-
pin (sh) RNA to demonstrate the neuroprotective poten-
tial of FANCC in SCI mice.

Methods and materials

Isolation and culture of primary cells

One-day-old mice were sacrificed in 75% ethanol, the
brains removed to precooled Dulbecco’s modified Eagle
medium (DMEM; KeyGEN, Nanjing, China) and the
meninges and blood vessels removed. The cerebral cor-
tex was then isolated, placed in new DMEM, cut into
pieces and 2 mg/mL papainase (Sigma-Aldrich, St. Louis,
MO, USA) added. The cortical tissue was then shaken on
a shaker for 10 min at a constant temperature of 37 °C.
After centrifugation at 1200 g for 5 min, the superna-
tant was removed and cells were resuspended and incu-
bated in DMEM containing 10% fetal bovine serum (FBS;
Gibco, Grand Island, NY, USA) at 37 °C. For neuronal iso-
lation, the cells were resuspended in neurobasal medium
(Gibco) after 4 h cultured, then the medium was changed
every 2 days. For microglia isolation, the medium was
changed every 3 days. After 14 days, microglial cultures
were shaken on a shaker for 4 h at a constant temperature
of 37 °C and the cells collected in 6-well plates (Corn-
ing, NY, USA) containing DMEM containing 10% FBS.
Microglia were pretreated with the p38 MAPK inhibi-
tor BIRB 796 (500 nM, Axon Medchem, Groningen, The
Netherlands) for 6 h or the NLRP3 inhibitor glyburide
(50 mM, Sigma-Aldrich) for 2 h, after which LPS (1 pg/
mL, Sigma-Aldrich) was administered to activate micro-
glial inflammation for 24 h.

Co-culture of microglia and neurons

To mimic the effect of microglial inflammation on
neuronal apoptosis in vitro, a co-culture model was
established as shown in Fig. 3A. Neurons (in 500 pL of
neurobasal medium) were incubated on the bottom of
the 24-well plates (Corning) for 24 h, after which cell
inserts (Corning) were placed in each well and the treated
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microglia, suspended in 200 pL medium, were seeded on
the top of the inserts and cultured for 72 h.

SCl model

C57BL/6 ] adult mice, (males, average weight of 20 g,
8 weeks of age) purchased from Charles River (Beijing,
China), were anesthetized with ketamine (80 mg/kg).
The SCI protocol used here was the same as that in our
previous study [21]. Briefly, the skin was cut and the fas-
cia muscle separated on the back, after which the lamina
at T10 segment was resected. A moderate contusion
(5 g x 5 cm) was created on the spinal cord of the mouse
using a spinal cord impactor (RWD, Shenzhen, China).
The SCI mice were treated with artificial micturition
twice per day until their cystospasm was eliminated. The
sham mice received a T10 laminectomy only.

Regulation of FANCC expression

The FANCC overexpression (OE-FANCC) and shRNA
targeting FANCC for knockdown (KD-FANCC) were
loaded in plasmids, which were constructed from BIOG
CO., LTD (Changzhou, China), and respectively trans-
fected into primary microglial cultures using RFect Plas-
mid Transfection Reagent (BIOG). The shRNA-FANCC
adeno-associated virus (AAV) vector, which was injected
into the tail veins of mice at 1 week before SCI mode-
ling, was obtained from Genechem CO., LTD (Shanghai,
China).

Real-time quantitative reverse-transcription PCR (qRT-PCR)
Total RNA from microglia and spinal cords was extracted
using TRIzol reagent (YiFeiXue Biotechnology, Nanjing,
China) according to the manufacturer’s instructions.
Reverse transcription was performed using the Yfx 1st
Strand cDNA Synthesis Kit (YiFeiXue Biotechnology).
Quantitative analysis of RNA was accomplished using
the Roche LightCycler 480 (Roche, Basel, Switzerland)
with a qPCR Kit (YiFeiXue Biotechnology). The primer
sequences were as follows: FANCC: forward: GAGACA
GGACTTAACTCGTGGA; reverse: AGCCATCCGACT
TTGAGTGC; GAPDH: forward: TGACCTCAACTA
CATGGTCTACA; reverse: CTTCCCATTCTCGGC
CTTG.

Western blotting (WB) assay

Total protein was extracted from cells and cord tissue
using the Total Protein Extraction Kit (KeyGEN) accord-
ing to the manufacturer’s instructions, after which the
concentration was quantified using the Enhanced BCA
Protein Assay Kit (Beyotime, Shanghai, China). Total of
60 g proteins in each group were used for WB. Relevant
primary and secondary antibodies used in WB analyses
were as follows: anti-FANCC (1:1000, 22,857, Singalway
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Antibody, CollegePark, MD, USA), anti-p38 (1:1000,
14,451, Cell Signaling Technology, Boston, MA, USA),
anti-phospho-p38 (1:1000, 4092, Cell Signaling Tech-
nology), anti-NLRP3 (1:1000, 29,125, Singalway Anti-
body), anti-ASC (1:1000, 40,618, Singalway Antibody),
anti-GSDMD (1:1000, ab219800, Abcam, Cambridge,
MA, USA), anti-GSDMD-N (1:1000, ab215203, Abcam),
anti-Caspase-1 (1:1000, ab138483, Abcam), anti-cleaved-
Caspase-1(1:1000, 89,332, Cell Signaling Technology),
anti-IL-1f (1:1000, 12,703, Cell Signaling Technology),
anti-cleaved-IL-1p (1:1000, 83,186, Cell Signaling Tech-
nology), anti-p-actin (1:10,000, HRP-60008, Proteintech,
Rosemount, IL, USA), anti-p-tubulin (1:10,000, HRP-
66240, Proteintech), HRP Goat-anti-Rabbit secondary
antibody (1:10,000, YFSAO02, YiFeiXue Biotechnology)
and HRP Goat-anti-Mouse secondary antibody (1:10,000,
YESAO1, YiFeiXue Biotechnology). Protein signals were
captured with a Gel Document System (SYNGENE,
Cambridge, UK), followed by quantitative analysis using
Image] software (National Institutes of Health, Bethesda,
MD, USA).

Enzyme-linked immunosorbent assays (ELISAs)

Cord tissues (5 mm length) were minced into homoge-
nate and centrifuged at 4 °C, after which the superna-
tants were stored at —80 °C until further use. ELISAs
were performed to test the levels of IL-13 and IL-18 in
supernatants using respective ELISA Kits (YiFeiXue Bio-
technology) according to the manufacturer’s instructions.
The absorbance was then determined at 450 nm using a
microplate reader (BioTek, Vermont, USA).

Flow cytometry assay (FCA)

The degree of neuronal apoptosis was detected using
the Apoptosis Detection Kit (YiFeiXue Biotechnology)
according to manufacturer’s instructions. Neurons were
incubated with Annexin V-FITC reagent at room tem-
perature for 10 min, followed by incubation with Pro-
pidium Iodide reagent for 5 min. Primary microglia
were incubated with F4_80-PE (565,410, BD Biosciences,
Franklin Lakes, NJ, USA) and iNOS-FITC (610,330,
BD Biosciences) for 30 min at 4 °C, injected into a flow
cytometer (FACSVerse 8, BD) and the obtained data were
analyzed using FlowJo software (Version 7.6.1; Flow]o,
Treestar, OR, USA).

TUNEL staining

Neuronal and microglial death was measured using a
TUNEL Staining Kit (Servicebio, Wuhan, China) accord-
ing to the manufacturer’s instructions. Briefly, neurons
and sections of spinal cords were incubated with antigen
retrieval solution prior to permeabilization, treated with a
mixture of terminal deoxynucleotidyl transferase enzyme,
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deoxyuridine triphosphates and buffer at ratio of 1:5:50,
then were counterstained with diaminobenzidine (DAPI)
to visualize the nuclei and observed under a fluorescence
microscope (Leica, Oskar, Germany).

Immunofluorescence (IF) staining

After blocking with Immunol Staining Blocking Buffer
(Beyotime) for 1 h, sections and cells were incubated with
primary antibodies overnight at 4 °C, followed by incuba-
tion with fluorescent secondary antibodies in the dark for
1 h. The antibodies used were as follows: anti-FANCC
(1:100, 22,857, Singalway Antibody), anti-NeuN (1:100,
MAB377; Millipore, Burlington, MA, USA), anti-GFAP
(1:300, 3670; Cell Signaling Technology), anti-IBA-1 (1:500,
ab178847; Abcam), anti-NLRP3 (1:100, 29,125, Singalway
Antibody), anti-iNOS (1:100, ab15323, Abcam), anti-Cas-
pase-1 (1:100, ab138483, Abcam) and anti-NF200 (1:200,
ab82259, Abcam). After counterstaining with DAPI, the
samples were visualized under a fluorescent microscope
(Leica). The fluorescence intensity in the images was ana-
lyzed using Image]J software (National Institutes of Health).

Nissl, hematoxylin—eosin (HE) and Luxol Fast Blue (LFB)
staining

To evaluate the number of neurons, morphology of the spi-
nal cord tissue and integrity of the neuronal myelin sheath
after SCI, we used Nissl Staining Reagent (Servicebio), HE
Staining Reagent (Servicebio) and LFB Staining Reagent
(Servicebio), respectively, following the manufacturer’s
instructions. The sections were under an optical micro-
scope (Leica).

Behavioral assessment

Locomotor function of hindlimbs was evaluated using
the Basso Mouse Scale (BMS) and Louisville Swim Scale
(LSS) as previously described [22, 23]. Mice in each group
were tested in an open field assessed by two blinded resear-
chists at 1, 3, 7, 14, 21 and 28 days post injury (dpi).

Statistical analysis

Data are shown as the meanzstandard deviation val-
ues and were analyzed using Prism software, version 8.3
(GraphPad, San Diego, CA, USA). Comparisons between
two groups were analyzed using t-tests and among more
than two groups using one-way or two-way ANOVAs fol-
lowed by Tukey’s post hoc test. P-value <0.05 were consid-
ered as significance.

Results

FANCC deficiency induces microglial pyroptosis

by regulating p38-MAPK and inflammasome NLRP3

To verify the alteration of FANCC levels following SCI,
we initially measured the mRNA level of FANCC in
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injured cords within a week, finding that the expres-
sion of FANCC was gradually reduced (Additional file 1:
Figure S1A). Additionally, mRNA levels of FANCC in
microglia after LPS stimulation for 24 h was significantly
decreased compared with controls (Additional file 1: Fig-
ure S1B). Furthermore, WB showed a significant decrease
of FANCC expression at 7 dpi (Fig. 1A, B). Likewise,
the protein levels of FANCC were markedly reduced in
microglia after LPS stimulation for 24 h. (Fig. 1C, D).
In addition, OE-FANCC and KD-FANCC transfection
efficiencies were determined by IF staining, with results
indicating that OE increased the expression of FANCC
but that KD decreased the expression compared with
controls after LPS stimulation (Fig. 1E). The p38-MAPK
pathway is a crucial signaling pathway that regulates
the inflammatory response in activated microglia [24].
WB indicated that OE-FANCC transfection remarkably
reduced the phosphorylated level of p38 in LPS-treated
microglia while KD-FANCC increased p38 phosphoryla-
tion (Fig. 1F, G). Besides, the level of NLRP3 and ASC,
as crucial regulators of inflammation, decreased promi-
nently in OE-FANCC transfected microglia after LPS
stimulation, but showed an increase in KD-FANCC
transfected microglia (Fig. 1H, I). The results displayed
that LPS markedly increased GSDMD/GSDMD-N pro-
tein levels, which were reduced by OE-FANCC and
increased by KD-FANCC post LPS stimulation (Fig. 1],
K). Additionally, the levels of IL-1f3 and IL-18 in the cell
supernatant were determined, with results indicating that
OE-FANCC markedly decreased IL-18 and IL-1f expres-
sion, while KD-FANCC enhanced their expression lev-
els after LPS stimulation (Fig. 1L, M). FCA exhibited an
increase in the percentage of iNOS positive microglia,
OE-FANCC treatment reduced LPS-induced high iNOS
positive percentage; however, the silencing of FANCC
reduced the iNOS positive percentage in microglia
(Fig. 1N, O). However, double staining of TUNEL and IF
showed that the reduction of these inflammatory media-
tors was not due to the death of microglia (Additional
file 2: Figure S2A).

FANCC downregulation of inflammation in microglia

is p38/NLRP3 dependent

To further show that FANCC regulated microglial pyrop-
tosis via a p38/NLRP3 dependent pathway, the p38
inhibitor BIRB 796 and an NLRP3 inhibitor glyburide
were employed to induce p38/NLRP3 signaling block-
ade, respectively [25, 26]. WB showed that OE-FANCC
decreased p-p38 and NLRP3 protein levels, which were
further reduced after treatment with BIRB 796 (Fig. 2A—
C). Inversely, KD-FANCC increased the expression of
p-p38 and NLRP3, which were remarkedly decreased
by treatment with BIRB 796 (Additional file 2: Figure



Xia et al. Cell & Bioscience (2022) 12:82 Page 5 of 15

B D
1.5 15
e _ C °
A Sham SCI AE’ % 10 PBS LPS 3 E
Lo e e, 82 2 5 s 5 53
Y F 5 Q - 3
FANCC . :3 +  rance [N £5
o= &
o o=
0.0 0.0
E Sham  SCI PBS  LPS
NC-PBS NC-LPS
F G H
4 *kk 5
prp3s [ S RES]  © 3
=3 H*kk £35 *kk
asc [ommnes] 5% 2F
e 25
csovp NN  § 524
['4 o
-- g m
0 0
2 3°. &7 Q
S 5 > B LR F S F ™
/ 92,20 ¢ (CARCAARY I E
) R SIS =
‘Mergé ' \
I 6 ﬂ J ﬁ’f K s L 400 “ M 600
< D~ TE H % *kk = Lidid
E = g £33 . % 56 *xx D 300 " \é %00 T
55 5 i : R -
oF T # 22 i 224 T 2 200 # 2 300 #
aQ ok ag 4 # B B Fxk
20 0= Qs *% £ o £
2D 2 =0 = c c 200
s< i 8 1 S p 2 ~ 100 P
[0} o O [TR) % ©
['4 |-'I o r] x : 5 100
0 T T T T 0 T T T T 0 - 0 - 0
D o2 2 O D 2 2 P2 D 02 2 2 D 2 P 2 O B 2 P
2 $°.3°.Q 2°.3°.8° % 2° 3°.&°Q & P9 & PP
SIEE ecfzecf\’o@*\l_o* ecfz IO IS I I
N 4 NC-PBS NC-LPS OE-LPS KD-LPS
Q é 0.547% 35.7% ?3 6 B O
% S Torzs% 70.0% <= Joas 493 2 Toor 817 100 24
= N “ - dekk
=] ) = Q _. 80 *kk
S o
S =2 = S | 2% e *
- +c
28 40
14 0o
o E E 5 I,
0.621% 63.1% 0.050% 29.8% 0.107% 50.3% 0.027% 183% 0
10° 10t 102 10% 104 10°  q0' 102 10 10¢ 10° q0' 102 10% 10¢ 10° 40" 102 10% 10¢ $ H L
> RV N N N
> ¢ & &
F4/80
Fig. 1 FANCC deficiency induces microglial pyroptosis by regulating p38-MAPK and inflammasome NLRP3. A Western blotting of FANCC protein
levels in the spinal cord at 7 days post-injury; n=3. B Bar graph showing a quantitative analysis of FANCC expression; n=3.The error bars represent
the SD. *p < 0.05 vs. Sham group by t-test (*p <0.05, **p <0.01, and ***p < 0.001). C Western blotting of FANCC in LPS-stimulated primary microglia
for 24 h; n=3. B-actin was used as the control. D Bar graph showing the densitometry analysis of FANCC expression. The error bars represent the
SD. *p<0.05 vs. PBS group by t-test (*p <0.05, **p < 0.01, and ***p < 0.001). E Representative immunofluorescence labeling images for IBA-1 (green)
and FANCC (red) in LPS-activated microglia after transfection with OE-FANCC and KD-FANCG; Scale bar=50 um. F Western blotting for p-p38, p38,
NLRP3, ASC, GSDMD and GSDMD-N in LPS-activated microglia after transfection with OE-FANCC and KD-FANCGC; n=3. G Bar graph showing the
ratio analysis of p-p38/p38. H Densitometric analysis of NLRP3 expression. | Densitometric analysis of ASC expression. J Densitometric analysis of
GSDMD expression. K Densitometric analysis of GSDMD-N expression. L, M ELISAs performed for the IL-13 and IL-18 in culture medium obtained
at 24 h in LPS-activated microglia after transfection with OE-FANCC and KD-FANCC (n=5). N Representative flow cytometry performed for the
distinction of INOST&F4/80™ microglia transfected OE-FANCC and KD-FANCC post 24 h LPS inducement. O Bar graph showing the quantitative
analysis of the percent; n=4.The error bars represent the SD. *p < 0.05 vs. NC-PBS group, #p < 0.05 vs. NC-LPS group by one-way ANOVA followed
by Tukey's post hoc analysis (*p <0.05, **p <0.01, and ***p < 0.001). NC-PBS microglia were treated with PBS for control, NC-LPS microglia were
treated with LPS for 24 h, OE-LPS microglia were transfected with OE-FANCC before LPS stimulation for 24 h, KD-LPS microglia were transfected with
KD-FANCC before LPS stimulation for 24 h
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S2B-D); however, NLRP3 inhibition by glyburide did not
affect p38 phosphorylation, indicating that FANCC regu-
lated NLRP3 expression via a p38-dependent way dur-
ing inflammation (Fig. 2A—C). Additionally, OE-FANCC
transfection induced a remarkable decrease in the pro-
tein levels of pro-caspase-1 and cleaved-caspase-1 in
comparation with the LPS-alone treated microglia. How-
ever, glyburide increased the expression of pro-caspase-1
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and reduced the expression of cleaved-caspase-1 while
processing of pro-caspase-1 to the cleaved-caspase-1
was unaffected by BIRB 796 (Fig. 2D, E). Furthermore,
the expressions of pro-IL-1f and cleaved-IL-1p were
obviously suppressed by the two inhibitors when com-
pared with OE-FANCC transfected microglia (Fig. 2F,
G). ELISA showed that both IL-18 and IL-1( expression
were further decreased by inhibition of p38 and NLRP3
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in OE-FANCC transfected microglia (Fig. 2H, I). FCA
revealed that the OE-FANCC-induced decrease in the
percentage of F4/80-positive and iNOS-positive cells was
markedly reduced by both inhibitors (Fig. 2], K).

FANCC reduces microglial inflammation-mediated
neuronal apoptosis

As shown in Fig. 3A, neurons and microglia were co-
cultured in cell inserts to mimic microglial inflammation-
induced neuronal apoptosis in vivo. WB showed that the
ratio of Bax/Bcl-2 increased in neurons cultured with
LPS-treated microglia, which was significantly reduced
in the OE-FANCC group. However, co-culture with
KD-FANCC transfected microglia remarkably increased
the ratio of Bax/Bcl-2 compared with that in the NC-
LPS group (Fig. 3B, C). Moreover, IF staining showed
an increased level of cleaved-caspase3 in neurons after
microglia activation; however, such and increase was
markedly suppressed by OE-FANCC transfection but
was observably increased by KD-FANCC transfection
(Fig. 3D, E). Furthermore, TUNEL assay results indicated
that the activated microglia transfected with OE-FANCC
had significantly reduced numbers of TUNEL-positive
neurons compared with the NC-LPS group, while KD-
FANCC transfection led to a prominent increase of
apoptotic neurons post LPS stimulation (Fig. 3F, G). FCA
further showed that the percentage of apoptotic neurons
significantly decreased in the OE-FANCC group but was
increased after KD-FANCC transfection compared with
LPS-alone treated microglia (Fig. 3H, I).

Silencing FANCC exacerbates SCl-induced pyroptosis

and NLRP3-dependent neuroinflammation

We established the SCI model in KD-FANCC mice and
attempted to clarify the role of FANCC in pyroptosis
during post-SCI neuroinflammation. At 3 dpi, FANCC
protein levels were decreased in SCI mice and markedly
reduced in KD-SCI mice (Fig. 4A, B). Phosphorylated
levels of p38 were increased after SCI, which was further
exacerbated in KD-FANCC mouse spinal cords (Fig. 4C).
Moreover, the expressions of the pyroptosis-related pro-
teins including ASC, GSDMD and GSDMD-N increased
following SCI, which were prominently increased in KD-
SCI mice (Fig. 4D-F). Additionally, IF staining showed
that the fluorescence intensity of both caspase-1 and
NLRP3 was increased after SCI, and became more evi-
dent in KD-SCI mice (Fig. 4G). At 3 dpi that KD-SCI
mice had increased numbers of inflammatory microglia
in comparison with that in the NC-SCI group (Fig. 4H).
Importantly, the neuroinflammatory response in the
injured cords at 3 dpi, as detected by the NLRP3-induced
inflammatory cytokines IL-1f and IL-18, was significantly
increased in SCI mice in comparison with sham-treated
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mice. As expected, KD-SCI mice had higher levels of
these inflammatory factors post SCI (Fig. 41, ).

FANCC deficiency aggravates glial scar formation, myelin
sheath destruction and axon outgrowth impairment

To accurately analyze the glial cell area at 7 dpi, we
selected a 2 mm length of tissue, which was close to the
lesion epicenter for further IF analysis. The results indi-
cated that both the IBA-1- and GFAP-positive area was
increased following SCI. In agreement with WB and
ELISA results, KD-SCI mice showed a larger GFAP-
positive area and an increased IBA-1-positive area as
compared with NC-SCI mice (Fig. 5A-C). In addition,
LFB staining at 7 and 28 dpi showed that compared with
the NC-sham group, SCI resulted in extensive areas
of demyelination, which were exacerbated in KD-SCI
mice in spite of a compensatory myelin repair after SCI
(Fig. 5D, E). Besides, the neurohistological integrity of the
injured cords at 7 and 28 dpi, as visualized by HE stain-
ing, indicated greater cell infiltration at 7 dpi and a more
serious tissue destruction of cords at 28 dpi in KD-SCI
mice, compared with the NC-sham and NC-SCI groups
(Fig. 5F, G). At 28 dpi, triple IF staining revealed that KD-
SCI mice had significantly increased expression of IBA-1
and GFAP, and decreased expression of NF-200 com-
pared with compared with NC-SCI mice (Fig. 5H—]J).

Knockdown of FANCC interferes with locomotor recovery
by increasing neuronal apoptosis in SCI mice

To confirm the function of FANCC in neuronal apop-
tosis post SCI, TUNEL staining was used to measure
the severity of apoptotic cords, with results indicating
that the amount of TUNEL-positive tissue was signifi-
cantly increased in KD-SCI mice compared with NC-
SCI mice at 7 dpi. IF staining revealed that KD-SCI
mice had significantly increased the loss of neurons
(Fig. 6A—C). Moreover, Nissl staining was performed at
7 and 28 dpi, with results indicating that the number
of neurons in KD-SCI mice was decreased compared
with that in NC-SCI and NC-sham mice (Fig. 6D, E).
Importantly, the nucleus and membrane structure were
blurred in neurons of NC-SCI mice, which was mark-
edly aggravated in KD-SCI mice at 7 dpi, which further
indicated that FANCC deficiency affected the degree
of neuronal apoptosis (Fig. 6D, E). For locomotor func-
tional assessment, the BMS and LSS were employed
to determine the locomotor rehabilitation of SCI mice.
The BMS scores in the NC-sham group were in the nor-
mal range after laminectomy, but mice in the other two
groups showed low scores at 3 dpi. Notably, the scores
of KD-SCI mice were significantly less than SCI mice
starting on 7 dpi and lasting until 28 dpi (Fig. 6F). The
LSS also indicated that KD-FANCC SCI mice presented
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with poorer body balance, more forelimb dependence, Discussion

weaker hindlimb alternations and a larger body-surface = The secondary phase of SCI is initiated by a series of

angle starting at 7 dpi (Fig. 6G, H). Taken together, the  pathophysiological events that are initiated by a primary

results indicate that reduced FANCC expression caused = mechanical contusion in the spinal cord [27-29]. Aber-

an increase in neuronal apoptosis and thus impaired rant neuroinflammation during SCI is activated after

locomotor recovery post SCI. mechanical trauma, and, as such, suppression of neuro-
inflammation is supposed to be a therapeutic method to
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prevent the deterioration of SCI [30, 31]. The activation
of p38 and the NLRP3 inflammasome is involved in the
initiation of neuroinflammation post SCI [32, 33]. Fur-
thermore, NLRP3 is also reported to mediate pyroptosis
in other CNS diseases, such as experimental autoimmune
encephalomyelitis and neuromyelitis [34, 35]. However,
the genesis and progression of microglial pyroptosis

in SCI remains uncertain. On this basis, our research
focused on the biological role of FANCC in microglial
pyroptosis and subsequent neuronal apoptosis via its reg-
ulation of the p38/NLRP3 axis post SCIL.

FANCC is a member of the FA gene family, which has
been mainly studied in FA and cancers [36—38]. Addi-
tionally, FANCC is involved in inflammatory response
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in disease models. In particular, Daniel et al. reported an
intensive inflammatory response to LPS-induced septic
shock in FANCC-deficient mice [39]. Nevertheless, its
pathophysiological function in inflammatory events has
not been extensively researched in CNS injury and, in
particular, in SCI. Our findings showed that as the level
of FANCC decreased the activation of p38 and NLRP3 in
injured spinal cords and LPS-treated microglia increased.
Interestingly, further overexpression of FANCC mark-
edly reduced the phosphorylation of p38 and reduced
NLRP3 expression along with several inflammatory
cytokines in activated microglia, while knockdown of
FANCC reversed these outcomes. In the initiation of
pyroptosis, the NLRP3 inflammasome, containing ASC
and pro-caspasel, promotes activation of cleaved-cas-
pase-1, which cleaves GSDMD, and ultimately leads to
generation of IL-1f and IL-18 [40, 41]. Here, the levels of
pyroptosis-related proteins such as GSDMD/GSDMD-N
and ASC were similar to those of p38 and NLRP3 in OE/
KD-FANCC treated microglia. In parallel, in vivo results
indicated that KD-FANCC SCI mice showed higher lev-
els of p38 and NLRP3 as well as the pyroptosis markers
GSDMD/GSDMD-N and ASC. The results suggested
an internal mechanism by which FANCC knockdown
promoted pyroptosis and neuroinflammation caused
by microglia via the p38/NLRP3 pathway. As previously
mentioned, the NLRP3 inflammasome is a crucial regu-
lator associated with pyroptosis and various inflamma-
tory responses. NLRP3 facilitates the release of various
inflammatory factors including IL-1p and IL-18, which
are prominent amplifiers of neuroinflammation [42,
43]. Here, we showed that p38 was an upstream target
of NLRP3, which was regulated by FANCC to inhibit
microglial pyroptosis and neuroinflammation. Further-
more, application of the p38 inhibitor BIRB 796 markedly
decreased NLRP3 levels but application of the NLRP3
inhibitor glyburide did not affect p38 expression after
OE-FANCC transfection. Furthermore, OE-FANCC
transfection along with inhibition of p38 and NLRP3
markedly reduced IL-1f and IL-18 expression and atten-
uated neuroinflammation.

Neuronal apoptosis, which is a form of programmed
cell death that occurs in neurons, has long been regarded
as a dominant cause motor deficiency in a number of
neurological diseases including SCI [44—46]. The sever-
ity of neuronal apoptosis can lead to irreversible dam-
age to nervous tissue followed by demyelination and
motor system degeneration post SCI [47, 48]. Several
studies have reported that activated microglia produce
abundant inflammatory mediators such as IL-1, nitric
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oxide, tumor necrosis factor alpha, prostaglandin E2
and superoxide, which are toxic to neurons and result
in neuronal apoptosis. [49, 50]. In our study, microglial
inflammation-induced neuronal apoptosis was simulated
by co-culture of neurons and activated microglia in vitro.
OE-FANCC transfection decreased the ratio of Bax/
Bcl-2 and reduced the levels of caspase-3 and Annexin-V,
whereas transfection with KD-FANCC had the opposite
effects. Likewise, TUNEL-positive neurons were signifi-
cantly decreased after OD-FANCC transfection but were
increased after KD-FANCC transfection both in vitro
and in vivo. Furthermore, the number of surviving neu-
rons in KD-SCI mice was decreased compared with SCI
mice. These results indicate that FANCC deficiency pro-
motes neuronal apoptosis caused by microglial-induced
neuroinflammation.

Glial scar formation, myelin sheath destruction and
axon outgrowth impediment are common histological
conditions post SCI, which ultimately result in neurologi-
cal dysfunction [51, 52]. Our findings indicated that KD-
FANCC SCI mice showed more damages to the myelin
sheath and cord tissue in comparison with SCI mice. In
addition, neuroinflammation post SCI is known to be
characterized by an increased area of activated micro-
glia and astrocytes, which are IBA-1- and GFAP-positive,
respectively [53]. Compared with the SCI mice, KD-
FANCC mice had an increased glial scar both at 7 and
28 dpi. Furthermore, axon outgrowth was more severely
inhibited in KD-FANCC mice compared with SCI mice.
Previous studies have shown that neurological damage
post SCI often causes perception disabilities, such as sen-
sory dysfunction and paralysis [54]. Our results indicated
that FANCC deficiency may lead to more severe damage
to nervous tissue post SCIL.

Here, we initially confirmed that increased expression
of FANCC in SCI mice and LPS-stimulated microglia
markedly inhibited pyroptosis and neuroinflammation
via blocking the p38/NLRP3 pathway. In addition, KD-
FANCC transfection in SCI mice and neurons co-cul-
tured with microglia aggravated neuronal apoptosis both
in vitro and in vivo, ultimately resulting in degeneration
of neural tissue and locomotor function. These findings
clarified the mechanism of FANCC in attenuating pyrop-
tosis and neuronal apoptosis following SCI (Fig. 7). How-
ever, the specific regulatory factors or targets involved
in mediating pyroptosis and neuronal apoptosis after
SCI remain uncertain and whether there is an upstream
regulator that affects the expression of FANCC is still
unknown. Thus, in-depth studies of FANCC in SCI
needed to be implemented in the future.
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