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Neuroinflammation has long been thought to be associated with amyotrophic
lateral sclerosis (ALS) development and progression. However, the exact molecular
mechanisms of neuroinflammation underlying ALS remain largely unknown. In the
present study, we attempted to elucidate the genetic basis of neuroinflammation in
ALS by comparing the transcriptomic profile of the anterior horns of the lumbar spinal
cord (AHLSC) between SOD1G93A mice and their wild-type (WT) littermates. Our results
revealed that immune-related genes were selectively up-regulated in the AHLSC of pre-
symptomatic ALS mice (40 days of age) compared to age-matched WT control mice.
Notably, the differential expression level of these immune-related genes became more
significant at the symptomatic stage of disease (90 days of age) in the ALS mice.
Subsequently, eight genes involved in innate immune response in the AHLSC of ALS
mice were further validated by qRT-PCR analysis. Of these genes, bone marrow stromal
cell antigen 2 (BST2) was found for the first time to be significantly higher in the AHLSC
of pre-symptomatic ALS mice when compared with WT mice. The increasing trend of
BST2 expression became more obvious in the symptomatic stage. Immunofluorescent
staining further confirmed that BST2 is mainly expressed on microglia in the AHLSC of
ALS mice. These findings support the view that immune-related neuroinflammation is
involved in the early pathogenesis of ALS, and BST2 may serve as a potential target for
ameliorating microglia-mediated neuroinflammation pathologies in ALS.

Keywords: amyotrophic lateral sclerosis, SOD1G93A mutation, RNA-seq, neuroinflammation, BST2

Abbreviations: ALS, amyotrophic lateral sclerosis; AHLSC, anterior horns of the lumbar spinal cord; BST2, bone marrow
stromal cell antigen 2; MNs, motor neurons; SOD1, Cu/Zn superoxide dismutase 1; IFN, interferons; EAE, encephalomyelitis;
WT, wild-type; DEGs, differential expression genes; GO, Gene Ontology; CLEC7A, C-Type Lectin Domain Containing
7A; TLR2, toll-like receptor 2; C1QA, complement C1q A chain; C3, complement C3; LGALS3, galectin 3; TMEM173,
transmembrane protein 173; LY86, lymphocyte antigen 86; TBK1, TANK binding kinase 1; OPTN, optineurin; VCP, valosin
containing protein; SQSTM1, sequestosome 1; STAT, signal transducer and activator of transcription.
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BACKGROUND

Amyotrophic lateral sclerosis (ALS) is a fatal neurodegenerative
disease characterized by the progressive loss of upper and
lower motor neurons (MNs) (Brown and Al-Chalabi, 2017).
The average age of disease onset of ALS is 40–70 years, and
the clinical manifestations may include limb weakness, muscle
atrophy, dysphagia, dysarthria, etc. Respiratory failure caused
by respiratory muscle weakness is the most common cause of
death in the late stages of ALS. The majority (more than 90%)
of ALS cases are sporadic, whereas a minor fraction (about 5–
10%) is familial. Mutations in Cu/Zn superoxide dismutase 1
(SOD1), the first identified gene in ALS, characterize more than
20% of familial and 1–4% of sporadic ALS cases (Liu et al., 2018).
Due to the obscure etiology and complex mechanism of ALS,
effective prevention measures and treatments are still absent in
clinical practice. In this way, the exploration of early diagnostic
biomarkers and specific therapeutic targets are urgently needed.

Neuroinflammation is one of the most critical pathological
features of ALS, characterized by glial cells activation, peripheral
immune cells infiltration, and elevated secretion of inflammatory
mediators. The abnormal neuroinflammatory response has been
identified in regions of MNs degeneration in both ALS patients
and animal models (Puentes et al., 2016). Previous studies have
documented that the overexpression of the SOD1 gene with the
ALS responsible mutation in MNs is insufficient to induce the
pathogenesis of ALS. In contrast, overexpression of mutant SOD1
in microglia can induce significant MNs injury (Pramatarova
et al., 2001; Puentes et al., 2016). Several newly discovered
ALS responsible mutant genes such as C9Orf72, TBK1, OPTN,
VCP, SQSTM1, etc., could regulate microglial activation, increase
neuroinflammatory response, and MNs damage (Haukedal and
Freude, 2019). Moreover, astrocytes derived from the spinal
cord of ALS patients were cytotoxic to MNs in culture (Meyer
et al., 2014). Worth noting, neuroinflammation can exhibit
either protective or toxic effects, depending on the progression
stages of the disease. Activation of microglia is a common
feature of neurodegenerative diseases. The two types of microglial
activation states are M1 and M2. M1 microglia could be induced
by lipopolysaccharide, IFN-γ, etc., and cause neurotoxicity. In
addition, IL-4 may stimulate M2 to produce anti-inflammatory
substances (Lan et al., 2017). Previous studies showed that
microglia were mainly polarized into the M2 phenotype to release
anti-inflammatory factors at the early stage (Liao et al., 2012;
Shang et al., 2020). However, during the symptomatic stage, more
microglia were polarized into the M1 phenotype to increase the
release of a neurotoxic substance (Liao et al., 2012; Shang et al.,
2020). Restoring the balance between protective and cytotoxic
effects of neuroinflammation is a direction worth exploring
for ALS treatment.

In this study, we collected the anterior horns of the lumbar
spinal cord (AHLSC) from the SOD1G93A transgenic mouse
model of ALS in both pre-symptomatic (40 days of age) and
symptomatic stage (90 days), and their age-matched wild-type
(WT) littermates. All samples were subjected to transcriptome
analysis, and the results were further verified by qRT-PCR and/or
immunofluorescent staining. We found that inflammatory and

immune response genes in the AHLSC were up-regulated in
SOD1G93A mice. Moreover, bone marrow stromal cell antigen 2
(BST2) expression in microglia cells was significantly increased
during the pre-symptomatic stage and further exacerbated after
the disease onset, implying that BST2 is a key mediator and
potential candidate target for ALS diagnosis and therapy.

RESULTS

SOD1G93A Activates Neuroinflammation
in the Anterior Horns of the Lumbar
Spinal Cord of Amyotrophic Lateral
Sclerosis Mice in the Pre-symptomatic
Stage
To determine how the human mutant SODG93A affects the
transcriptome of ALS mice in the pre-symptomatic and
symptomatic stages, we performed transcriptome analysis of
AHLSC at 40 and 90 days of age, respectively (Supplementary
Table 2). The transcriptome differences between SODG93A and
WT mice were presented at the pre-symptomatic stage (40 days
of age) and became more pronounced at the symptomatic
stage (90 days of age) (Figure 1A). EdgeR in the setting of a
GLM was used to identify differential expression genes (DEGs).
254 and 524 genes were found differentially expressed between
SOD1G93A mice and WT mice in the AHLSC of 40 and 90 days,
respectively (Figure 1B).

To further understand the function of these abnormal
expression genes in ALS, Gene Ontology (GO) enrichment
analysis was performed. At the pre-symptomatic stage, the
top four GO biological process terms enriched by the 119
up-regulated genes were immune response, immune system
process, innate immune response, and inflammatory response
(Figure 1C). Meanwhile, the top 1 process enriched by the 135
down-regulated genes in AHLSC of 40 days SOD1G93A mice was
also immune-related (Supplementary Figure 1A). A growing
body of evidence demonstrated genetics of neurodegenerative
illnesses was linked to altered immune signaling. Specifically,
significant enrichment of immune signaling and expression
within microglia and macrophages in Alzheimer’s disease risk
loci were repeatedly reported (Lambert et al., 2009, 2013;
Hollingworth et al., 2011; Hammond et al., 2019; Kunkle et al.,
2019). Considering that inflammation is a central characteristic
of an effective immune response (Brady et al., 2018; McCauley
and Baloh, 2019), these results might indicate that SOD1G93A can
selectively influence the neuroinflammation gene expressions of
ALS mice in the early stage.

According to the results of GO enrichment, immune
response, immune system process, innate immune response,
and inflammatory response were all significantly enriched by
up-regulated genes and became much more prominent in
the symptomatic stage (Figure 1D) in the symptomatic stage.
Furthermore, compared 90 days-aged SOD1G93A mice to 40 days-
aged SOD1G93A mice, these processes were also significantly
enriched (Figure 1F), indicating that aberrant immunological
signaling plays a vital role in the pathophysiologic alterations
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FIGURE 1 | Gene expression regulation by SOD1G93A mutant in mouse AHLSC. (A) Heat map shows the hierarchically clustered Pearson’s correlation matrix
through comparing the transcript expression values. (B) Bar plot illustrates the up- and down-regulated gene numbers between the SOD1G93A ALS and WT mice,
and between symptomatic and pre-symptomatic age. (C,D) The top 10 representatives GO biological process terms of the SOD1G93A up-regulated DEGs. (E,F) The
top 10 representative representatives GO biological process terms of the age up-regulated DEGs.

associated with ALS. Other immune-related biological processes
such as defense response to the virus and protozoan, as well
as phagocytosis, a function of macrophage and microglia, were
also enriched by the 404 up-regulated genes (Figure 1D).
Whereas, no immune-related process was enriched by the
120 down-regulated genes in SOD1G93A mice at 90 days
of age (Supplementary Figure 1B), suggesting that none
of the down-regulated genes present at the onset stage are
involved in the immune response process. These findings
further indicate that immune-related DEGs between WT and
SOD1G93A mice at the symptomatic stage are systematically
up-regulated. Simultaneously, inflammatory response, immune

system process, and innate immune response were also enriched
by the differential metabolites between 40 and 90 days’ WT mice
(Figure 1E), which demonstrated the age-dependent feature of
immune signaling.

Several Inflammatory Genes Expression
Significantly Increased in the Anterior
Horns of the Lumbar Spinal Cord of
Pre-symptomatic SOD1G93A Mice
Of the 404 up-regulated genes in the AHLSC of SOD1G93A

mice at 90 days of age, 65 genes were enriched in the

Frontiers in Neuroscience | www.frontiersin.org 3 February 2022 | Volume 15 | Article 788730

https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-15-788730 February 1, 2022 Time: 14:45 # 4

Xu et al. BST2, Neuroinflammation Biomarker of ALS

FIGURE 2 | Neuroinflammation gene expression increased in AHLSC of SODG93A mouse. Relative expression levels of 8 inflammation genes were measured by
RNA-seq (RPKM) (up) and qRT-PCR (down). GAPDH was used as the reference gene for qPCR, and WT samples were used as the control groups, *p < 0.05
versus age-matched WT mice, ** p < 0.01 versus age-matched WT mice, ***p < 0.001 versus age-matched WT mice, ****p < 0.0001 versus age-matched WT
mice, n = 4 in each group.
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FIGURE 3 | The expression of TLR2, BST2, and LGALS3 protein in AHLSC of SOD1G93A mouse. Immunofluorescence staining and intensity analysis of TLR2 (A),
LGALS3 (B), and BST2 (C) in the AHLSC of 40- and 90-day ALS mice. The right panel shows the quantitative results, *p < 0.05, ** p < 0.01, Scale Bar = 50 µm.
The values are expressed as mean ± SD, *p < 0.05 versus age-matched WT mice, **p < 0.01 versus age-matched WT mice, n = 4 in each group.

biological processes of the immune response, immune system
process, innate immune response, and inflammatory immune
response (Supplementary Table 3). And 26 genes were found
to be involved in innate immune response (Supplementary
Table 4). To confirm the reliability of the RNA-seq and
further investigate the trend of specific genes involved in
innate immune response, eight genes, including C-Type Lectin
Domain Containing 7A (CLEC7A), toll-like receptor 2 (TLR2),
complement C1q A chain (C1QA), complement C3 (C3),
galectin 3 (LGALS3), transmembrane protein 173 (TMEM173),
lymphocyte antigen 86 (LY86), and BST2 were selected
from 26 DEGs which were enriched in innate immune
response due to their reported correlation with two or
more neurologic disorders (Supplementary Figure 2 and
Supplementary Table 4). Simultaneously, the RPKM of these
selected genes is required to be greater than 0.1 in both the WT
and SOD1G93A mice (Supplementary Table 4). Consistent with
the results of RNA-seq, mRNA levels of all these eight genes
were significantly elevated in the AHLSC of SOD1G93A mice after
disease onset (Figure 2). Moreover, mRNA levels of BST2, C1QA,
CLEC7A, TLR2, LY86, and TMEM173 were significantly elevated
since the pre-symptomatic stage in the AHLSC of SOD1G93A

mice, and became highly significant after disease onset. Since

most MNs loss in the AHLSC of SOD1G93A occurs at the onset
of symptoms, these findings may imply that neuroinflammation
plays an important role in the early stages of ALS progression
(Chiu et al., 1995).

The Level of Bone Marrow Stromal Cell
Antigen 2, Galectin 3, and Toll-Like
Receptor 2 Altered in Anterior Horns of
the Lumbar Spinal Cord, and Bone
Marrow Stromal Cell Antigen 2 Was
Significantly Elevated at the
Pre-symptomatic Stage in Microglia
Neuroinflammation mediated by microglia and astrocytes is
the primarily pathophysiological mechanism implicated in ALS.
Thus, we tried to investigate the relationship between these
innate immune-related genes and glial cells activation. Among
these eight genes, we chose BST2, LGALS3, and TLR2 for
further study. BST2, LGALS3, and TLR2 have been reported
to involve in the innate immune responses in CNS. However,
their relationship with glial activation in ALS in vivo remains
unknown. Additionally, accumulating data suggest that LGALS3
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FIGURE 4 | The immunofluorescent staining of BST2, TLR2, and LGALS3 on
microglia or astrocytes. (A,B) Double immunofluorescent staining of BST2 in
the AHLSC of 90-day ALS mice. The Iba1-labeled microglia (A) and
GFAP-labeled astrocyte (B) in 90-day ALS mice. (C,D) The results for TLR2.
(E,F) The results for LGALS3; Scale bar = 50 µm.

might become a biomarker candidate due to its consistent
alteration in CSF and spinal ALS patients (Zhou et al., 2010).
TLR2 could mediate microglia activation when induced by
mutant SOD1 in vitro (Kinsella et al., 2016). And BST2 was
demonstrated in MS that only activated microglia express it
(Manouchehri et al., 2021).

Immunofluorescent staining revealed a significant increase in
the immunofluorescent intensity of TLR2, BST2, and LGALS3 in
the AHLSC of SOD1G93A mice at 90 days of age as compared to
WT mice (Figure 3), consistent with the RNA-seq results. More
importantly, immunofluorescent staining also showed that the
expression of BST2 and LGALS3 had significantly increased on
days 40, the early stage of SOD1G93A mice disease progression
(Figures 3B,C), while the elevated expression of TLR2 was
observed on days 90, in the symptomatic stage (Figure 3A).

Interestingly, the co-immunofluorescent staining showed that
TLR2 and BST2 were mainly expressed in microglia in the
AHLSC region of mice (Figures 4A–D), while LGALS3 was
expressed in both microglia and astrocytes (Figures 4E,F). All

results indicate that the increase in inflammation and immune-
related genes might induce the abnormal proliferation and
activation of microglia and astrocytes. On the other hand,
aberrant glial cells activation might aggravate neuroimmune
disturbances by releasing detrimental inflammatory mediators.
Based on these results, it is reasonable to assume that BST2,
TLR2, and LGALS3 are implicated in the abnormal activation
of microglia or astrocytes and eventually lead to the neurotoxic
effect causing impairment MNs during ALS disease progression.

Despite the contributions of astrocytes, oligodendrocytes, and
other cells, the previous study indicates that microglia play a
critical role in MN degeneration and disease pathogenesis (Lall
and Baloh, 2017). It was confirmed that abnormal activation
of microglia was evident before the onset of symptoms and
exaggerated with the progression of ALS (Hall et al., 1998;
Alexianu et al., 2001). The correlation between BST2 and ALS has
never been elucidated in previous studies. Our study found that
the expression of BST2 elevated in AHLSC at 40 days of age in
SOD1G93A mice and further increased as the disease progressed.

Moreover, BST2 was specifically localized in microglia in
AHLSC, and its alteration of expression level corresponded to the
abnormal activation of microglia. Thus, we speculated that BST2
might play an essential role in developing neuroinflammatory
pathologies of ALS. And it might become a promising target to
redirect microglia-mediated neuroinflammation for ALS therapy.

DISCUSSION

Previous studies have demonstrated that abnormal
neuroinflammation plays a critical role in the pathogenesis
and progression of ALS. Moreover, while some anti-
inflammatory medications showed promising results in
preclinical studies, none of them improved the outcomes
of ALS patients in clinical trials (Rizzo et al., 2014). The
heterogeneity of neuroinflammatory responses might account
for the failure of certain anti-inflammatory compounds
in clinical use. Several complicated signaling pathways
have been proposed to be involved in neuroinflammation
regulation. And whether neuroinflammation exerted a
protective or detrimental effect mainly depended on
the disease stage and the activated types of glial cells.
Understanding the mechanism to regulate the switch
from a neurotoxic phenotype to a neurosupportive one
is essential for developing efficacious therapies. In other
words, elucidation of the transforming mechanism of
neuroinflammatory response could guide future treatments
in ALS (Cipollina et al., 2020).

This study used RNA-Seq to evaluate transcriptomic
changes in AHLSC of SOD1G93A mice compared with age-
matched WT mice at the pre-symptomatic (40 days) and
symptomatic (90 days) stages of the disease. We found that
human SOD1G93A mutation can mainly influence the immune
and neuroinflammation processes, including immune response,
immune system process, inflammatory response, and innate
immune response in the AHLSC of pre-symptomatic and
symptomatic ALS mice. Although there have been some
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TABLE 1 | Antibody information.

Antibody Manufacturer Catalog Concentration for IF

TLR2 Abcam ab11864 1;150

BST2 BioLegend 127002 1:100

LGALS3 R&D Systems AF1197-SP 1:100

Iba1 WAKO 019-19741 1:1000

GFAP DAKO Z0334 1:2000

SMI-32 Abcam ab8135 1:1000

Goat anti-rabbit IgG conjugated Alexa 594 CST 8889S 1:2000

Goat anti-rabbit IgG conjugated Alexa 488 CST 4412s 1:2000

Goat anti-mouse IgG conjugated Alexa 594 CST 8890s 1:2000

Goat anti-mouse IgG conjugated Alexa 488 CST 4408S 1:2000

Donkey anti-rabbit IgG conjugated Alexa 555 Beyotime A0453 1:2000

IFKineTM Green donkey anti-goat IgG Abbkine A24231 1:500

Cy3 goat anti-rat IgG Beyotime A0507 1:2000

transcriptome studies about SOD1G93A mice previously
(Chen et al., 2010; Bandyopadhyay et al., 2013; Nardo et al.,
2013; Holtman et al., 2015), most studies only focus specifically
on MNs or glial cells at the symptomatic stage, and few of
them investigated alterations in pre-symptomatic SOD1G93A

mice. As AHLSC is the primary lesion site of symptomatic
ALS mice, glial cells, and MNs present simultaneously in this
region, cellular interactions should not be overlooked during
ALS progression (Brites and Vaz, 2014). RNA-seq results in our
study revealed that immune-related processes played a critical
role in neuroinflammation in the AHLSC of ALS mice before
and during disease onset. More importantly, one recent spatial
transcriptomic analysis of the ALS mice spinal cords revealed
that microglia dysfunction is evident at the age of 30 days,
which would then gradually lead to astrocyte dysfunction
and neuronal death, further suggesting the importance of
neuroinflammation in ALS pathophysiological manifestations
(Maniatis et al., 2019).

It has been reported that several inflammatory genes are
involved in the pathogenesis of ALS. In our study, 65 of 524
DEGs of symptomatic ALS mice were enriched in immune
and neuroinflammation-related biological processes. And there
were 26 genes involved in innate immune response. In order
to explore the correlation between innate immune response, we
chose 8 of them: C1QA, C3, TLR2, LGALS3, LY86, CLEC7A,
TMEM173, and BST2 for qRT-PCR analysis. As expected, all
of them had a prominent elevation at the symptomatic stage
of SOD1G93A mice. The expression levels of BST2, CLEC7A,
TLR2, C1QA, LY86, and TMEM173 were significantly increased
after 40 days of age.

As the classic complement pathway components, C3 and
C1QA could activate microglia to drive synapse elimination
and cell death through microglial complement receptor CR3
(Hong et al., 2016). Although accumulating data suggests that
C3 and C1QA regulation might be the target of mitigating
microglia toxicity and neurodegeneration, no therapeutic effect
was observed in C1Q, or C3 gene deleted SOD1G37R mice
model (Lobsiger et al., 2013; Zhang et al., 2020), which

demonstrated that activating a complement pathway containing
C1Q and C3 might not be the major part of ALS pathogenesis
in mice. Increased expression of TLR2 was found in the
spinal cord of ALS patients (Casula et al., 2011). Moreover,
in vitro study found that mutant SOD1 could activate
microglia through TLR2 receptors to promote the release of
pro-inflammatory factors, and blocking TLR2 receptor could
attenuate microglial activation, which indicates that regulation
of TLR2 might benefit in reducing inflammatory responses
(Zhao et al., 2010). CLEC7A is a disease-associated microglia
marker reported in AD and ALS. And it is known to
exhibit anti-inflammation and neuroprotective effects in the
CNS (Keren-Shaul et al., 2017; Deerhake and Shinohara,
2021; Hunter et al., 2021). LGALS3 is a multifunctional
immunomodulatory lectin that is expressed by a variety of cells
throughout normal development as well as during inflammatory
and autoimmune disorders. Elevated LGALS3 level has been
reported in SOD1G93A mice and sporadic ALS patients’ spinal
cord and plasma (Lerman et al., 2012; Yan et al., 2016).
Previous studies documented that knocking out LGALS3 would
cause excessive activation of microglia and aggravate the
progression in the ALS mice. Thus researchers speculated
that elevated LGALS3 might exert a protective effect on MNs
(Lerman et al., 2012).

The changes of LY86, TMEM173, and BST2 have not been
reported in ALS. However, there are rare studies to elucidate
the functions of LY86 (also known as MD1) and TMEM173 in
CNS diseases. And no study has documented the correlation
between TMEM173 or LY86 and glial activation mediated
by the innate immune response. In the immune response,
LY86 (MD1) requires a tight combination with RP105 (a
TLR-like, cell surface molecule) to regulate TLR4 signaling
and induce an innate immune response (Yoon et al., 2011;
Watanabe et al., 2012). Thus, studies toward the relationship
between LY86 and neuroinflammation need to distinguish the
function of the LY86 and RP105-LY86 complex. TMEM173,
also known as Sting, could activate down-streaming NF-κB and
MAPKs signaling pathways (Wang et al., 2019; Balka et al., 2020),
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which indicates that TMEM173 might induce glial activation
mainly through NF-κB. And the interaction of NF-κB and
microglia activation has been extensively studied in previous
studies (Frakes et al., 2014; Parisi et al., 2016; Dokalis and
Prinz, 2018). Moreover, our study aimed to explore the
relationship between innate immune-related molecules and
neuroinflammation mediated by glial cells. Considering the
research status and pathological features of chosen genes, thus,
we focused on the alteration of BST2 in the pathological changes
of the SOD1G93A mice model.

In our present study, we found for the first time that the
expression of BST2 significantly increased in the AHLSC of
ALS mice starting at the pre-symptomatic stage, and further
increased as the disease progressed. The immunofluorescent
staining showed that BST2 was mainly expressed in microglia in
the AHLSC region of mice. Based on these data, we speculated
that BST2 had a strong correlation with the activation of
microglia. BST2, also known as Tetherin or CD317, is a type
II transmembrane protein located on the cell membrane. It
can work as a negative regulator of type I IFN signaling
and down-regulate the expression of IFN-α and TNF-α (Jin
et al., 2017). The expression of BST2 could be induced by
signal transducer and activator of transcription (STAT) after
the stimulation from type I and type II IFNs (Blasius et al.,
2006). Simultaneously, pSTAT3 was reported to express in
glial cells in the spinal cord of ALS patients and animal
models of ALS. The specific processes of BST2 activation
and interaction with STAT3 remain unclear, and the role and
an explicit function of BST2 still need further investigation
(Ohgomori et al., 2017).

Microglia-like cells exhibited concurrent expression of BST2
in human CSF fluid from patients with neuroinflammation,
whereas BST2 was expressed in only activated microglia
in mice (Manouchehri et al., 2021). Oxidative injury is a
pathologic feature in neurodegenerative diseases mediated by
the innate immune response. To figure out the transcriptomic
landscape of innate immune cells implicated in oxidative stress
in CNS, a single-cell RNA-seq transcriptional profiling of
ROS+ CNS innate immune cells was carried out. According
to the reference, it was found that BST2 was highly expressed
in 2 microglia clusters of EAE, this indicates that BST2
might promote oxidative stress in microglia and lead to
abnormal activation (Mendiola et al., 2020). In the experimental
EAE model, anti-BST2 treatment before clinical EAE could
significantly antagonize the disease-propagating effect and
improve recovery by reducing mediators of persistent clinical
EAE in the CNS. Moreover, blocking down the expression of
BST2 can improve the symptom of the EAE mice (Manouchehri
et al., 2021). All these findings may demonstrate the close
relationship between BST2 and inflammatory response.
Considering the crucial role of neuroinflammation in
ALS pathogenesis, the correlation between BST2 and ALS
progression is worth further investigation. Taken together, we
speculated that elevation of BST2 expression in SOD1G93A

mice since the pre-symptomatic stage correlated with
abnormal microglial activation. BST2 may be a candidate
biomarker for ALS neuroinflammation, and anti-BST2 therapy

may be a promising strategy in delaying ALS onset and
prolonging survival.

CONCLUSION

In our study, four biological processes, including immune
response, immune system process, inflammatory response,
and innate immune response, were up-regulated in the
AHLSC of ALS mice both at the pre-symptomatic and
symptomatic stages. Eight of the genes involved in innate
immune response were validated by qRT-PCR. And the qRT-
PCR results confirmed that the expression of BST2, CLEC7A,
TLR2, C1QA, LY86, and TMEM173 significantly elevated since
day 40. Moreover, the co-expression of BST2 with microglia
and the significantly elevated expression level in the AHLSC of
ALS mice since the pre-symptomatic stage were also found by
immunofluorescent staining. Thus, we suggest that BST2 might
have the great potential to be used as the target to ameliorate
neuroinflammation pathologies in ALS, specifically caused by the
activation of microglia. Furthermore, considering the of anti-
BST2 treatment on EAE, it might provide ideas for developing
new therapeutic strategies for ALS in the future.

MATERIALS AND METHODS

Animals and Tissue Extraction
The heterozygous SOD1G93A transgenic mice expressing about
20 copies of mutant human SOD1 with a Gly93Ala substitution
were obtained from the Jackson Laboratory (B6SJLT-Tg-SOD1-
G93A-1Gur, 002726). Breeding was generated by crossing male
SOD1G93A hemizygous with WT females of the same B6SJL
genetic background and housed in a temperature-controlled
room (22◦C) with a light-dark 12:12 cycle (lights on 07:00–
19:00 h) at the Dalian Medical University. PCR identified the
genotype of the TG mice as our previous report (Zhang et al.,
2018). ALS mice usually began to show initial symptoms of
MNs loss at around 90 days and hind limbs paralysis at around
120 days. We selected pre-symptomatic or symptomatic TG mice
and age matching WT mice as the control group. At the two
time-points of 40 and 90 days of age, the experimental mice were
anesthetized with 10% chloral hydrate; their hearts were perfused
with 0.1 M ice-cold phosphate buffer saline (PBS). Under a
dissecting microscope, the lumbar spinal cord was extracted, and
the surrounding tissues of AHLSC were dissected, according to
the previously reported protocol (Zhang et al., 2018). Tissues
were collected and stored at −80◦C for subsequent molecular
biological investigation. All experiments were carried out in
accordance with the guidelines of the Institutional Animal Care
and Use Committee. All procedures for animal experiments were
approved by Dalian Medical University’s Ethics Committee.

RNA Library Construction and
Sequencing
Total RNA was extracted from AHLSC tissues with TRIzol
Reagent (Invitrogen, Carlsbad, CA, United States). RQ1
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DNA enzyme (Promega, United States) was used to remove
DNA contamination. The RNA quality, concentration, and
integrity were determined by measuring the absorbance at
260 nm/280 nm, and 1.5% agarose gel electrophoresis, 3 µg
of total RNA were taken from each group to prepare the
RNA-seq library. The polyadenylated mRNAs were purified and
concentrated by oligonucleotide (dT)-coupled magnetic beads,
then mRNAs were used to prepare the directed RNA-seq library.
Purified mRNAs were iron fragmented at 95◦C followed by end
repair and 5′ adaptor ligation. Then reverse transcription was
performed with RT primer harboring 3′ adaptor sequence and
randomized hexamer. The cDNA was purified and amplified
by PCR. The corresponding 200–500 bps PCR products were
purified, quantified, and stored at −80◦C for subsequent
sequencing. For high-throughput sequencing, the libraries were
prepared following the manufacturer’s instructions and applied
to the Next 500 system for 150 nt pair-end sequencing by ABlife,
Inc. (Wuhan, China).

RNA-seq Data Processing and Alignment
After discarding the raw reads containing N bases, Cutadapt
(Version 1.8.1) and FASTX-Toolkit (Version 0.0.13) were used
to remove adaptors, low-quality bases, and short reads smaller
than 16 nt from the original sequencing reads. Tophat2 was used
to compare the clean reads with the GRCh38 genome (Trapnell
et al., 2012). Four mismatches are allowed. The uniquely mapped
reads are used to count the number of reads for each gene and
calculate the RPKM value (fragments per kilobase of transcript
per million fragments mapped) (Trapnell et al., 2010).

Differentially Expressed Gene and Gene
Ontology Enrichment Analysis
The R Bioconductor package EdgeR was utilized to screen
out the differentially expressed genes (DEGs) (Robinson et al.,
2010). A false discovery rate <0.01 and fold change ≥2 or
≤0.5 were set as the cut-off criteria for identifying DEGs. GO
enrichment analysis was performed with DAVID online platform
to identify significant canonical pathways in which DEGs were
enriched.1 The enrichment of each pathway was defined by
using the Hypergeometric test and Benjamini-Hochberg FDR
controlling procedure.

Quantitative Real-Time PCR
Total RNA was extracted using TRIzol reagent (Invitrogen,
Carlsbad, CA, United States), and reverse transcription was
performed according to the manufacturer’s instructions
(638315, Clontech Laboratories, Inc., A Takara Bio Company,
United States). Quantitative real-time PCR (qRT-PCR) was
performed to determine the expression level of immune genes
using a proper qRT-PCR primer from the cDNA Synthesis Kit as
the reverse primer (A full list of qRT-PC primers information is
given in Supplementary Table 1).

1https://david.ncifcrf.gov/

Immunofluorescent Staining
TG and age-matched WT mice were sacrificed by perfusion
through the heart with ice-cold 0.1 M PBS and 4%
paraformaldehyde (PFA) at the age of 40 and 90 days; the
enlarged lumbar regions (L4–L6) of the spinal cords were
immediately removed and immersed in the same fixative
overnight at 4◦C. Then the spinal cords were gradiently placed
in 15 and 30% sucrose solution to dehydrate for 24 h at 4◦C for
dehydration, frozen in OCT compound, and sectioned at 10-µm
thickness in freezing microtome at −25◦C. Immunofluorescent
staining was performed according to standard protocols; briefly,
frozen sections were baked for 30 min at 55◦C and in 5%
bovine serum albumin (BSA), 0.3% Triton in PBS for 1 h,
and then incubated overnight at 4◦C with following primary
antibodies: anti-TLR2, anti-BST2, anti-LGALS3, anti-Iba1, and
anti-GFAP (Antibody information is given in Table 1). After
removing the primary antibodies, the sections were rinsed in
PBS before being incubated for 2 h at room temperature with
secondary goat anti-rabbit IgG conjugated Alexa 594 or 488, goat
anti-mouse IgG conjugated Alexa 594 or 488, donkey anti-rabbit
IgG conjugated Alexa 555, IFKine Green donkey anti-goat IgG,
and Cy3 goat anti-rat IgG. Hoechst solution was used to stain
the nuclei. A fluorescent microscope (Olympus) was used to
visualize and photograph the images. The Image J software2 was
used to calculate the integrated density of positive staining on
eight slices per mouse (n = 4 in each group).

Statistical Analysis
All the statistics were expressed as mean ± standard error (SE)
and processed using R language or statistical program for social
sciences (SPSS) 22.0. One-way ANOVA was used to determine
whether significant differences existed between groups. All
experiments were performed at least three times independently,
and p < 0.05 was considered statistically significant.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included
in the article/Supplementary Material, further inquiries can be
directed to the corresponding author/s.

ETHICS STATEMENT

The animal study was reviewed and approved by the Ethical
Committee of Dalian Medical University.

AUTHOR CONTRIBUTIONS

WL designed the study. WL, XX, and JZ draft the manuscript.
XX, SL, and MA-N edited and finalized the manuscript. JZ, XX,
and SC performed the data analysis. JZ and QZ performed the

2https://imagej.nih.gov/ij/

Frontiers in Neuroscience | www.frontiersin.org 9 February 2022 | Volume 15 | Article 788730

https://david.ncifcrf.gov/
https://imagej.nih.gov/ij/
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-15-788730 February 1, 2022 Time: 14:45 # 10

Xu et al. BST2, Neuroinflammation Biomarker of ALS

experiments. All authors contributed to the article and approved
the submitted version.

FUNDING

This work was supported by funding from the National
Natural Science Foundation of China (NSFC81771521), the
National Key Research and Development Program of China
(2016YFC1306600), Guangdong Provincial Key R&D Program
(2018B030337001).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fnins.
2021.788730/full#supplementary-material

Supplementary Figure 1 | Gene Ontology (GO) enrichment analysis of
down-regulated genes by SOD1G93A mutant in mouse AHLSC. (A,B) The top 10
GO biological process terms enriched by the down-regulated DEGs: SOD1 versus
WT at 40 (A) and 90 (B) days.

Supplementary Figure 2 | Volcano plot.

REFERENCES
Alexianu, M. E., Kozovska, M., and Appel, S. H. (2001). Immune reactivity in a

mouse model of familial ALS correlates with disease progression. Neurology 57,
1282–1289. doi: 10.1212/wnl.57.7.1282

Balka, K. R., Louis, C., Saunders, T. L., Smith, A. M., Calleja, D. J., D’Silva, D. B.,
et al. (2020). TBK1 and IKKε act redundantly to mediate STING-Induced NF-
κB responses in myeloid cells. Cell Rep. 31:107492. doi: 10.1016/j.celrep.2020.
03.056

Bandyopadhyay, U., Cotney, J., Nagy, M., Oh, S., Leng, J., Mahajan, M., et al. (2013).
RNA-Seq profiling of spinal cord motor neurons from a presymptomatic SOD1
ALS mouse. PLoS One 8:e53575. doi: 10.1371/journal.pone.0053575

Blasius, A. L., Giurisato, E., Cella, M., Schreiber, R. D., Shaw, A. S., and Colonna,
M. (2006). Bone marrow stromal cell antigen 2 is a specific marker of type I
IFN-producing cells in the naive mouse, but a promiscuous cell surface antigen
following IFN stimulation. J. Immunol. 177, 3260–3265. doi: 10.4049/jimmunol.
177.5.3260

Brady, O. A., Martina, J. A., and Puertollano, R. (2018). Emerging roles for TFEB in
the immune response and inflammation. Autophagy 14, 181–189. doi: 10.1080/
15548627.2017.1313943

Brites, D., and Vaz, A. R. (2014). Microglia centered pathogenesis in ALS: insights
in cell interconnectivity. Front. Cell Neurosci. 8:117. doi: 10.3389/fncel.2014.
00117

Brown, R. H., and Al-Chalabi, A. (2017). Amyotrophic lateral sclerosis. N. Engl. J.
Med. 377, 162–172. doi: 10.1056/NEJMra1603471

Casula, M., Iyer, A. M., Spliet, W. G. M., Anink, J. J., Steentjes, K., Sta, M., et al.
(2011). Toll-like receptor signaling in amyotrophic lateral sclerosis spinal cord
tissue. Neuroscience 179, 233–243. doi: 10.1016/j.neuroscience.2011.02.001

Chen, H., Guo, Y., Hu, M., Duan, W., Chang, G., and Li, C. (2010). Differential
expression and alternative splicing of genes in lumbar spinal cord of an
amyotrophic lateral sclerosis mouse model. Brain Res. 1340, 52–69. doi: 10.
1016/j.brainres.2010.03.075

Chiu, A. Y., Zhai, P., Dal Canto, M. C., Peters, T. M., Kwon, Y. W., Prattis,
S. M., et al. (1995). Age-dependent penetrance of disease in a transgenic mouse
model of familial amyotrophic lateral sclerosis. Mol. Cell. Neurosci. 6, 349–362.
doi: 10.1006/mcne.1995.1027

Cipollina, G., Davari Serej, A., Di Nolfi, G., Gazzano, A., Marsala, A., Spatafora,
M. G., et al. (2020). Heterogeneity of neuroinflammatory responses in
amyotrophic lateral sclerosis: a challenge or an opportunity? Int. J. Mol. Sci.
21, 1–21. doi: 10.3390/ijms21217923

Deerhake, M. E., and Shinohara, M. L. (2021). Emerging roles of Dectin-1 in
noninfectious settings and in the CNS. Trends Immunol. 42, 891–903. doi:
10.1016/j.it.2021.08.005

Dokalis, N., and Prinz, M. (2018). Astrocytic NF-κB brings the best and worst out
of microglia. EMBO J. 37:e100130. doi: 10.15252/embj.2018100130

Frakes, A. E., Ferraiuolo, L., Haidet-Phillips, A. M., Schmelzer, L., Braun, L.,
Miranda, C. J., et al. (2014). Microglia induce motor neuron death via the
classical NF-κB pathway in amyotrophic lateral sclerosis. Neuron 81, 1009–
1023. doi: 10.1016/j.neuron.2014.01.013

Hall, E. D., Oostveen, J. A., and Gurney, M. E. (1998). Relationship of microglial
and astrocytic activation to disease onset and progression in a transgenic model
of familial ALS. Glia 23, 249–256. doi: 10.1002/(sici)1098-1136(199807)23:3&
lt;249::aid-glia7&gt;3.0.co;2-#

Hammond, T. R., Marsh, S. E., and Stevens, B. (2019). Immune signaling in
neurodegeneration. Immunity 50, 955–974. doi: 10.1016/j.immuni.2019.03.016

Haukedal, H., and Freude, K. (2019). Implications of microglia in amyotrophic
lateral sclerosis and frontotemporal dementia. J. Mol. Biol. 431, 1818–1829.
doi: 10.1016/j.jmb.2019.02.004

Hollingworth, P., Harold, D., Sims, R., Gerrish, A., Lambert, J. C., Carrasquillo,
M. M., et al. (2011). Common variants at ABCA7, MS4A6A/MS4A4E, EPHA1,
CD33 and CD2AP are associated with Alzheimer’s disease. Nat. Genet. 43,
429–435. doi: 10.1038/ng.803

Holtman, I. R., Raj, D. D., Miller, J. A., Schaafsma, W., Yin, Z., Brouwer, N.,
et al. (2015). Induction of a common microglia gene expression signature by
aging and neurodegenerative conditions: a co-expression meta-analysis. Acta
Neuropathol. Commun. 3:31. doi: 10.1186/s40478-015-0203-5

Hong, S., Beja-Glasser, V. F., Nfonoyim, B. M., Frouin, A., Li, S., Ramakrishnan,
S., et al. (2016). Complement and microglia mediate early synapse loss in
Alzheimer mouse models. Science 352, 712–716. doi: 10.1126/science.aad
8373

Hunter, M., Spiller, K. J., Dominique, M. A., Xu, H., Hunter, F. W., Fang,
T. C., et al. (2021). Microglial transcriptome analysis in the rNLS8 mouse
model of TDP-43 proteinopathy reveals discrete expression profiles associated
with neurodegenerative progression and recovery. Acta Neuropathol. Commun.
9:140. doi: 10.1186/s40478-021-01239-x

Jin, S., Tian, S., Luo, M., Xie, W., Liu, T., Duan, T., et al. (2017). Tetherin
suppresses Type I interferon signaling by targeting MAVS for NDP52-mediated
selective autophagic degradation in human cells. Mol. Cell 68, 308.e4–322.e4.
doi: 10.1016/j.molcel.2017.09.005

Keren-Shaul, H., Spinrad, A., Weiner, A., Matcovitch-Natan, O., Dvir-Szternfeld,
R., Ulland, T. K., et al. (2017). A Unique microglia type associated with
restricting development of Alzheimer’s disease. Cell 169, 1276.e17–1290.e17.
doi: 10.1016/j.cell.2017.05.018

Kinsella, S., König, H. G., and Prehn, J. H. (2016). Bid promotes K63-Linked
polyubiquitination of tumor necrosis factor receptor associated factor 6
(TRAF6) and sensitizes to mutant SOD1-Induced proinflammatory signaling
in microglia. eNeuro 3, ENEURO.99–ENEURO.15. doi: 10.1523/eneuro.0099-
15.2016

Kunkle, B. W., Grenier-Boley, B., Sims, R., Bis, J. C., Damotte, V., Naj, A. C., et al.
(2019). Genetic meta-analysis of diagnosed Alzheimer’s disease identifies new
risk loci and implicates Aβ, tau, immunity and lipid processing. Nat. Genet. 51,
414–430. doi: 10.1038/s41588-019-0358-2

Lall, D., and Baloh, R. H. (2017). Microglia and C9orf72 in neuroinflammation
and ALS and frontotemporal dementia. J. Clin. Invest. 127, 3250–3258. doi:
10.1172/jci90607

Lambert, J. C., Heath, S., Even, G., Campion, D., Sleegers, K., Hiltunen, M., et al.
(2009). Genome-wide association study identifies variants at CLU and CR1
associated with Alzheimer’s disease. Nat. Genet. 41, 1094–1099. doi: 10.1038/
ng.439

Lambert, J. C., Ibrahim-Verbaas, C. A., Harold, D., Naj, A. C., Sims, R.,
Bellenguez, C., et al. (2013). Meta-analysis of 74,046 individuals identifies 11
new susceptibility loci for Alzheimer’s disease. Nat. Genet. 45, 1452–1458. doi:
10.1038/ng.2802

Lan, X., Han, X., Li, Q., Yang, Q. W., and Wang, J. (2017). Modulators of microglial
activation and polarization after intracerebral haemorrhage. Nat. Rev. Neurol.
13, 420–433. doi: 10.1038/nrneurol.2017.69

Frontiers in Neuroscience | www.frontiersin.org 10 February 2022 | Volume 15 | Article 788730

https://www.frontiersin.org/articles/10.3389/fnins.2021.788730/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fnins.2021.788730/full#supplementary-material
https://doi.org/10.1212/wnl.57.7.1282
https://doi.org/10.1016/j.celrep.2020.03.056
https://doi.org/10.1016/j.celrep.2020.03.056
https://doi.org/10.1371/journal.pone.0053575
https://doi.org/10.4049/jimmunol.177.5.3260
https://doi.org/10.4049/jimmunol.177.5.3260
https://doi.org/10.1080/15548627.2017.1313943
https://doi.org/10.1080/15548627.2017.1313943
https://doi.org/10.3389/fncel.2014.00117
https://doi.org/10.3389/fncel.2014.00117
https://doi.org/10.1056/NEJMra1603471
https://doi.org/10.1016/j.neuroscience.2011.02.001
https://doi.org/10.1016/j.brainres.2010.03.075
https://doi.org/10.1016/j.brainres.2010.03.075
https://doi.org/10.1006/mcne.1995.1027
https://doi.org/10.3390/ijms21217923
https://doi.org/10.1016/j.it.2021.08.005
https://doi.org/10.1016/j.it.2021.08.005
https://doi.org/10.15252/embj.2018100130
https://doi.org/10.1016/j.neuron.2014.01.013
https://doi.org/10.1002/(sici)1098-1136(199807)23:3&lt;249::aid-glia7&gt;3.0.co;2-
https://doi.org/10.1002/(sici)1098-1136(199807)23:3&lt;249::aid-glia7&gt;3.0.co;2-
https://doi.org/10.1016/j.immuni.2019.03.016
https://doi.org/10.1016/j.jmb.2019.02.004
https://doi.org/10.1038/ng.803
https://doi.org/10.1186/s40478-015-0203-5
https://doi.org/10.1126/science.aad8373
https://doi.org/10.1126/science.aad8373
https://doi.org/10.1186/s40478-021-01239-x
https://doi.org/10.1016/j.molcel.2017.09.005
https://doi.org/10.1016/j.cell.2017.05.018
https://doi.org/10.1523/eneuro.0099-15.2016
https://doi.org/10.1523/eneuro.0099-15.2016
https://doi.org/10.1038/s41588-019-0358-2
https://doi.org/10.1172/jci90607
https://doi.org/10.1172/jci90607
https://doi.org/10.1038/ng.439
https://doi.org/10.1038/ng.439
https://doi.org/10.1038/ng.2802
https://doi.org/10.1038/ng.2802
https://doi.org/10.1038/nrneurol.2017.69
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-15-788730 February 1, 2022 Time: 14:45 # 11

Xu et al. BST2, Neuroinflammation Biomarker of ALS

Lerman, B. J., Hoffman, E. P., Sutherland, M. L., Bouri, K., Hsu, D. K., Liu, F.-
T., et al. (2012). Deletion of galectin-3 exacerbates microglial activation and
accelerates disease progression and demise in a SOD1(G93A) mouse model of
amyotrophic lateral sclerosis. Brain Behav. 2, 563–575. doi: 10.1002/brb3.75

Liao, B., Zhao, W., Beers, D. R., Henkel, J. S., and Appel, S. H. (2012).
Transformation from a neuroprotective to a neurotoxic microglial phenotype
in a mouse model of ALS. Exp. Neurol. 237, 147–152. doi: 10.1016/j.expneurol.
2012.06.011

Liu, X., He, J., Gao, F.-B., Gitler, A. D., and Fan, D. (2018). The epidemiology and
genetics of Amyotrophic lateral sclerosis in China. Brain Res. 1693, 121–126.
doi: 10.1016/j.brainres.2018.02.035

Lobsiger, C. S., Boillée, S., Pozniak, C., Khan, A. M., McAlonis-Downes, M.,
Lewcock, J. W., et al. (2013). C1q induction and global complement pathway
activation do not contribute to ALS toxicity in mutant SOD1 mice. Proc. Natl.
Acad. Sci. U.S.A. 110, E4385–E4392. doi: 10.1073/pnas.1318309110

Maniatis, S., Äijö, T., Vickovic, S., Braine, C., Kang, K., Mollbrink, A., et al.
(2019). Spatiotemporal dynamics of molecular pathology in amyotrophic lateral
sclerosis. Science 364, 89–93. doi: 10.1126/science.aav9776

Manouchehri, N., Hussain, R. Z., Cravens, P. D., Esaulova, E., Artyomov, M. N.,
Edelson, B. T., et al. (2021). CD11c(+)CD88(+)CD317(+) myeloid cells are
critical mediators of persistent CNS autoimmunity. Proc. Natl. Acad. Sci. U.S.A.
118:e2014492118. doi: 10.1073/pnas.2014492118

McCauley, M. E., and Baloh, R. H. (2019). Inflammation in ALS/FTD pathogenesis.
Acta Neuropathol. 137, 715–730. doi: 10.1007/s00401-018-1933-9

Mendiola, A. S., Ryu, J. K., Bardehle, S., Meyer-Franke, A., Ang, K. K., Wilson,
C., et al. (2020). Transcriptional profiling and therapeutic targeting of oxidative
stress in neuroinflammation. Nat. Immunol. 21, 513–524. doi: 10.1038/s41590-
020-0654-0

Meyer, K., Ferraiuolo, L., Miranda, C. J., Likhite, S., McElroy, S., Renusch, S.,
et al. (2014). Direct conversion of patient fibroblasts demonstrates non-cell
autonomous toxicity of astrocytes to motor neurons in familial and sporadic
ALS. Proc. Natl. Acad. Sci. U.S.A. 111, 829–832. doi: 10.1073/pnas.1314085111

Nardo, G., Iennaco, R., Fusi, N., Heath, P. R., Marino, M., Trolese, M. C., et al.
(2013). Transcriptomic indices of fast and slow disease progression in two
mouse models of amyotrophic lateral sclerosis. Brain 136, 3305–3332. doi:
10.1093/brain/awt250

Ohgomori, T., Yamasaki, R., Takeuchi, H., Kadomatsu, K., Kira, J.-I., and Jinno, S.
(2017). Differential activation of neuronal and glial STAT3 in the spinal cord of
the SOD1 mouse model of amyotrophic lateral sclerosis. Eur. J. Neurosci. 46,
2001–2014. doi: 10.1111/ejn.13650

Parisi, C., Napoli, G., Amadio, S., Spalloni, A., Apolloni, S., Longone, P., et al.
(2016). MicroRNA-125b regulates microglia activation and motor neuron death
in ALS. Cell Death Differ. 23, 531–541. doi: 10.1038/cdd.2015.153

Pramatarova, A., Laganière, J., Roussel, J., Brisebois, K., and Rouleau, G. A. (2001).
Neuron-specific expression of mutant superoxide dismutase 1 in transgenic
mice does not lead to motor impairment. J. Neurosci. 21, 3369–3374. doi:
10.1523/JNEUROSCI.21-10-03369.2001

Puentes, F., Malaspina, A., van Noort, J. M., and Amor, S. (2016). Non-neuronal
cells in ALS: role of glial, immune cells and Blood-CNS barriers. Brain Pathol.
26, 248–257. doi: 10.1111/bpa.12352

Rizzo, F., Riboldi, G., Salani, S., Nizzardo, M., Simone, C., Corti, S., et al. (2014).
Cellular therapy to target neuroinflammation in amyotrophic lateral sclerosis.
Cell. Mol. Life Sci. 71, 999–1015. doi: 10.1007/s00018-013-1480-4

Robinson, M. D., McCarthy, D. J., and Smyth, G. K. (2010). edgeR: a Bioconductor
package for differential expression analysis of digital gene expression data.
Bioinformatics 26, 139–140. doi: 10.1093/bioinformatics/btp616

Shang, H. Y., Zhang, J. J., Fu, Z. F., Liu, Y. F., Li, S., Chen, S., et al. (2020).
Therapeutic effects of hirsutella sinensis on the disease onset and progression

of amyotrophic lateral sclerosis in SOD1(G93A) transgenic mouse model. CNS
Neurosci. Ther. 26, 90–100. doi: 10.1111/cns.13182

Trapnell, C., Roberts, A., Goff, L., Pertea, G., Kim, D., Kelley, D. R., et al. (2012).
Differential gene and transcript expression analysis of RNA-seq experiments
with TopHat and Cufflinks. Nat. Protoc. 7, 562–578. doi: 10.1038/nprot.2012.
016

Trapnell, C., Williams, B. A., Pertea, G., Mortazavi, A., Kwan, G., van Baren,
M. J., et al. (2010). Transcript assembly and quantification by RNA-Seq reveals
unannotated transcripts and isoform switching during cell differentiation. Nat.
Biotechnol. 28, 511–515. doi: 10.1038/nbt.1621

Wang, Y.-Y., Shen, D., Zhao, L.-J., Zeng, N., and Hu, T.-H. (2019). Sting is a
critical regulator of spinal cord injury by regulating microglial inflammation via
interacting with TBK1 in mice. Biochem. Biophys. Res. Commun. 517, 741–748.
doi: 10.1016/j.bbrc.2019.07.125

Watanabe, Y., Nakamura, T., Ishikawa, S., Fujisaka, S., Usui, I., Tsuneyama, K., et al.
(2012). The radioprotective 105/MD-1 complex contributes to diet-induced
obesity and adipose tissue inflammation. Diabetes 61, 1199–1209. doi: 10.2337/
db11-1182

Yan, J., Xu, Y., Zhang, L., Zhao, H., Jin, L., Liu, W.-G., et al. (2016).
Increased expressions of plasma Galectin-3 in patients with amyotrophic lateral
sclerosis. Chin. Med. J. (Engl) 129, 2797–2803. doi: 10.4103/0366-6999.19
4656

Yoon, S. I., Hong, M., and Wilson, I. A. (2011). An unusual dimeric structure
and assembly for TLR4 regulator RP105-MD-1. Nat. Struct. Mol. Biol. 18,
1028–1035. doi: 10.1038/nsmb.2106

Zhang, J., Liu, Y., Liu, X., Li, S., Cheng, C., Chen, S., et al. (2018). Dynamic changes
of CX3CL1/CX3CR1 axis during microglial activation and motor neuron loss in
the spinal cord of ALS mouse model. Transl. Neurodegener. 7:35. doi: 10.1186/
s40035-018-0138-4

Zhang, J., Velmeshev, D., Hashimoto, K., Huang, Y. H., Hofmann, J. W.,
Shi, X., et al. (2020). Neurotoxic microglia promote TDP-43 proteinopathy
in progranulin deficiency. Nature 588, 459–465. doi: 10.1038/s41586-020-2
709-7

Zhao, W., Beers, D. R., Henkel, J. S., Zhang, W., Urushitani, M., Julien, J.-P., et al.
(2010). Extracellular mutant SOD1 induces microglial-mediated motoneuron
injury. Glia 58, 231–243. doi: 10.1002/glia.20919

Zhou, J. Y., Afjehi-Sadat, L., Asress, S., Duong, D. M., Cudkowicz, M., Glass,
J. D., et al. (2010). Galectin-3 is a candidate biomarker for amyotrophic lateral
sclerosis: discovery by a proteomics approach. J. Proteome Res. 9, 5133–5141.
doi: 10.1021/pr100409r

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Xu, Zhang, Li, Al-Nusaif, Zhou, Chen and Le. This is an open-
access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Neuroscience | www.frontiersin.org 11 February 2022 | Volume 15 | Article 788730

https://doi.org/10.1002/brb3.75
https://doi.org/10.1016/j.expneurol.2012.06.011
https://doi.org/10.1016/j.expneurol.2012.06.011
https://doi.org/10.1016/j.brainres.2018.02.035
https://doi.org/10.1073/pnas.1318309110
https://doi.org/10.1126/science.aav9776
https://doi.org/10.1073/pnas.2014492118
https://doi.org/10.1007/s00401-018-1933-9
https://doi.org/10.1038/s41590-020-0654-0
https://doi.org/10.1038/s41590-020-0654-0
https://doi.org/10.1073/pnas.1314085111
https://doi.org/10.1093/brain/awt250
https://doi.org/10.1093/brain/awt250
https://doi.org/10.1111/ejn.13650
https://doi.org/10.1038/cdd.2015.153
https://doi.org/10.1523/JNEUROSCI.21-10-03369.2001
https://doi.org/10.1523/JNEUROSCI.21-10-03369.2001
https://doi.org/10.1111/bpa.12352
https://doi.org/10.1007/s00018-013-1480-4
https://doi.org/10.1093/bioinformatics/btp616
https://doi.org/10.1111/cns.13182
https://doi.org/10.1038/nprot.2012.016
https://doi.org/10.1038/nprot.2012.016
https://doi.org/10.1038/nbt.1621
https://doi.org/10.1016/j.bbrc.2019.07.125
https://doi.org/10.2337/db11-1182
https://doi.org/10.2337/db11-1182
https://doi.org/10.4103/0366-6999.194656
https://doi.org/10.4103/0366-6999.194656
https://doi.org/10.1038/nsmb.2106
https://doi.org/10.1186/s40035-018-0138-4
https://doi.org/10.1186/s40035-018-0138-4
https://doi.org/10.1038/s41586-020-2709-7
https://doi.org/10.1038/s41586-020-2709-7
https://doi.org/10.1002/glia.20919
https://doi.org/10.1021/pr100409r
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles

	Bone Marrow Stromal Cell Antigen 2: Is a Potential Neuroinflammation Biomarker of SOD1G93A Mouse Model of Amyotrophic Lateral Sclerosis in Pre-symptomatic Stage
	Background
	Results
	SOD1G93A Activates Neuroinflammation in the Anterior Horns of the Lumbar Spinal Cord of Amyotrophic Lateral Sclerosis Mice in the Pre-symptomatic Stage
	Several Inflammatory Genes Expression Significantly Increased in the Anterior Horns of the Lumbar Spinal Cord of Pre-symptomatic SOD1G93A Mice
	The Level of Bone Marrow Stromal Cell Antigen 2, Galectin 3, and Toll-Like Receptor 2 Altered in Anterior Horns of the Lumbar Spinal Cord, and Bone Marrow Stromal Cell Antigen 2 Was Significantly Elevated at the Pre-symptomatic Stage in Microglia

	Discussion
	Conclusion
	Materials and Methods
	Animals and Tissue Extraction
	RNA Library Construction and Sequencing
	RNA-seq Data Processing and Alignment
	Differentially Expressed Gene and Gene Ontology Enrichment Analysis
	Quantitative Real-Time PCR
	Immunofluorescent Staining
	Statistical Analysis

	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Supplementary Material
	References


