Research Article

0
NEURAL REGENERATION RESEARCH @

www.nrronline.org %1 -~

Poly(ADP-ribose) polymerase family member 14
promotes functional recovery after spinal cord injury
through regulating microglia M1/M2 polarization via

STAT1/6 pathway

Ai-Hua Xu, Yang Yang, Yang Shao, Man-Yu Jiang, Yong-Xin Sun’

https://doi.org/10.4103/1673-5374.357909
Date of submission: March 25, 2022

Date of decision: June 29, 2022

Date of acceptance: August 8, 2022

Date of web publication: October 11, 2022

From the Contents

Graphical Abstract

PARP14 improves functional recovery and reduces bone loss after spinal cord injury by regulating
microglia phenotypic transformation via the STAT1/6 pathway
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Abstract

Poly(ADP-ribose)polymerase family member 14 (PARP14), which is an intracellular mono(ADP-ribosyl) transferase, has been reported to promote post-stroke
functional recovery, but its role in spinal cord injury (SCI) remains unclear. To investigate this, a T10 spinal cord contusion model was established in C57BL/6
mice, and immediately after the injury PARP14 shRNA-carrying lentivirus was injected 1 mm from the injury site to silence PARP14 expression. We found that
PARP14 was up-regulated in the injured spinal cord and that lentivirus-mediated downregulation of PARP14 aggravated functional impairment after injury,
accompanied by obvious neuronal apoptosis, severe neuroinflammation, and slight bone loss. Furthermore, PARP14 levels were elevated in microglia after SCI,
PARP14 knockdown activated microglia in the spinal cord and promoted a shift from M2-polarized microglia (anti-inflammatory phenotype) to M1-polarized
microglia (pro-inflammatory phenotype) that may have been mediated by the signal transducers and activators of transcription (STAT) 1/6 pathway. Next,
microglia M1 and M2 polarization were induced in vitro using lipopolysaccharide/interferon-y and interleukin-4, respectively. The results showed that PARP14
knockdown promoted microglia M1 polarization, accompanied by activation of the STAT1 pathway. In addition, PARP14 overexpression made microglia more
prone to M2 polarization and further activated the STAT6 pathway. In conclusion, these findings suggest that PARP14 may improve functional recovery after SCI
by regulating the phenotypic transformation of microglia via the STAT1/6 pathway.
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Introduction

Spinal cord injury (SCI) is a debilitating condition, with high mortality and
disability rates. It can induce a series of clinical symptoms, including motor
dysfunction, muscle atrophy, osteoporosis, and more (McDonald and
Sadowsky, 2002; Battaglino et al., 2012). Primary injury occurs immediately
after the initial injury and is irreversible. Secondary injury, which aggravates
neurological dysfunction, is reversible and often causes a series of cellular
and molecular events, such as microglia activation and neuroinflammation,
that lead to severe nerve damage and dysfunction (Li et al., 2016; He et al,,
2017; Han et al., 2018). Among these events, activation of microglia and the
subsequent release of inflammatory factors often lead directly to neuronal
death (Wang et al., 2018; Chen et al., 2020). Inhibition of microglia activation
and promotion of M2-type microglia polarization have been shown to improve
SCI by alleviating neuroinflammation and neuronal apoptosis, among other
effects, and ultimately promote the recovery of motor function and alleviate
SCl-induced neuropathic pain (Lee et al., 2018; Kobashi et al., 2020; Poulen et
al., 2021). Therefore, exploring potential molecular targets for inhibiting SCI-
induced microglia activation and the subsequent inflammatory response may
provide new directions for the clinical treatment of SCI.

Poly(ADP-ribose)polymerase family member 14 (PARP14), which is a member
of the poly(ADP-ribose) polymerase family, catalyzes the post-translational

ribosylation of proteins and uses nicotinamide adenine dinucleotide as the
substrate to modify the target protein by mono- or poly-ADP ribosylation (Amé
et al., 2004; Vyas et al., 2014). PARP14 expression is significantly elevated
in the area surrounding cerebral infarction in a mouse model of stroke, and
both PARP14 knockout and treatment with a PARP14 inhibitor aggravated
functional damage of mice with stroke and increased the infarct volume (Tang
et al.,, 2021), suggesting that PARP14 plays a protective role in central nervous
system-related diseases. GEO database (GSE5296 and GSE52763) analysis
showed that PARP14 expression was significantly up-regulated at the site of
spinal cord lesion 1, 3, 7, 21, and 28 days after injury (Additional Figure 1).
However, the function of PARP14 in SCl is unknown.

Microglia are important nervous system-specific immune cells that serve
as tissue-resident macrophages involved in maintenance of the neural
environment, response to injury, and repair (Orihuela et al., 2016; Gualerzi et
al., 2021). There are two known types of microglia/macrophage polarization: 1)
M1 polarization, which occurs through pro-inflammatory pathways; and 2) M2
polarization, which occurs through anti-inflammatory pathways and is usually
associated with anti-inflammatory responses, tissue repair, and metabolic
homeostasis (Mills et al., 2000). PARP14 silencing induces the expression
of pro-inflammatory genes in interferon (IFN)-y-treated macrophages but
inhibits the expression of anti-inflammatory genes in interleukin (IL)-4-
treated macrophages (lwata et al., 2016). In microglia subjected to glucose
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and oxygen deprivation, PARP14 overexpression reduces the expression
of lysophosphatidic acid receptor 5 (LPARS) (Tang et al., 2021). LPARS has
been reported to mediate microglia polarization to the pro-inflammatory
phenotype (Plastira et al., 2017). The findings described above suggest that
PARP14 may participate in the SCI pathological process by regulating microglia
polarization. Furthermore, microglia can be induced to polarize to the M1
phenotype via signal transducers and activators of transcription (STAT) 1
pathway activation or to the M2 phenotype via STAT6 pathway activation,
and blockade of the STAT1 pathway and activation of the STAT6 pathway can
alleviate SCI (Lu et al., 2021; Wu et al., 2021). PARP14 has been reported
to decrease STAT1 phosphorylation but increase STAT6 phosphorylation,
suggesting that PARP14 blocks the STAT1 pathway and activates the STAT6
pathway. Thus, PARP14 may affect SCI progression by regulating the microglia
polarization via the STAT1/6 pathway.

SCI patients usually exhibit rapid and persistent bone loss due to impaired
motor function (Biering-Sgrensen et al., 1988; Dauty et al., 2000). Patients
with SCI have an increased incidence of fractures due to reduced bone
mechanical integrity (Zehnder et al., 2004). Additionally, increased secretion
of pro-inflammatory factors stimulates osteoclast activity after SCI, leading to
abnormal bone loss (Shams et al., 2021). However, whether PARP14 can affect
SCl-induced bone loss by regulating SCI progression is unknown. On the basis
of the evidence described above, we speculated that PARP14 might improve
motor function and alleviate neuroinflammation and other pathological
symptoms after SCI by inhibiting microglia polarization to the M1 pro-
inflammatory phenotype, thereby inhibiting SCI-induced bone loss. Therefore,
the aim of this study was to explore the expression, function, and mechanism
of PARP14 in SCI.

Methods

Animals

C57BL/6J mice (n = 176, specific pathogen-free level, female, 6-8 weeks,
weight 22 + 2 g) were used for the animal experiments. The mice were
purchased from Beijing Huafukang Biological Technology Co., Ltd. (Beijing,
China; license No. SCXK (Jing) 2019-0008). The use of female mice was
based on previous studies (Gaviria et al., 2002; Engesser-Cesar et al., 2005;
Wang et al., 2019). A previous study has shown no significant differences in
clinical treatment, mortality, comorbidity rates, and secondary complications
between male and female patients with SCI (Furlan et al., 2005). Both
male and female patients showed the same pathological features, such as
neuroinflammation, motor dysfunction, and neuronal apoptosis (Chan et al.,
2013). Furthermore, there is currently no evidence that the effects of PARP14
on the pathological processes are gender-differentiated. Therefore, this study
used female mice for modeling.

Mice were kept under controlled conditions with a 12/12-hour light/dark cycle
at 22 + 1°C and 45-55% humidity with free access to food and water. All animal
procedures were approved by the Animal Ethics Committee of China Medical
University (approval No. CMU2021418, approval date: September 16, 2021).
All animal experiments followed the National Institutes of Health Guide for the
Care and Use of Laboratory Animals (8" ed) (National Research Council, 2011).

The establishment of SCI model and lentivirus injection

Animals were randomly divided into four groups: sham (n = 36), SCI (n =
60), SCI + Lv-shNC (n = 40), and SCI + Lv-shPARP14 (n = 40). The SCI model
was established as previously described (Wang et al., 2019). Mice were
anesthetized by 1% sodium pentobarbital injection (intraperitoneal, 45 mg/kg;
Xiya Reagent, Linyi, China). After careful dissection of the paravertebral
muscles, a T10 laminectomy was performed. For the SCI group, a home-made
impactor (3-g weight, 1.5-mm diameter) was dropped from a height of 25
mm onto the spinal cord to generate a moderate contusive injury. Mice in the
sham group underwent laminectomy only without contusion injury.

Lentivirus was injected as previously described (Patel et al., 2021). Briefly, SCI
mice immediately received lentivirus containing short hairpin RNAs specifically
targeting PARP14 (SCI + Lv-shPARP14 group) or negative control (NC, SCI +
Lv-shNC group). The lentiviral vectors were purchased from Hunan Fenghui
Biotechnology Co., Ltd. (Changsha, China). Sites approximately 1 mm rostral
and caudal to the lesion epicenter (0.5 mm in depth) was injected with 1 pL
of virus (1 x 10° TU/mL) at a rate of approximately 1 pL/min using a Hamilton
syringe. At 1, 7, 14, and 28 days post-SCI, mice were euthanized with 1%
sodium pentobarbital (intraperitoneal, 200 mg/kg), and spinal cord tissues at
the injury epicenter were collected for subsequent experiments. At 28 days
post-SCI, femurs were removed from the sacrificed mice. After removing the
muscles, the femurs were fixed in 10% neutral formaldehyde solution, or
the femoral metaphysis was collected and stored at —80°C for subsequent
experiments. The timeline of the experimental protocol is shown in Figure 1.

Cell culture, infection, and treatment

The BV2 (mouse microglia) cell line was obtained from iCell (Shanghai, China,
Catt#t iCell-m011, RRID: CVCL-0182) and identified by STR. Cells stored in liquid
nitrogen were thawed in a 37°C water bath. After thawing, the cells were
centrifuged at 106 x g), and the supernatant was discarded. The cells were
then resuspended in Dulbecco’s modified Eagle medium (Servicebio, Wuhan,
China) containing fetal bovine serum (10%) and inoculated into six-well plates.
After 24 hours of culture in a 37°C incubator supplemented with 5% CO,, the
cell status was observed, and culturing was continued with fresh medium.
After cell passaging, cell counts were performed with trypan blue staining
(Solarbio, Beijing, China), followed by cell treatment and infection.
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Figure 1 | Timeline of the experimental protocol.
BMS: Basso Mouse Scale; SCI: spinal cord injury.

Lentiviral plasmids were used to silence PARP14. A short hairpin RNA
specifically targeting PARP14 was cloned into lentiviral plasmids to achieve
PARP14 knockdown (Lv-shPARP14). Lv-shNC served as the negative control.
Because the coding sequence region of PARP14 exceeds 2 kbp, in our
experience lentiviral plasmids are not suitable for PARP14 overexpression.
Therefore, an adenovirus plasmid was used to construct a recombinant
adenovirus PARP14 overexpression plasmid (Ad-PARP14) because it can
carry a fragment exceeding 2 kbp. Ad-NC was used as the NC. BV cells were
infected with the lentiviral plasmids or adenovirus plasmids at a multiplicity
of infection of 20. Seventy-two hours after infection, follow-up experiments
were carried out.

For M1 polarization induction, 72 hours post-infection, BV cells were
stimulated with lipopolysaccharide (LPS)/IFN-y for 24 hours. For M2
polarization induction, 72 hours post-infection, BV cells were stimulated with
IL-4 for 24 hours.

Basso Mouse Scale score

The Basso Mouse Scale (BMS) score was used to assess locomotive function
at the indicated times (0, 1, 3, 7, 14, 21, and 28 days after SCI) (Basso et
al., 2006). During this period, mouse hindlimb motor function was scored
according to the BMS, with scores ranging from 0 (no hindlimb movement) to
9 (normal movement and coordinated gait), as previously described (Han et
al., 2018).

Footprint analysis

Footprint analysis was performed as previously described (Zeng et al., 2019).
On day 28 after injury, mouse gait behavior and motor coordination were
evaluated. The mice’s forelimbs and hind paws were painted red and blue
respectively, and the mice were placed on a track covered with white paper
and encouraged to walk directly to the finish line to assess their gait and
coordination.

Quantitative polymerase chain reaction

Quantitative polymerase chain reaction (qPCR) was conducted to assess
the mRNA expression level of PARP14 and bone loss-related genes. Total
RNA was obtained from spinal cord tissues (injury site, 28 days post-injury),
BV2 cells (1 x 10° cells per group), and bone tissues (obtained from femoral
metaphysis at 28 days post-injury) using TRIzol (BioTeke, Beijing, China) and
then reverse transcribed into complementary DNA using reverse transcriptase
(BeyoRT Il M-MLV system, Beyotime, Shanghai, China). The qPCR reaction
was performed using PCR MasterMix (Solarbio) and SYBR Green (Solarbio).
Primers were designed by GenScript (Beijing, China). B-Actin served as
a loading control. Data were analyzed using the 27**“ method (Livak and
Schmittgen, 2001). The thermocycling conditions used for the gPCR reaction
were as follows: 94°C for 5 minutes, 40 cycles of 94°C for 10 seconds, 60°C
for 20 seconds, and 72°C for 30 seconds. The reaction components were as
follows: cDNA template (1 pL), upstream (0.5 pL) and downstream (0.5 pl)
primers, SYBR Green (0.3 pL), BeyoRT Il M-MLV reverse transcriptase (10 pL),
and ddH,0 (7.7 pL). The sequences of the primers used for gPCR are shown in
Additional Table 1.

Western blot analysis

Total protein from spinal cord tissues and BV2 cells (2 x 10° cells per group)
was extracted using Cell Lysis Buffer for Western and Immunoprecipitation
(Beyotime), the protein concentration was determined by using a BCA protein
concentration assay kit (Beyotime). The protein was then separated by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (8%, 12%, or 15% gel), and
then transferred onto polyvinylidene fluoride membranes. The membranes
were blocked with skim milk (5%) and incubated with primary antibody
overnight at 4°C, followed by the incubation with secondary antibody for
45 minutes at 37°C. The antibodies used for western blotting are shown in
Additional Table 2. Electrochemiluminescence solution (Beyotime) was used
to visualize and quantify the immunoblots. Protein levels were normalized to
B-actin.

1810 | NEURAL REGENERATION RESEARCH | Vol 18 | No. 8 | August 2023



Research Article

o
NEURAL REGENERATION RESEARCH ¢
www.nrronline.org kmf

Immunohistochemistry

PARP14 expression in spinal cord tissues at the lesion site was measured by
immunohistochemistry at 1, 7, 14, and 28 days after SCI. Briefly, spinal cord
tissue samples were fixed in 4% paraformaldehyde, dehydrated, embedded,
and sliced. After being dehydrated in a series of gradient alcohols, the
spinal cord sections were incubated with 3% H,0, at room temperature
(approximately 20 + 2°C) for 15 minutes to remove endogenous peroxidase
activity. Then, sections were blocked with bovine serum albumin (1%) at
room temperature (15 minutes) and incubated with primary mouse antibody
against PARP14 (1:50; Santa Cruz Biotechnology, Santa Cruz, CA, USA; Cat# sc-
377150, RRID: AB_2920825) overnight at 4°C, followed by incubation with the
secondary antibody (horseradish peroxidase-conjugated; mice, 1:500; Thermo
Fisher Scientific, Waltham, MA, USA; Cat# 31430; RRID: AB_228307) at room
temperature (20  2°C) for 1 hour. After being treated with 2,4-diaminobutyric
acid (Maixin Biotechnology, Fuzhou, China), counterstained with hematoxylin
(Solarbio), and dehydrated in an alcohol gradient, the PARP14-positive cells
were observed under a light microscope (400x%, Olympus, Tokyo, Japan).

Nissl staining

Significant inflammatory responses often occur in the early stages of
traumatic diseases (David and Kroner, 2011). Therefore, considering the
timing of the inflammatory response and the purpose of this study, the effect
of PARP14 on neuronal damage was examined at 7 days after SCI, similar to
previous studies (Khayrullina et al., 2015; Jiang et al., 2017; Xu et al., 2018).
Briefly, the 5-um-thick paraffin sections from spinal cord obtained at 7 days
post-SCI were deparaffinized, dehydrated in an alcohol gradient, stained with
cresyl violet (Sinopharm, Shanghai, China), and then mounted with neutral
balsam. Finally, the number of Nissl-positive cells was calculated.

Terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling
and NeuN co-staining

Neuronal apoptosis in the spinal cord at 7 days after SCI was measured
by performing terminal deoxynucleotidyl transferase-mediated dUTP nick
end labeling (TUNEL) and NeuN co-staining in spinal cord sections. After
permeabilization with Triton X-100 (0.1%,) at room temperature for 8 minutes,
the sections were treated with TUNEL reaction solution (Roche, Basel,
Switzerland) for 1 hour, blocked in 1% bovine serum albumin (Sangon Biotech,
Shanghai, China) for 1 hour, and then treated with primary antibody against
NeuN (mice, 1:200; Abcam, Cambridge, MA, UK; Cat# ab104224; RRID:
AB_10711040) overnight at 4°C. After washing, the sections were treated
with Cy3-labeled goat anti-mouse 1gG (1:200; Thermo Fisher Scientific; Cat#
A-21424; RRID: AB_141780) for 1 hour at room temperature (20 + 2°C). The
nuclei were stained with 4’,6-diamidino-2-phenylindole (Aladdin, Shanghai,
China). Images were observed under a fluorescence microscope (400x,
Olympus).

Immunofluorescence

After dewaxing and hydration, spinal cord sections and cell sheets (1
x 10° cells per group) were incubated with primary antibodies. For
immunofluorescence double staining, slides were co-incubated overnight
at 4°C with primary antibody against PARP14 (RABBIT; 1:50; Santa Cruz
Biotechnology; Cat# sc-377150; RRID: AB_2920825) and ionized calcium-
binding adaptor molecule 1 (Ibal, mice; 1:50; Santa Cruz Biotechnology; Cat#
sc-32725; RRID: AB_667733), p-STAT6 (rabbit; 1:100; Affinity Biosciences,
Cincinnati, OH, USA; Cat# AF3301; RRID: AB_2834720) and Ibal (mice; 1:50;
Santa Cruz Biotechnology), p-STAT1 (rabbit; 1:100; Affinity; Cat# AF3300;
RRID: AB_2834719) and Ibal (mice; 1:50; Santa Cruz Biotechnology),
inducible nitric oxide synthase (iNOS) (rabbit; 1:100; Affinity; Cat# AF0199;
RRID: AB_2833391) and Ibal (mice; 1:50; Santa Cruz Biotechnology), or
arginase-1 (Arg-1) (rabbit; 1:100; Affinity; Cat# DF6657; RRID: AB_2838619)
and Ibal (mice; 1:50; Santa Cruz Biotechnology). The slides were then co-
incubated with fluorescein isothiocyanate-labeled goat anti-rabbit 1gG (1:200;
Abcam; Cat# ab6717; RRID: AB_955238) and Cy3-labeled goat anti-mouse
IgG (1:200; Thermo Fisher Scientific; Cat# A-21424; RRID: AB_141780) for 90
minutes at room temperature. The nuclei were stained with 4',6-diamidino-
2-phenylindole (Aladdin). Immunofluorescence single staining was performed
as described above. The stained cells were observed under a fluorescence
microscope (400x).

Enzyme-linked immunosorbent assay

The concentration of pro-inflammatory (tumor necrosis factor-a (TNF-a),
IL-1B, IL-6) and anti-inflammatory (IL-10, transforming growth factor
(TGF)-B1, IL-4) factors in spinal cord samples or cell supernatant (obtained by
centrifugation after tissue homogenization) was measured using commercial
enzyme-linked immunosorbent assay kits (Multi-Science, Hangzhou, China).

Micro-computed tomography analysis

The micro-computed tomography analysis was conducted using a QuantumGX
Micro-CT Imaging System (PerkinElmer, Waltham, MA, USA) at 28 days
post-SCI. To evaluate the microarchitecture of the femoral metaphysis, the
trabecular bone was excised as the region of interest. The trabecular bone
volume fraction, trabecular number, trabecular thickness, and trabecular
spacing were calculated within the delimited region of interest.

Bone histomorphometric detection
Twenty-eight days after SCI, bone histomorphometric detection was
conducted. After dewaxing and hydration, the sections obtained from the

femoral metaphysis were subjected to hematoxylin and eosin staining
and tartrate-resistant acidic phosphatase (TRAP) staining. For hematoxylin
(Solarbio) and eosin (Sangon Biotech) staining, the sections were stained
sequentially with hematoxylin and eosin. For TRAP staining, the sections were
first fixed in TRAP fixative (Solarbio) for 1 minute at 4°C and treated with TRAP
incubation solution at 37°C for 60 minutes. After being counterstained with
hematoxylin for 3 minutes, the sections were rinsed with tap water to wash
out the blue stain. After staining, images were obtained using an Olympus
BX53 fluorescence microscope (400x) to observe TRAP-positive cells and
pathological changes in the bone tissue.

Statistical analysis

GraphPad Prism 8.0.1 (GraphPad Software Inc., San Diego, CA, USA, www.
graphpad.com) was used to analyze the data. The evaluators were blinded to
the group assignments. Six mice from each group were sacrificed at each time
point for in vivo detection. Effect sizes for in vivo detection were calculated
by post hoc power analysis to confirm the power of the analysis (Faul et al.,
2007; Plate et al., 2019). Three technical replicates were performed for each
experiment. Comparisons between the two groups were made by Student’s
t-test. One-way analysis of variance followed by Tukey’s post hoc test was
used for multiple comparisons. All values are shown as mean + standard
deviation (SD). P < 0.05 was considered significant.

Results

PARP14 is upregulated in spinal cord tissues after SCI, and PARP14
deficiency exacerbates motor dysfunction in mice with SCI

GEO database (GSE5296 and GSE52763) analysis showed that PARP14
expression was markedly increased at sites of spinal cord 1, 3, 7, 21, and 28
days after SCI (Additional Figure 1). To explore the role of PARP14 in SCI,
we first established the mouse model of SCI. The locomotor function of the
mice in each group was analyzed by determining the BMS score. The results
showed that mice with SCI had lower scores than the sham mice (Figure 2A),
suggesting that the SCI mouse model was established successfully. PARP14
expression in the spinal cord was detected by qPCR, western blot analysis,
and immunohistochemistry staining at 1, 7, 14, and 28 days after injury.
PARP14 protein and mRNA expression were markedly increased in mice
with SCI compared with those in the sham group (Figure 2B-D). Moreover,
immunofluorescence double-staining for PARP14 and Ibal (a microglia
marker) showed that compared with the sham group, PARP14 expression
was also increased in microglia after SCI (Figure 2E). Next, we knocked down
PARP14 expression in the spinal cord by injecting PARP14 short hairpin
RNA-carrying lentivirus (Lv-shPARP14) or NC (Lv-shNC) approximately 1
mm above and below the injury site. Our results showed that Lv-shPARP14
injection significantly decreased PARP14 protein expression in the spinal
cord 7 days after SCI (Figure 2F). The behavioral assessment demonstrated
that administration of LV-shPARP14 started to enhance motor dysfunction
3 days after injection, compared with mice receiving the LV-shNC, and
the accelerated progression of motor dysfunction persisted until the final
observation at 28 days post-injury (Figure 2G). Footprint analysis (28 days
post-SCI) showed that mice with SCI had uncoordinated gaits and exhibited
extensive drag of both hindlimbs, and silencing PARP14 aggravated these
behaviors (Figure 2H), indicating that PARP14 may play a compensatory role
in SCI.

PARP14 deficiency exacerbates SCl-induced neuronal apoptosis

Next, we explored the role of PARP14 in neuronal apoptosis. Nissl staining
for gray ventral motor neurons showed that mice 7 days post-SCI had more
neuron loss than that in the sham mice, and PARP14 knockdown further
enhanced SCl-induced neuron loss (Figure 3A). TUNEL and NeuN (a neuronal
marker) co-staining showed that compared with the sham group, mice 7 days
post-SCI exhibited increased neuronal apoptosis, which was enhanced by
PARP14 downregulation (Figure 3B and C). Western blot analysis of apoptosis-
related factors showed that cleaved caspase 3 and Bax (pro-apoptotic factors)
levels were elevated in the spinal cord of SCI mice, whereas Bcl-2 and Bcl-xl
(anti-apoptosis factors) levels were markedly decreased, and PARP14 silencing
aggravated both of these trends (Figure 3D).

PARP14 deficiency exacerbates the shift of M2-polarized microglia to M1-
polarized microglia in mice with SCI

The microglia activation-mediated neuroinflammatory response is an
important contributing factor to secondary injury in SCI. Moreover, PARP14
has been reported to regulate macrophage polarization (lwata et al., 2016).
Thus, we explored whether PARP14 regulates microglia polarization in SCI.
Double immunofluorescent staining was performed for Ibal (microglia
marker) and M1 (pro-inflammatory phenotype)-associated iNOS or M2 (anti-
inflammatory phenotype)-associated Arg-1 (Lisi et al., 2017). The results
showed that iNOS and Arg-1 expression were increased in the microglia of
mice 7 days post-SCl, and that PARP14 silencing increased iNOS expression
but decreased Arg-1 expression (Figure 4A and B). Moreover, western blot
analysis indicated that M1-related factor CD16 and M2-related factor CD206
protein levels in the spinal cord of mice 7 days post-SCI were increased, and
that PARP14 downregulation significantly increased CD16 expression but
decreased CD206 expression (Figure 4C). In addition, PARP14 knockdown
promoted the secretion of pro-inflammatory cytokines (TNF-a, IL-1B, and IL-
6) and reduced the levels of anti-inflammatory cytokines (IL-10, TGF-B1, and
IL-4) in mice 7 days post-SCI (Figure 4D).
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of variance followed by Tukey’s post hoc test). Images were
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PARP14 deficiency activates the STAT1 pathway but blocks the STAT6
pathway in mice with SCI

The STAT1 pathway mediates M1 microglia/macrophage polarization, and
the STAT6 pathway is a key signaling pathway for M2-like polarization of
microglia/macrophages (Gan et al., 2017; Li et al., 2021). Therefore, we
next analyzed the effects of PARP14 on the STAT1/STAT6 pathway. Double
immunofluorescent staining was performed for Ibal and p-STAT1 (Try701)
or p-STAT6E (Tyr641). When PARP14 expression was knocked down, p-STAT1
expression was increased, whereas p-STAT6 was decreased in mice 7 days
post-SCI (Figure 5A and B). Consistent with this, p-STAT1 and p-STAT6 protein
levels in the spinal cord of mice 7 days post-SCI were increased, while PARP14
inhibition increased p-STAT1 expression but decreased p-STAT6 expression
(Figure 5C).

PARP14 deficiency promotes microglia M1 polarization in vitro

To investigate the function of PARP14 in microglia-mediated
neuroinflammatory responses, microglia were treated with LPS/IFN-y to
induce M1 polarization. PARP14 mRNA and protein levels were significantly
upregulated in microglia in response to stimulation with LPS/IFN-y (Figure
6A-C). To silence PARP14 expression in microglia stimulated with LPS/IFN-y,
microglia were transfected with Lv-shPARP14 or Lv-shNC, and the transfection
efficiency was verified by western blot analysis (Figure 6B and C). Transfection
of microglia stimulated with LPS/IFN-y with Lv-shPARP14 significantly reduced
PARP14 expression (Figure 6B and C). Immunofluorescence staining and
western blot analysis showed that the expression of an M1 phenotype
microglial marker (iNOS) was significantly increased in LPS/IFN-y-treated
microglia, and PARP14 knockdown enhanced this effect (Figure 6D-F). CD16
and iNOS expression levels remained similar in response to various stimuli, as
detected by western blot analysis (Figure 6F). In addition, LPS/IFN-y triggered
the secretion of pro-inflammatory cytokines (TNF-a, IL-1B, and IL-6), whose
levels increased further in response to PARP14 silencing (Figure 6G).

PARP14 overexpression promotes microglia M2 polarization in vitro

Next, we treated microglia with IL-4 to induce M2 polarization. As presented
in Figure 7A-C, in response to treatment with IL-4, PARP14 mRNA and
protein expression decreased markedly. To induce PARP14 overexpression,
microglia were transfected with an adenovirus PARP14 overexpression
vector (Ad-PARP14) or its NC (Ad-NC), and the transfection efficiency was
verified by western blot analysis (Figure 7B and C). Ad-PARP14 infection
significantly increased PARP14 expression in microglia stimulated with IL-4
(Figure 7B and C). The immunofluorescence staining results showed that
IL-4 treatment increased Arg-1 expression, and Ad-PARP14 infection further
enhanced Arg-1 expression (Figure 7D and E). Western blot analysis showed
that M2 phenotype microglial marker (Arg-1 and CD206) protein levels
were significantly increased in microglia stimulated with IL-4 and further
elevated by PARP14 overexpression (Figure 7F). In addition, treatment with
IL-4 increased the accumulation of anti-inflammatory cytokines (TGF-B1 and

IL-10), and the levels of these cytokines were further increased by PARP14
overexpression (Figure 7G).

PARP14 regulates microglia M1/M2 polarization through the STAT1/6
pathway in vitro

Next, we investigated the mechanism by which PARP14 regulates the
microglia-mediated inflammatory response. As shown in Figure 8A and
C, p-STAT1 expression was significantly increased by stimulation with LPS/
IFN-y, and PARP14 knockdown further elevated p-STAT1 expression levels. In
addition, treatment with IL-4 significantly increased p-STAT6 expression, and
PARP14 overexpression further enhanced this effect (Figure 8B and C).

PARP14 deficiency exacerbates SCl-induced bone loss

Rapid bone loss and osteoporosis are closely associated with SCI (Edwards et
al., 2018). Therefore, we explored the effects of PARP14 on SCl-induced bone
loss 28 days post-SCl. The micro-computed tomography results showed that
PARP14 knockdown further decreased trabecular bone volume, trabecular
thickness, and trabecular number, and increased trabecular spacing (P > 0.05;
Figure 9A). Hematoxylin and eosin staining indicated that PARP14 knockdown
increased SCl-induced inflammatory infiltration and the formation osteocyte
lacunae, as well as exacerbating disruption of the bone structure (P > 0.05;
Figure 9B). The number of osteoclasts identified histochemically by TRAP
staining was increased in SCI mice and further increased by PARP14 silencing
(P > 0.05; Figure 9C). In addition, PARP14 knockdown increased receptor
activator of nuclear factor-kappa B ligand (RANKL) (osteoclast differentiation
marker) mRNA levels but decreased osteoprotegerin (OPG) (osteogenic
differentiation marker) mRNA levels (P > 0.05; Figure 9D).

Discussion

Here, we report for the first time the protective role that PARP14 plays in
SCI. We found that PARP14 expression was markedly increased in the injury
site in a mouse model of SCI, and that PARP14 knockdown aggravated SCI.
In vivo and in vitro experiments indicated that PARP14 inhibits microglia
M1 polarization, most likely by blocking the STAT1 pathway, and promotes
microglia M2 polarization by activating the STAT6 pathway. Furthermore,
we showed that PARP14 silencing promoted SCl-induced bone loss. Taken
together, our findings suggest that PARP14 may be a promising therapeutic
target for SCI.

In this study, we found that PARP14 is upregulated in SCI as a compensatory
mechanism. Similarly, PARP14 plays a protective role in mice with stroke (Tang
et al., 2021). These observations suggest that increased PARP14 expression
is a self-protective response initiated by the central nervous system in
response to traumatic stimuli. In addition to PARP14, many genes perform
compensatory functions in SCI. For instance, progranulin (PGRN) expression is
increased in the microglia of mice with SCI, and PGRN knockout enhances SCI-
induced neuroinflammation (Wang et al., 2019).
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Figure 5 | PARP14 deficiency activates the STAT1 pathway but blocks the
STAT6 pathway in mice 7 days post-SCI.

(A) Representative images and quantitative analysis showing p-STAT1
(Try701)"/Ibal” immunofluorescence staining. Lv-shPARP14 injection further
promoted SCl-induced STAT1 pathway activation. White arrows indicate
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marker) cells. (B) Representative images and quantitative analysis showing
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inhibited SCl-induced STAT6 pathway activation. White arrows indicated
p-STAT6 (Tyr641)" (green, FITC-labeled)/Ibal" (red, Cy3-labeled) cells. Scale
bars: 50 um. (C) Relative protein levels of p-STAT1 (Try701), and p-STAT6
(Tyr641) in each group were detected by western blot analysis. p-STAT1
(Try701) expression was increased by Lv-shPARP14 injection, but p-STAT6
(Tyr641) expression was decreased by PARP14 silencing. Values are shown
as mean = SD (n = 6). ¥**P < 0.01 (one-way analysis of variance followed

by Tukey’s post hoc test). Images were taken from the gray matter ventral
horn at the injury site. Spinal cord tissues from the injury site were used for
western blot detection. DAPI: 4',6-Diamidino-2-phenylindole; Ibal: ionized
calcium-binding adaptor molecule 1; PARP14: poly(ADP-ribose)polymerase,
member 14; SCI: spinal cord injury; STAT1: signal transducer and activator of
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(A) Relative PARP14 mRNA levels in microglia increased in response to LPS/IFN-y stimulation. (B, C) PARP14 knockdown decreased the LPS/IFN-y-induced increase in PARP14 protein
levels. (D, E) Representative images and quantitative analysis showing iNOS immunofluorescence staining. PARP14 downregulation enhanced the LPS/IFN-y-induced increase in
iNOS (pro-inflammatory phenotype) expression. Green (FITC-labeled) indicates iNOS, and blue indicates nuclei. Scale bar: 50 um. (F) Relative iNOS and CD16 protein levels in each
group. PARP14 silencing further promoted the LPS/IFN-y-induced increase in iNOS and CD16 expression. (G) Concentration of pro-inflammatory cytokines (TNF-a, IL-18, and IL-6)

in all the groups. PARP14 knockdown promoted the secretion of pro-inflammatory cytokines, as determined by ELISA. Values are shown as mean £ SD (n = 3). *P < 0.05, **P < 0.01
(Student’s t-test (A, C-left) or one-way analysis of variance followed by Tukey’s post hoc test (C-middle and right, E-G)). DAPI: 4',6-Diamidino-2-phenylindole; ELISA: enzyme-linked
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Secondary SCI usually occurs within seconds to months after the initial injury
and has become an important target for current medical interventions.
Inflammation is the main driver of SCI. After the initial injury, large quantities
of inflammatory cells infiltrate the damaged and necrotic areas, transforming
them into damaged cavities and preventing neuron regeneration (Seki and
Fehlings, 2008). Microglia are the most common immune cells in the central
nervous system. Upon stimulation, microglia are over-activated, which
promotes M1 polarization and the consequent release of inflammatory
cytokines, further aggravating the inflammatory response. Microglia/
macrophages can reverse their polarization completely from M2 to M1
according to the chemokine environment. Microglia are stimulated by LPS or
IFN-y to adopt the M1 phenotype and express pro-inflammatory cytokines,

and IL-4/IL-13 stimulates microglia to adopt the M2 phenotype, which helps
resolve inflammation and initiate tissue repair (Orihuela et al., 2016). Our
in vivo results indicate that PARP14 promotes microglia M2 polarization but
suppresses microglia M1 polarization. Interestingly, SCI also promoted M2
polarization, possible as a self-protective mechanism. Although the anti-
inflammatory microglia phenotype was enhanced after SCI, the pronounced
inflammatory response that occurs after SCI suggests that the microglia pro-
inflammatory phenotype is stronger than the microglia anti-inflammatory
phenotype in this context. In addition, PARP14 expression increased after
microglia M1 polarization was induced and decreased after microglia M2
polarization was induced, which is consistent with previous results (Iwata et
al., 2016) but inconsistent with the known functions of PARP14. One possible
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Figure 7 | PARP14 overexpression promotes microglia M2 polarization in vitro.

(A) Relative PARP14 mRNA levels in microglia decreased in response to interleukin (IL)-4 stimulation. (B, C) Transfection with an ad-PARP14 vector reversed the IL-4-induced decrease
in PARP14 expression. (D, E) Representative images and quantitative analysis of Arg-1 immunofluorescence staining. PARP14 overexpression enhanced the IL-4-induced increase in
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(A) Representative images and quantitative analysis
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explanation for this observation is that, in line with its compensatory effects in
vivo, PARP14 was also upregulated after inducing microglia to release adverse
pro-inflammatory factors in vitro. Previous studies have demonstrated that
the excessive accumulation of M1-type microglia leads to neuroinflammation,
and induction microglia M2 polarization alleviates inflammation after SCI
(Wang et al., 2018; Xu et al., 2018). These observations suggest that PARP14
plays a protective role in SCI by inducing microglia to undergo polarization to
the anti-inflammatory M2 phenotype. Similarly, salidroside has been shown
to reduce neuroinflammation and improve functional recovery after SCI
by inducing microglia M2 polarization (Wang et al., 2018). Inhibition of the

high mobility group box 1 receptor for advanced glycation end products axis
provided neuroprotection after SCI by inhibiting microglia M1 polarization
(Fan et al., 2020). Therefore, the phenotypic transformation of microglia plays
an important role in the progress of SCI. Furthermore, our results showed
that silencing PARP14 promoted neuronal apoptosis in SCI. The release of
inflammatory factors can damage neurons and induce apoptosis. Co-culturing
M1-type microglia with neurons has been reported to induce neuronal
apoptosis (Wang et al., 2018). Our findings suggest that PARP14 may inhibit
neuronal apoptosis by inhibiting microglia M1 polarization, further indicating
that the phenotypic transition of microglia may be an effective target for SCI
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Figure 9 | PARP14 deficiency exacerbates SCl-induced bone loss (28 days post-SCI).
(A) Images of femoral metaphyses. Trabecular bone volume fraction (BV/TV), trabecular
number (Tb.N), trabecular thickness (Tb.Th), and trabecular spacing (Tb.Sp) were
calculated for trabecular bone. Mice with SCI exhibited increased BV/TV, Tb.N, and Tb.Th
but decreased Tb.Sp, and PARP14 silencing enhanced these changes (P > 0.05). (B)
Hematoxylin and eosin staining of femoral metaphyses. PARP14 knockdown increased
SCl-induced inflammatory infiltration and osteocyte lacunae and exacerbated disruption
of the bone structure. White arrows indicate inflammatory infiltration, and black

arrows indicate osteocyte lacunae. Scale bars: 100 um. (C) TRAP staining of the femoral
metaphysis. White arrows indicate TRAP-positive staining (reddish-brown color). (D)
Relative mRNA levels of RANKL and osteoprotegerin. Values are shown as mean £ SD (n =
6). Images were taken from the femoral metaphysis. Bone tissues at femoral metaphysis
were used for qPCR detection. BV/TV: Trabecular bone volume fraction; PARP14:
poly(ADP-ribose)polymerase, member 14; gPCR: quantitative polymerase chain reaction;
SCl: spinal cord injury; RANKL: receptor activator of nuclear factor-kappa B ligand; SCI:
spinal cord injury; Tb.N: trabecular number; Th.Sp: trabecular spacing; Tb.Th: trabecular
thickness; TRAP: tartrate-resistant acidic phosphatase.

treatment. Additionally, PARP14 has been reported to specifically increase the
stability of cyclin D1 mRNA, thereby promoting cycle progression (O’Connor
et al., 2021), indicating that PARP14 promotes cell proliferation. Therefore,
the inhibitory effect of PARP14 on neuronal loss in the mouse model of SCI
used in this study may also involve promotion of neuron survival.

The STAT6 pathway is a key signaling pathway for the M2-like polarization
of microglia/macrophages. One study has shown that gefitinib inhibited M2
polarization of tumor-associated macrophages by inhibiting activation of the
STAT6 pathway (Tarig et al., 2017). Physalin D activated the STAT6 pathway
and enhanced STAT6 nuclear translocation to achieve macrophage M2
polarization (Ding et al., 2019). Our results indicate that PARP14 may induce
microglia M2 polarization by activating the STAT6 pathway, thereby exerting
an anti-inflammatory effect. PARP14 functions as a transcriptional switch for
STAT6-mediated transcription: normally, it acts as a transcriptional repressor
by recruiting histone deacetylases, but when stimulated by IL-4, it facilitates
STAT6 binding to target gene promoters (Mehrotra et al., 2011). Therefore,
we speculate that PARP14 may promote the transcription of STAT6-mediated
M2 polarization-related factors by activating the STAT6 pathway.

The STAT1 pathway is a vital regulatory pathway for M1 type polarization of
microglia/macrophages. Physalin D suppresses macrophage M1 polarization
by inhibiting STAT1 activation and nuclear translocation (Ding et al., 2019). In
addition, inhibiting the STAT1 pathway promoted macrophage M2 polarization
(Haydar et al., 2019). Studies have also shown that PARP14 can negatively
regulate the phosphorylation of downstream genes through glycosylation
modification. For example, PARP14-mediated glycosylation of the Glu657 and
Glu705 sites of STAT1 inhibited phosphorylation of the Try701 site of STAT1
(lwata et al., 2016). Phosphorylation at STAT1 Try701 was increased in hypoxia
and drove M1 microglia activation and neuroinflammation (Butturini et al.,
2019). Therefore, PARP14 may inhibit activation of the STAT1 pathway in SCI
through glycosylation of STAT1. Furthermore, Tang et al. (2021) demonstrated
that PARP14 inhibits microglial activation by inhibiting LPARS transcription.
LPARS has been reported to be an important regulator of the microglia pro-
inflammatory phenotype (Plastira et al., 2017). Therefore, PARP14 may exert
its anti-inflammatory effect, at least in part, through the PARP14/LPARS axis.

SCl can cause rapid and severe osteoporosis and increase the risk of fractures
(Qin et al., 2010; Battaglino et al., 2012). Individuals with SCI often suffer from
reduced bone mass and bone integrity, as well as from osteoporosis (Armas
and Recker, 2012). In addition, a moderate-severe contusion model of SCI
exhibits rapid cancellous bone degeneration and progressive cortical bone
loss (Otzel et al., 2019). Significant bone loss is usually observed in moderate-
severe and severe SCI models (Otzel et al., 2019; Sahbani et al., 2021; Yarrow
et al.,, 2021). However, in our study, no significant bone loss was observed in
SCI mice compared with sham-operated mice, most likely because we only
induced a moderate injury. In addition, PARP14 silencing aggravated SCI-
induced bone loss, although the difference was not statistically significant.
This study clarifies that the PARP14-mediated microglial phenotype switch
may promote SCI progression. However, whether PARP14 is involved in SCI
progression through other pathways needs further study. Moreover, the
results should be confirmed with a larger sample size.

In the present study, we explored the effects of PARP14 on SCI both in vitro
and in vivo. We found that PARP14 alleviated neuroinflammation and neuronal
apoptosis in a mouse model of SCI, which is possible by inhibiting microglia
M1 polarization and promoting microglia M2 polarization. Furthermore, we
found that PARP14 suppressed STAT1 activation, thereby inhibiting microglia
M1 polarization and activating the STAT6 pathway to induce microglia M2
polarization. In summary, our results suggest that PARP14 may regulate
microglia M1/M2 polarization via the STAT1/6 pathway.
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Additional Figure 1 Quantified data from the GEO database (GSE5296 and GSES52763).
*P <0.05, ¥ P <0.01 (one-way analysis of variance followed by Tukey’s post hoc test). PARP14:

Poly(ADP-ribose)polymerase, member 14; SCI: spinal cord injury.
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Additional Table 1 Primers used for quantitative polymerase chain reaction

Gene Sequence (5’-3°)

PARP14 Forward: TTG TTG GTG GGA ATG AT
Reverse: GTT TGG GTC CTG TTG AG

OPG Forward: CTT CTT GCC TTG ATG GA
Reverse: TTG GGA AAG TGG GAT GT

RANKL Forward: ATG AAA GGA GGG AGC ACG AA

Reverse: AAG GGT TGG ACA CCT GAA TG

OPG: Osteoprotegerin; PARP14: poly(ADP-ribose)polymerase, member 14; RANKL: receptor activator of

nuclear factor-kappa B ligand.
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Additional Table 2 Antibodies used for western blot analysis
Antibody Manufacturer Catalog RRID Species Dilution Monoclonal
number number antibody/polyclonal
antibody
Primary
antibody
PARP14 Santa Cruz sc-377150  N/A Mice 1:300 Monoclonal
Biotechnology
Cleaved Affinity AF7022 AB 2835326 Rabbit  1:1000 Polyclonal
caspase 3
Bax Affinity AF0120 AB_2833304 Rabbit  1:1000 Polyclonal
Bcl-2 Affinity AF6139 AB_2835021 Rabbit  1:1000 Polyclonal
Bel-x1 Affinity AF6414 AB 2835244 Rabbit  1:1000 Polyclonal
iNOS Affinity AF0199 AB_2833391 Rabbit  1:1000 Polyclonal
CD16 Affinity DF7007 AB_2838963 Rabbit  1:1000 Polyclonal
Arg-1 Affinity DF6657 AB 2838619 Rabbit  1:1000 Polyclonal
CD206 Affinity DF4149 AB_2836514 Rabbit  1:1000 Polyclonal
STATI1 Affinity AF6300 AB_2835149 Rabbit  1:1000 Polyclonal
p-STATI Affinity AF3300 AB_2834719 Rabbit  1:1000 Polyclonal
STAT6 Affinity AF6302 AB_2835151 Rabbit  1:1000 Polyclonal
p-STAT6 Affinity AF3301 AB_2834720 Rabbit  1:1000 Polyclonal
B-Actin Santa Cruz sc-47778 AB 626632  Mice 1:1000 Monoclonal
Biotechnology
Secondary
antibody
Goat Beyotime A0208 AB_2892644 Rabbit  1:5000 N/A
anti-rabbit IgG
Goat Beyotime A0216 AB 2860575 Mice 1:5000 N/A
anti-mouse
IegG

Arg-1: Arginase-1; iNOS: inducible nitric oxide synthase; PARP14: poly(ADP-ribose)polymerase, member 14;

STAT: signal transducer and activator of transcription.



