
Page 1/26

Nogo-A is critical for pro-in�ammatory gene
regulation in myocytes and macrophages
H M Arif Ullah 

Kyungpook National University
A. K. Elfadl 

Kyungpook National University
SunYoung Park 

Kyungpook National University
Yong Deuk Kim 

Kyungpook National University
Myung-Jin Chung 

Kyungpook National University
Ji-Yoon Son 

Kyungpook National University
Hyun-Ho Yun 

Kyungpook National University
Jae-Min Park 

Kyungpook National University
Jae-Hyuk Yim 

Kyungpook National University
Seung-Jun Jung 

Kyungpook National University
Young-Chul Choi 

Yonsei University College of Medicine
Jin-Hong Shin 

Pusan National University Yangsan Hospital
Dae-Seong Kim 

Pusan National University Yangsan Hospital
Jin-Kyu Park 

Kyungpook National University
Kyu-Shik Jeong  (  jeongks@knu.ac.kr )

Kyungpook National University

Research

https://doi.org/10.21203/rs.3.rs-84136/v1
mailto:jeongks@knu.ac.kr


Page 2/26

Keywords: Nogo-A, CHOP, macrophages, pro-in�ammatory factors, in�ammation

Posted Date: October 2nd, 2020

DOI: https://doi.org/10.21203/rs.3.rs-84136/v1

License:   This work is licensed under a Creative Commons Attribution 4.0 International License.  
Read Full License

Version of Record: A version of this preprint was published at Cells on January 31st, 2021. See the
published version at https://doi.org/10.3390/cells10020282.

https://doi.org/10.21203/rs.3.rs-84136/v1
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/cells10020282


Page 3/26

Abstract
Background: Nogo-A (Rtn 4A), a member of the reticulon 4 (Rtn4) protein family, is a neurite outgrowth
inhibitor protein that is primarily expressed in the central nervous system (CNS). However, the role of
Nogo-A in in�ammatory mechanisms remains unclear. Therefore, in this study, we used Nogo-knockout
(KO) mice to explore its potential role in the in�ammatory process. Here, we investigated whether Nogo-A
affects the in�ammatory process through transcription factor C/EBP homologous protein (CHOP).

Results: Our results demonstrated that Nogo-A, CHOP, and pro-in�ammatory factors were activated in the
following: notexin-induced muscle injury, in human Duchenne muscular dystrophy (DMD) patients, in
dystrophin-de�cient (mdx) mice, in differentiated C2C12 myoblast cells, and in lipopolysaccharide (LPS)-
stimulated bone marrow-derived macrophages (BMDM). Moreover, we found that Nogo-KO BMDM
exhibited lower migratory ability compared with wild type (WT) BMDM after LPS treatment.

Conclusion: Our data demonstrated that the Nogo-A-CHOP signaling pathway regulated the in�ammatory
process in notexin-induced injured muscle, in mdx mice, in DMD patients, in differentiated C2C12 cells,
and in LPS-stimulated BMDM. Taken together, these results suggest that Nogo-A plays a vital role in
in�ammatory processes, which resembles the pathological mechanisms observed in the CNS.

Background
In�ammation is the host’s fundamental protective biological response to harmful stimuli, which include
infections and tissue damage [1–3]. Dysregulated in�ammatory responses contribute to the
pathophysiology of many chronic diseases [1], and excessive in�ammatory responses can damage
muscle �bers, which can lead to muscle �brosis, delays in tissue regeneration, and chronic muscle injury
[4, 5]. Pro-in�ammatory factors are crucial factors in muscle disorders, such as Duchenne muscular
dystrophy (DMD), which is a progressive form of muscular dystrophy [6]. Tissue resident macrophages
play an essential role in tissue homeostasis and in the resolution of in�ammation [7].

Macrophages are innate immune cells that can differentiate into different phenotypes in response to
environmental cues. The two canonical types of macrophages are pro-in�ammatory (M1 macrophages)
and anti-in�ammatory (M2 macrophages) [8, 9]. M1 macrophages secrete pro-in�ammatory cytokines,
chemokines, and enzymes, such as interleukin (IL)-6, IL-1β, tumor necrosis factor (TNF)-α, nuclear factor
(NF)-κB, chemokine (C-X-C motif) ligand 1 (CXCL1), chemokine (C-X-C motif) ligand 2 (CXCL2), and
inducible nitric oxide synthase (iNOS), which are important for multiple in�ammatory processes [1, 8, 10].
In contrast, M2 macrophages produce anti-in�ammatory factors, such as IL-10, cluster of differentiation
(CD)-206, and arginase (ARG)-1, which are involved in the resolution of in�ammatory processes and the
mediation of wound healing [1, 8]. Due to the diverse functions of macrophages in controlling immune
responses and metabolism, dysregulation of macrophage polarization is associated with disease [11].
Notexin is a myotoxic agent, and lipopolysaccharide (LPS), which is a component of bacterial endotoxin,
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is involved in severe in�ammation by stimulating various pro-in�ammatory factors [12–14]. However, the
molecular mechanisms through which Nogo-A induces in�ammation remain unknown.

As a major site of protein folding, the endoplasmic reticulum (ER) is an important cellular organelle [15–
17]. ER stress occurs when unfolded or misfolded proteins accumulate in the ER [16, 18]. Three protein
sensors are located at the ER membrane, where they activate transcription factor (ATF)-6, inositol
requiring enzyme (IRE)-1α, and PKR-like ER kinase (PERK), which function in the identi�cation of
increased ER stress and subsequently activate the unfolded protein response (UPR) [14, 19]. Activation of
the UPR results in activation and upregulation of C/EBP homologous protein (CHOP) [20, 21], which is a
transcription factor that indicates ER stress [22]. ER stress is an essential cellular response that triggers
in�ammation [14, 16, 18]. Several studies have revealed that ER stress is involved in various
pathophysiological conditions including autoimmune diseases, in�ammatory diseases,
neurodegenerative diseases, cancer, and metabolic diseases [14, 22, 23].

Nogo is a member of the reticulon 4 (Rtn4) family of proteins, is localized within the ER membrane, and is
essential for the regulation of the tubular structure of the ER [24–26]. Nogo, which has three splicing
isoforms (Nogo-A (Rtn 4A), Nogo-B (Rtn 4B), and Nogo-C (Rtn 4C), is known as a neurite outgrowth
inhibitor. These isoforms contain the same carboxy terminal but different amino terminals [26–28]. Nogo-
A (200 kDa) is a high- molecular weight membrane protein that is primarily expressed in the central
nervous system (CNS). Nogo-A acts as a growth inhibitory factor [29–31] that in�uences the migration of
cells in the neural tube and is a key negative regulator of angiogenesis in the CNS [29]. In the adult CNS,
Nogo-A has also been shown to be a vital inhibitory factor of axonal regeneration and plasticity [29, 32].
Nogo-B (55 kDa) is a shorter isoform than Nogo-A and has been shown to be expressed in cardiac
myocytes and vascular cells in multiple cell types both in vitro and in vivo [33]. Expression of Nogo-B is
reduced after injury in the femoral arteries of mice [24, 33]. In addition, Nogo-B regulates the migration of
endothelial cells in peripheral blood vessels, which results in vascular remodeling [34, 35]. Nogo-C
(25 kDa) is the smallest protein in the Nogo family [26, 36] and is expressed in a variety of tissues and
cells including neurons, liver cells, muscle cells, vascular smooth muscle cells, and cardiac cells [36].
Previous studies have shown that Nogo-C regulates apoptosis in cardiomyocytes during mouse
myocardial infarction (MI) and that Nogo-C de�ciency improves cardiac activity after MI [26]. In addition,
Nogo-C expression is negatively correlated with tumor size and prognosis in hepatic carcinoma [36, 37].
However, the endogenous role of Nogo-A in non-neural cells and the function of Nogo-A in in�ammation
are unknown.

In this study, we aimed to investigate the potential role of Nogo-A in the activation of in�ammatory
mediators in myocytes and macrophages. We found that Nogo knockout leads to decreased transcription
of in�ammation-related genes after injury. Consistently, we found that Nogo-A regulates CHOP and
in�ammatory factors in differentiated C2C12 cells. In DMD models (humans and mdx mice), the
expression of Nogo-A, CHOP, IL-6, and TNF-α is signi�cantly upregulated. We also identi�ed Nogo-A
regulation and the CHOP pathway as a potential mechanism of in�ammation. Thus, this study reveals
the potential role of Nogo-A in the regulation of in�ammatory mechanisms.
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Results
Nogo-A, CHOP, and pro-in�ammatory factors are upregulated in injured muscle

First, we aimed to determine the role of Nogo-A in muscle in�ammation. To achieve this, we used notexin,
which is a myotoxic agent used to induce muscle injury [38, 39]. We tested whether Nogo-A was activated
three days after notexin-induced injury in muscle. We found that Nogo-A levels were signi�cantly
increased in notexin-injured muscle, while Nogo-B was not signi�cantly altered in either the control or the
notexin-treated muscle; however, Nogo-C was reduced in notexin-treated muscle compared with the
control (Fig. 1a). Recent research has noted that retinal excitotoxicity results in the upregulation of Nogo-
A expression [40]. Our results suggest that only Nogo-A, but not Nogo-B or Nogo-C, is activated in injured
muscle. We also found that levels of CHOP and pro-in�ammatory cytokines, such as IL-6 and TNF-α, were
also elevated in the notexin-treated mice (Fig. 1b). A previous study showed that CHOP contributes to
cytokine-induced pro-in�ammatory responses [41]. Using immuno�uorescence (IF) analysis, we found
that levels of Nogo-A, cluster of differentiation (CD)-68 (a marker of macrophages), and inducible nitric
oxide synthase (iNOS) (a pro-in�ammatory marker), were increased in notexin-injured muscle (Fig. 1c, d).
In addition, the mRNA levels of pro-in�ammatory enzymes and cytokines including iNOS, IL-1β, and NFκB
and chemokines including CXCL1 and CXCL2 were also upregulated in notexin-treated mice compared
with untreated mice (Supplementary Fig. S1). Together, these results suggest that the levels of Nogo-A,
CHOP, pro-in�ammatory cytokines, and chemokines are increased in notexin-induced muscle injury.

Pro-in�ammatory factor expression mediated by CHOP signaling is Nogo-A-dependent

We next aimed to determine the role of Nogo-A in the regulation of the in�ammatory process. To this end,
we used wild type (WT) and Nogo-knockout (KO) mice and measured the levels of Nogo-A and CHOP in
the muscle of mice treated with notexin. An immunoblot (IB) analysis revealed signi�cant upregulation of
Nogo-A and CHOP in WT notexin-treated muscle relative to Nogo-KO mice (Fig. 2a). Using IF, we observed
higher levels of CHOP expression in WT muscle compared with Nogo-KO muscle after notexin treatment
(Fig. 2b). We also found signi�cantly higher levels of Nogo-A mRNA in notexin-treated WT muscle
compared with untreated control WT muscle (Fig. 2c). CHOP, IL-6, and TNF-α mRNA levels were
signi�cantly elevated in notexin-treated WT muscle compared with notexin-treated Nogo-KO muscle, while
IL-6 levels were increased in WT control mice compared with Nogo-KO control mice (Fig. 2d-f). A previous
study showed that Nogo-A antibody treatment decreased the expression of in�ammation-related genes
[40]. These results suggest that Nogo-A upregulates CHOP, IL-6, and TNF-α expression. H&E staining
showed that in�ammatory cells in�ltrated in notexin treated WT and Nogo KO mice compared with
control groups (Supplementary Fig. S2). To further examine the role of Nogo-A in ER stress, we
administered a single dose (1 µg/kg) of tunicamycin, a pharmacological ER stress inducer, via
intraperitoneal (IP) injection into WT and Nogo-KO mice [42]. Using qPCR, we found that the levels of
Nogo-A, CHOP, IL-6, and TNF-α were signi�cantly upregulated in WT mice relative to Nogo-KO mice
(Supplementary Fig. S3A-D).

Nogo-A regulates CHOP-mediated pro-in�ammatory factor expression in C2C12 cells
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We next investigated whether Nogo-A affects the expression of pro-in�ammatory factors in vitro. We
evaluated the effects of Nogo-A using oligonucleotide small interfering RNA (si-Nogo-A) in C2C12
myoblast cells. We assessed differentiation-induced pro-in�ammatory gene expression and found that
Nogo-A knockdown led to signi�cantly reduced levels of CHOP, IL-6, and TNF-α (Fig. 3a), as JB Mdzomba
et al. showed that Nogo-A antibodies inhibit in�ammation [40]. IF data also showed that Nogo-A silencing
remarkably decreased Nogo-A and CHOP expression (Fig. 3b). These results indicate that Nogo-A could
regulate CHOP, IL-6, and TNF-α expression in C2C12 cells.

To further assess the potential role of Nogo-A, we used an adenoviral delivery system to upregulate Nogo-
A (Ad-Nogo), after which we assessed the expression levels of Nogo-A, CHOP, IL-6, and TNF-α. The protein
levels of Nogo-A and CHOP were increased in the Ad-Nogo-infected group relative to the control group
(Fig. 3c). The mRNA levels of Nogo-A, CHOP, IL-6, and TNF-α were also signi�cantly increased after
infection with Ad-Nogo relative to the control (Ad-GFP) (Fig. 3d). These data suggest that Nogo-A
enhances activation of the CHOP signaling pathway, which could induce pro-in�ammatory gene
transcription.

To examine the role of CHOP in the regulation of pro-in�ammatory factor expression, we assessed CHOP
overexpression using an adenoviral delivery system (Ad-CHOP) and CHOP knockdown using small
interfering RNA (si-CHOP) in C2C12 cells. We demonstrated that high CHOP expression by Ad-CHOP
signi�cantly promoted IL-6 and TNF-α mRNA expression compared with the Ad-GFP (control) (Fig. 3e). In
contrast, the expression of pro-in�ammatory factors was dramatically reduced by CHOP silencing (si-
CHOP) (Fig. 3f), as previously described [22,43]. Moreover, LX Jia et al. reported that the mRNA levels of
IL-6, IL-1β, and CCL2 were signi�cantly decreased in CHOP knockout mice [44]. Our results suggest that
Nogo-A regulates CHOP-mediated expression of in�ammatory factors.

Nogo de�ciency suppresses expression of pro-in�ammatory factors in BMDM

We investigated the critical role of Nogo-A in in�ammation in bone marrow-derived macrophages
(BMDM). We isolated BMDM from WT and Nogo-KO mice and cultured them for seven days
(Supplementary Fig. S4A). IF staining for the macrophage marker CD68 indicated that the isolated cells
are macrophages (Supplementary Fig. S4B). Using qPCR, we found that Nogo-A and Nogo-C, but not
Nogo-B, were signi�cantly activated in BMDM that were treated with LPS (Fig. 4a). Using western blot, we
observed that Nogo-A levels were signi�cantly elevated in LPS-stimulated BMDM compared with control
(unstimulated) BMDM (Fig. 4b). We next determined whether Nogo-A regulates the expression of pro-
in�ammatory factors in BMDM from WT and Nogo-KO mice. We found that LPS-treated Nogo-KO BMDM
expressed signi�cantly decreased levels of IL-6, TNF-α, IL-1β, NF-κB, CXCL1, and CXCL2 compared with
WT BMDM, whereas iNOS was not signi�cantly downregulated in LPS-treated Nogo-KO BMDM compared
with WT BMDM (Fig. 4c-i), as previously described [40,45]. These results suggest that Nogo-A may be
involved in the activation of pro-in�ammatory factors in LPS-treated WT BMDM. In contrast, the
expression levels of anti-in�ammatory (M2) factors, including arginase-1, CD206, and IL-10, were not
signi�cantly elevated after LPS treatment (Supplementary Fig. S5A-C).
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We next determined the role of Nogo-A in BMDM activation using the strong M2 inducer IL-4. IF staining
showed that Nogo-A was expressed in control WT BMDM but that CD206 was not expressed in control
BMDM derived from WT and Nogo-KO mice (Supplementary Fig. S5D). In the IL-4-treated group, CD206
expression was slightly upregulated in Nogo-KO BMDM compared with WT BMDM (Supplementary Fig.
S5E). In addition, �ow cytometry showed that, after IL-4 treatment, CD206 expression was similarly
elevated in Nogo-KO BMDM compared with WT BMDM, but this difference was not signi�cant
(Supplementary Fig. S5F).

Nogo de�ciency suppresses CHOP signaling and migration of BMDM

To develop a better understanding of the molecular relationship between Nogo-A and CHOP, we
performed IF staining and found that Nogo-A was expressed in control WT BMDM and that CHOP was
not expressed in either control WT or Nogo-KO BMDM (Fig. 5a). However, when Nogo-KO BMDM were
treated with LPS, CHOP expression was downregulated relative to that in WT BMDM (Fig. 5b). In addition,
we used qPCR to measure the levels of CHOP in control BMDM and in LPS-treated BMDM. In LPS-treated
Nogo-KO BMDM, CHOP expression was signi�cantly reduced (Fig. 5c). Moreover, IF results demonstrated
that Nogo-A was co-localized with calnexin, an ER marker (Supplementary Fig. S6A, B). These results
suggest that CHOP expression is reduced in Nogo-KO BMDM.

We next assessed whether Nogo-A affects the in�ammatory response through the in�ammation inducer
LPS, as determined by the migration activity of macrophages. Interestingly, the migration assay indicated
that the migration activity of BMDM was signi�cantly decreased in LPS-treated Nogo-KO BMDM relative
to WT BMDM (Fig. 5d, e). In contrast, BMDM migration did not signi�cantly differ between the control WT
and the Nogo-KO BMDM. Phagocytic activity is a fundamental biological mechanism of macrophages.
Phagocytosis with zymosan is a popular technique used by macrophages [46]. To assess the
involvement of the phagocytic activity of macrophages, we used an inducer of pro-in�ammatory factors
(zymosan) along with Alexa Fluor 488-labeleda �uorescent bioparticles. Using FACS, we found that
phagocytic activity was higher in WT BMDM compared with Nogo-KO BMDM, although the difference
was not statistically signi�cant (Fig. 5f). These data suggest that Nogo de�ciency prevents the migration
of BMDM derived from LPS-stimulated Nogo-KO mice.

Expression of Nogo-A, CHOP, and pro-in�ammatory factors is increased in mdx mice and human DMD
samples

We assessed the activation of Nogo-A and CHOP in a DMD mouse model (mdx mice). Western blot
showed that Nogo-A and CHOP protein levels were dramatically upregulated in mdx mice (Fig. 6a). In
mdx mice, we found that the mRNA levels of Nogo-A, CHOP, IL-6, and TNF-α were also signi�cantly
increased compared with those in WT mice (Fig. 6b), as previously reported [47,48]. In�ammatory
mediators have also been shown to participate in �brosis in mdx mice [49]. These data suggest that
Nogo-A, CHOP, IL-6, and TNF-α expression is increased in mdx mice compared with WT mice.
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To verify the clinical relevance of higher expression of Nogo-A, CHOP, and pro-in�ammatory genes in
DMD patients, we performed an immunoblot analysis and qPCR. Using western blot, we observed
signi�cantly increased levels of Nogo-A and CHOP in DMD patient samples compared with healthy
donors (Fig. 6c). Finally, we found that DMD patient samples had signi�cantly elevated levels of Nogo-A,
CHOP, IL-6, and TNF-α mRNA compared with healthy donors (Fig. 6d). Taken together, these data suggest
that Nogo-A promotes in�ammation in mdx mice and DMD patients.

Discussion
Here, we discussed our understanding of the in�ammatory mechanisms of Nogo-A in different models.
Based on our results, we summarized the regulation of Nogo-A in in�ammation in Fig. 6e. Previous
studies have shown that Nogo-A is a negative regulator of axonal regeneration and that it acts as a
neurite outgrowth inhibitor in the CNS [50–52]. Nogo-A levels are altered during physiological processes,
such as cerebral ischemia, denervation in the CNS, brain injuries, tumors, and skeletal muscle injury [53–
55]. In the present study, we found that Nogo-A was elevated in muscle from notexin-treated mice, mdx
mice, DMD human samples, differentiated C2C12 cells, and in LPS-stimulated BMDM, whereas the levels
of Nogo-B and Nogo-C were not signi�cantly increased in notexin-treated muscle. However, different
stimuli may result in different outcomes of in�ammation in vivo and in vitro. Collectively, our results
revealed that the upregulation of Nogo-A may play a critical role in the regulation of in�ammation.

Pro-in�ammatory macrophages release greater levels of chemical substances including pro-in�ammatory
cytokines, enzymes, and chemokines such as IL-6, IL-1β, TNF-α, iNOS, CXCL1, and CXCL2 [8, 56]. TNF-α is
mainly induced by activation of M1 macrophages and can lead to the expression of other cytokines by
M1 macrophages, including IL-6, and can regulate the in�ammatory process [57, 58]. IL-1β is also a vital
pro-in�ammatory factor that is produced by M1 macrophages and promotes activation of the NF-κB
pathway [58, 59]. In contrast, anti-in�ammatory macrophages, which are also known as alternative-
activated macrophages, express higher levels of anti-in�ammatory mediators, such as IL-10, CD206, and
arginase-1 [8, 60]. M2 macrophages inhibit pro-in�ammatory mediators as well as their responses and
promote angiogenesis and the resolution of in�ammation, which are key aspects of tissue repair [61, 62].

CHOP, a marker of ER stress, is a vital transcription factor that is induced in response to ER stress [14, 22].
We have found that Nogo-A is critical for the maintenance of in�ammation but that loss of the Nogo
isoforms does not lead to any apparent dysfunction under normal conditions. However, in conditions of
disease or stress, we found that Nogo-A plays a role in the in�ammatory cascade. We found that Nogo-A,
CHOP, and pro-in�ammatory factors were increased in WT mice three days after notexin treatment.
Previous work has shown that cytokines induce ER stress in vitro, as observed by increased levels of
CHOP [63]. Similarly, our results suggest that upregulation of IL-6 and TNF-α in injured muscle is
associated with CHOP induction and may partially involve Nogo-A in the in�ammatory process.

Our current work demonstrated that Nogo-A knockdown (si-Nogo-A) in differentiated C2C12 cells caused
a reduction in CHOP, IL-6 and, TNF-α expression at the mRNA level. A previous study also stated that
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Nogo-A silencing led to the downregulation of IL-6 and TNF-α in LPS-stimulated PC12 cells [45]. IF data
showed substantially decreased Nogo-A and CHOP expression after Nogo-A was silenced. Adenovirus-
based overexpression of Nogo-A (Ad-Nogo) led to the increased mRNA expression of CHOP, IL-6, and TNF-
α in differentiated C2C12 cells. Protein levels of Nogo-A and CHOP were elevated in the Ad-Nogo-infected
group. Additionally, adenovirus-based overexpression of CHOP (Ad-CHOP) in C2C12 cells led to increased
mRNA levels of IL-6 and TNF-α, as previously reported [64]. In contrast, CHOP silencing (si-CHOP)
dramatically reduced the expression of IL-6 and TNF-α. Previous studies have shown that the
in�ammatory response was signi�cantly reduced in CHOP knockout mice [22, 43, 44]. These results
indicate that CHOP regulates the expression of ER stress-induced pro-in�ammatory cytokines.

To establish the role of Nogo-A in this process, we isolated BMDM from WT and Nogo-KO mice. LPS-
treated WT BMDM exhibited signi�cant upregulation of Nogo-A and Nogo-C but not Nogo-B compared
with control WT BMDM. Our study suggested that, in contrast to Nogo-C, Nogo-A was primarily expressed
in muscle �bers. Nogo-C elevation in macrophages could be due to apoptosis, as previously described
[36]. However, further investigation is needed to evaluate the role of Nogo-C in in�ammation. In addition,
the expression levels of CHOP and pro-in�ammatory factors were decreased in Nogo-KO BMDM
compared with WT BMDM after LPS treatment. Other studies have reported that CHOP induction in
response to ER stress may play a critical role in LPS-mediated in�ammation [14, 16, 18, 22]. Based on our
results, Nogo-A was upregulated in LPS-treated WT BMDM, which could contribute to in�ammation by
increasing the expression of CHOP and pro-in�ammatory factors. These �ndings indicate that Nogo-A
promotes the activation of pro-in�ammatory genes and the stimulation of BMDM after LPS treatment.
For the �rst time, our data show that migration activity of LPS-treated WT BMDM is signi�cantly higher
than that of Nogo-KO BMDM. Previous research has shown that cytokine secretion facilitates
macrophage migration [65]. Therefore, Nogo-A may affect the migration of macrophages in LPS-
stimulated BMDM. We hypothesized that an increased number of pro-in�ammatory macrophages after
stimulation of WT BMDM by LPS may be linked to increased phagocytosis. Moreover, our phagocytosis
assay revealed a higher trend of phagocytic activity in WT BMDM compared with Nogo-KO BMDM. Taken
together, our data suggest that Nogo-A may regulate the migration and phagocytic activity of
macrophages in LPS-stimulated BMDM.

Investigation of the skeletal muscle of mdx mice showed increases in Nogo-A, CHOP, IL-6, and TNF-α
compared with WT mice. Immunoblotting revealed increased expression of Nogo-A and CHOP proteins in
mdx mice compared with WT mice. Furthermore, muscle biopsies from DMD patients had signi�cant
increases in Nogo-A, CHOP, IL-6, and TNF-α expression at both the mRNA and protein levels. In mdx mice
and DMD patients, elevated levels of pro-in�ammatory cytokines were observed in the blood at pre-
symptomatic stages of the disease [12, 47, 48, 66]. Thus, the release of speci�c pro-in�ammatory
cytokines may stimulate the production of reactive oxygen species (ROS), which would enhance cellular
damage in DMD [12]. Our �ndings strongly suggest a relationship between Nogo-A and pro-in�ammatory
cytokines in both mdx mice and DMD patients. However, an investigation of Nogo-A in muscle
in�ammation was not performed.
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Conclusion
In summary, we found that Nogo-A was upregulated in a notexin-induced muscle injury model, in mdx
mice, in DMD human samples, in differentiated C2C12 cells, and in LPS-stimulated BMDM. The
expression of pro-in�ammatory factors was downregulated in Nogo-KO mice. Interestingly, Nogo-A
silencing in differentiated C2C12 cells led to reduced expression of CHOP, IL-6, and TNF-α. Although many
in�ammatory signaling pathways are involved in myopathy, we show here that Nogo-A plays a critical
role in the activation of pro-in�ammatory factors after in�ammatory stimulation. Our �ndings indicate
that Nogo-A might be a potential therapeutic target for the treatment of in�ammatory diseases, such as
myopathies, but more studies are needed to better understand the mechanisms of Nogo-A in
in�ammatory diseases.

Materials And Methods
Muscle injury

Muscle injury was induced by a single intramuscular (IM) injection of 20 μl of the myotoxic agent notexin
(12.5 μg/ml, Latoxan, Valence, France), diluted in PBS, (or with 20 μl PBS as a control) into the
gastrocnemius muscle of experimental mice. Brie�y, WT and Nogo-KO mice (3 mice per group) were
anesthetized after which both hind limbs were shaved. Notexin was injected into the right leg muscle,
while the muscle of the left leg served as a control and was injected with PBS. Three days after notexin
injection, the mice were euthanized and the gastrocnemius muscle was surgically isolated, as previously
described [12, 67]. The gastrocnemius muscle was cut in half as a cross-section, �xed in 4%
paraformaldehyde (PFA) overnight, and subsequently transferred to 30% sucrose in PBS for 24 hours.
Using optimum cutting temperature (OCT) medium, the samples were embedded in a cryo block for
histological analysis. The remaining half of the muscle sample was immediately frozen in liquid nitrogen
for molecular analysis. The sample was subsequently stored at -80 °C until further analysis. All animal
studies were approved by the Institutional Animal Use and Care Committee of Kyungpook National
University, Daegu, Republic of Korea (KNU 2017-0023 and 2018-0074).

Mouse model of Duchenne muscular dystrophy

Mice were housed under the appropriate conditions with 12-hour light cycles and were supplied with
water and food in accordance with the regulations of the Kyungpook National University animal facility.
For the DMD animal model, male WT mice (C57BL/6J, 12 weeks of age, n = 10) and male mdx mice
(C57BL/10ScSn-Dmdmdx/J, 12 weeks of age, n = 4) were used. Mdx mice were a gift from Jacques
Tremblay (CHUQ Research Center, Quebec City, Canada), and C57BL/6J mice were purchased from Japan
SLC, Incorporated. (Hamamatsu, Japan), as previously described [68].

Induction of endoplasmic reticulum (ER) stress using tunicamycin
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Healthy ten-week-old mice were housed under the appropriate conditions and were divided into the
following 4 groups: WT mice without tunicamycin treatment (n = 3), WT mice treated with tunicamycin (n
= 4), Nogo-KO mice without tunicamycin treatment (n = 4), and Nogo-KO mice treated with tunicamycin (n
= 5). Tunicamycin was administered at a single dose of (1 µg/kg) via intraperitoneal (IP) injection.
Muscles were harvested 24 hours after injection. Tunicamycin was prepared in DMSO and diluted in PBS
to reduce the toxicity of DMSO in mice.

Human myopathy

Muscle biopsies were obtained from patients at the Pusan National University Yangsan Hospital
(Yangsan, Republic of Korea, Institutional review board No. 05-2018-045) and Yonsei University College of
Medicine (Seoul, Republic of Korea, Institutional review board No. 3-2018-0060) after approval from the
Medical School Ethical Committee. Muscle samples were harvested after diagnosis, and informed
consent was obtained from all patients for the scienti�c use of their muscle biopsy specimens. The
samples from patients with myopathy and those with DMD were collected according to the patient’s age
(22 months, 2 years, 5 years, 5 years 1 month, 5 years 7 months, 15 years, 20 years, 46 years, 57 years,
and 81 years). Four muscle biopsies were obtained for each group from age-matched healthy control
patients (18 years, 26 years, 41 years, and 42 years). qPCR and immunoblot analyses were performed on
all muscle biopsy samples.

C2C12 cell culture

The murine myoblast cell line (C2C12) was cultured in Dulbecco's Modi�ed Eagle's Medium (DMEM;
Gibco-BRL, Grand Island, NY, USA) supplemented with 10% fetal bovine serum (FBS; Hyclone, Logan, UT,
USA) and 1% penicillin/streptomycin (P/S). Cells were cultured in a humidi�ed incubator containing 5%
CO2 at 37 °C. C2C12 cells were grown until they were 60%–70% con�uent. Cells were then sub-cultured
and grown for another 48 hours. Finally, the cells were differentiated in 2% horse serum for 3 days, as
previously described [69, 70].

Recombinant adenovirus and si-RNA transfection of C2C12 cells

Ad-Nogo-A and Ad-CHOP were purchased from Vector Biolabs (Malvern, PA, USA). The small interfering
(si) RNAs against Nogo-A and CHOP (si-cram, si-Nogo-A, and si-CHOP) were purchased from Bioneer
Research (Seoul, Republic of Korea) and were transfected into cells using Lipofectamine 2000 reagent
(Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s instructions. For transfections, the cells
were plated in 60-mm dishes at a density of 1 x 105 cells in DMEM without antibiotics and allowed to
grow for 24 hours. When the cells became 40%–50% con�uent, the cells were transfected according to
the manufacturer’s instructions.

Isolation, culture, and activation of bone marrow-derived macrophages
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Macrophages were obtained from bone marrow with several modi�cations, as previously described [7,
71]. Brie�y, bone marrow cells were obtained by �ushing the femur and tibia of 8-week-old C57BL/6 (WT)
and Nogo-knockout (KO) mice (n = 6). The femur and tibia were washed with 70% ethanol and then with
PBS. Sterile scissors were used to cut both the knee and hip joints. The ends of the femur and tibia bones
were also cut to obtain macrophages from the bone marrow. The bone marrow was �ushed out in a 50-
ml Falcon tube using a 26 gauge syringe and sterile PBS. The sample was then centrifuged at 3,000 g for
5 minutes at 4 °C after which the cells were suspended in RPMI 1640 medium containing 15%
conditioned medium from the L929 cell line as a source of macrophage colony stimulating factor (M-
CSF). Cells were incubated for seven days and treated with lipopolysaccharide (LPS), an M1 inducer (100
ng/ml), or IL-4, an M2 inducer (20 ng/ml) for 24 hours.

Quantitative real-time polymerase chain reaction (qRT-PCR) analysis

Total RNA was extracted from the gastrocnemius muscles of mice and from BMDM using TRIzol
(Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s instructions. Gene expression was
measured by quantitative real-time polymerase chain reaction (qPCR) using SYBR Green with low ROX
(Enzynomics, catalog no. RT500S) [72, 73]. Relative quanti�cation of the target gene was determined by
normalizing expression to that of the housekeeping gene GAPDH, which served as a control. The primer
sequences used in this study are listed in Table S1. qPCR data were analyzed using a CFX Connect Real-
Time System (Bio-Rad).

Western blot analysis

Proteins were isolated from BMDM and analyzed by immunoblotting, as previously described [74]. Brie�y,
the protein concentration in the samples was measured, samples were prepared in SDS and sample
loading buffer, and heated for 10 minutes at 95 °C. Proteins were separated using 10% SDS-PAGE and
immunoblotted onto membranes. The membranes were blocked with 1% bovine serum albumin (BSA) for
1 hour and incubated with primary antibodies, including those against Nogo-A (Abcam, catalog no.
ab62024), CHOP (Santa Cruz, catalog no. sc-71136), β-actin (Cell Signaling Technology, catalog no.
8457s), and GAPDH (Cell Signaling Technology, catalog no. 2118), overnight at 4 °C. After a 1-hour
incubation with HRP-labeled secondary antibodies (Anti-rabbit-HRP, Cell Signaling Technology, catalog
no. 7074s and Anti-mouse-HRP, Cell signaling Technology, catalog no. 7076s), the proteins were detected
using enhanced chemiluminescence (ECL, SuperSignal West Dura Extended Duration Substrate, catalog
no. 34076) in an Amersham Imager 680 (GE Healthcare, Life Sciences). Blots were quanti�ed using
ImageJ software.

Immuno�uorescence (IF) assay

The immuno�uorescence assay was performed with modi�cations, as previously described [75]. Brie�y,
cryosections and BMDM were washed with tris-buffered saline (TBS) and �xed in 4% paraformaldehyde
(PFA) for 10 minutes. After washing, the samples were permeabilized with TBST (0.2% Triton X-100 in
TBS) for 10 minutes and washed three times with TBS for 5 minutes. Samples were blocked using 2%
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BSA after which the cells were incubated with primary antibodies, including rabbit anti-Nogo-A (Abcam,
catalog no. ab62024), mouse anti-CD68 (Santa Cruz Biotechnology, catalog no. ab955), mouse anti-iNOS
(Santa Cruz Biotechnology, ab49999), mouse anti-CD206 (Santa Cruz Biotechnology, catalog no. sc-
58986), mouse anti-CHOP (Santa Cruz Biotechnology, sc-71136), and mouse anti-calnexin (Novus
Biologicals, catalog no. NB300518), at 4 °C overnight. The cells were then washed 3 times with TBS for 5
minutes each wash. Samples were incubated with secondary antibodies (donkey anti-mouse
immunoglobulins (Alexa Fluor 488, Abcam, catalog no. ab150105) and donkey anti-rabbit
immunoglobulins (Alexa Fluor 555, Abcam, catalog no. ab150066) for 1 hour in the dark. The samples
were mounted using ProLong™ Gold Antifade reagent containing DAPI to visualize the nuclei (Cell
Signaling Technology, catalog no. 8961s) and were analyzed by confocal microscopy (ZEISS).

Histological analysis

Gastrocnemius muscles from mice samples were rapidly �xed with 5% sucrose in 4% paraformaldehyde
(PFA) for 24 hours and subsequently transferred into 30% sucrose in PBS for 24 hours. Samples were
embedded in OCT compound for cryopreservation. Cryosections of 5 µm thick tissues were cut for
histological analysis. Sections of muscle were stained with hematoxylin and eosin (H&E). Stained tissue
sections were visualized using a light microscope.

Flow cytometry analysis

BMDM were incubated for seven days and stimulated with lipopolysaccharide (LPS) (100 ng/ml) or IL-4
(20 ng/ml) for 24 hours. BMDM were collected and washed twice in PBS and centrifuged at 1500 g for 3
minutes. Cells were incubated at 37 °C with primary antibodies against iNOS (Abcam, catalog no.
ab49999) and CD206 (santa cruz, catalog no. sc-58986) for 1 hour and were then washed with PBS.
Finally, the cells were incubated with �uorochrome-labeled secondary antibodies in PBS for 30 minutes.
After three washes in PBS, the cells were analyzed by �ow cytometry.

Migration assay

A migration assay was performed with modi�cations, as previously described [76]. Transwell chambers
(6.5 mm diameter and 8 μm pore size) were obtained from Corning (catalog no. 3422). BMDM were
harvested and suspended in RPMI supplemented with 10% FBS at a concentration of 2 × 104 cells/well.
Cells were seeded in serum-free medium into the upper chamber of a 24-well plate. The lower chambers
were �lled with RPMI medium containing 10% FBS. Cells were incubated overnight. Cells that had
migrated to the reverse side of the Transwell membrane were �xed in 4% PFA and permeabilized with
absolute methanol. Cells were stained with H&E, and non-migrated cells were removed using cotton
swabs at which point the cells that had migrated were counted using a light microscope.

Phagocytosis assay
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BMDM were stimulated with Alexa Fluor 488-labeled zymosan �uorescent bioparticles (catalog no. z-
23373). For �ow cytometry, the BMDM were washed twice in PBS. Adherent cells were detached as a
result of incubation with trypsin-EDTA for 5 minutes in the incubator and were subsequently centrifuged
at 1500 g for 3 minutes. Cells were placed in the incubator and given 30 minutes to internalize the
zymosan particles. Noninternalized particles were removed by three washes in cold PBS. The harvested
cells were then washed and �xed in 4% paraformaldehyde. Cells were washed twice with PBS, placed in a
FACS tube, and were immediately examined by �ow cytometry.

Statistical analysis

Statistical analysis was performed using GraphPad Prism 6.01 (GraphPad Software) program. Statistical
signi�cance was determined using Student’s t-test. Data are expressed as means and standard error of
the mean (SEM). The statistical signi�cance of data is denoted on the graphs by asterisks (*), with P
values of *P < 0.05, **P < 0.01, and ***P < 0.001.

Abbreviations
Rtn4: Reticulon 4; KO: knockout; CNS: central nervous system; WT: wild type; CHOP: C/EBP homologous
protein; IL-6: Interleukin-6; TNF-α: tumor necrosis factor-α; NF-κB: nuclear factor-κB; DMD: Duchenne
muscular dystrophy; BMDM: bone marrow-derived macrophages; ER: endoplasmic reticulum; LPS:
lipopolysaccharide; TBS: tris-buffered saline; PFA: paraformaldehyde.
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Figure 1
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Expression of Nogo-A, CHOP, and pro-in�ammatory factors is increased in muscle from notexin-treated
mice. a Nogo-A is upregulated in injured muscle, while levels of Nogo-B and C are not signi�cantly altered.
Notexin-injured muscle expresses higher levels of Nogo-A compared with those in the WT control (n = 3).
b Expression of Nogo-A, CHOP, IL-6, and TNF-α is upregulated in notexin-injured muscle (n = 3). c Notexin-
injured muscle was immunostained using antibodies against Nogo-A and CD68 (n = 3). Nogo-A is
localized to muscle �bers (asterisk) and colocalizes with CD68 (arrow). d Notexin-injured muscle was
immunopositive for Nogo-A and iNOS (n = 3). Nogo-A is localized to muscle �bers (asterisk) and
colocalizes with iNOS (arrow). 3 days after a single intramuscular injection of notexin (12.5 μg/ml, 20 μl
). Data were normalized to RNA expression of GAPDH. Data are shown as the mean  standard error of
the mean. The statistical signi�cance was determined using Student’s t-test. Data are denoted by
asterisks, where *P < 0.05, **P < 0.01, and ***P < 0.001. Secondary antibodies used were Alexa Fluor
(AF)-555 and AF-488. Scale bar, 10 µm, ×400 magni�cation.

Figure 2

Pro-in�ammatory factors mediated by CHOP signaling. a Nogo-A, CHOP, and β-actin protein expression
levels in muscle from notexin-treated WT mice compared with muscle from notexin-treated Nogo-KO mice
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(n = 3). b Expression of CHOP in injured muscle from WT mice compared with its expression in injured
muscle from Nogo-KO mice (n = 3) by immuno�uorescence (IF). c-f Nogo-A, CHOP, IL-6, and TNF-α mRNA
expression levels in gastrocnemius muscle isolated from WT (n = 3) and Nogo-KO mice (n = 3) 3 days
after a single intramuscular injection of notexin (12.5 μg/ml). Data were normalized to RNA expression of
GAPDH. In all, 40 μg of protein was used for immunoblot (IB) experiments. Data are shown as the mean 
standard error of the mean. Statistical signi�cance was determined using Student’s t-test. Secondary
antibodies used were Alexa Fluor (AF)-555 and AF-488. Signi�cant data are denoted by asterisks where
*P < 0.05, **P < 0.01, and ***P < 0.001. Scale bar, 10 µm, ×400 magni�cation.

Figure 3

Nogo-A enhances CHOP expression and production of pro-in�ammatory factors in C2C12 cells. a C2C12
cells were transfected with si-Nogo-A or si-scramble, after which the cells were differentiated (DM) for 3
days and then harvested for qPCR analysis of Nogo-A, CHOP, IL-6, and TNF-α expression levels. b Nogo-A
and CHOP antibodies were used to stain transfected C2C12 cells for IF analysis. c Cell extracts were
analyzed by immunoblot (IB) analysis for Nogo-A, CHOP, and β-actin expression. d C2C12 cells were
infected with Ad-GFP and Ad-Nogo-A (60 MOI) for 24 h. Nogo-A, CHOP, IL-6, and TNF-α mRNA levels were
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analyzed by qPCR. e Ad-GFP and Ad-CHOP (60 MOI) were used to infect C2C12 cells for 24 h. qPCR
analysis of CHOP, IL-6, and TNF-α expression. f C2C12 cells were transfected with si-CHOP or si-control.
After transfection for 36 h, the cells were differentiated for 3 days and then qPCR was performed to
determine CHOP, IL-6, and TNF-α expression. In all, 40 μg of protein was used for IB. Data are shown as
the mean  standard error of the mean. Statistical signi�cance was determined using Student’s t-test. The
β-actin level was used for normalization of the expression levels. Data are denoted by asterisks where *P
< 0.05, **P < 0.01, ***P < 0.001. Alexa Fluor (AF)-488 and AF-555 were used as secondary antibodies.
Scale bar, 10 µm, ×400 magni�cation.

Figure 4

Nogo de�ciency inhibits pro-in�ammatory gene expression in BMDM after LPS treatment. a Nogo-A and
C, but not Nogo-B, are upregulated in LPS-treated bone marrow- derived macrophages (BMDM) compared
with the levels in control BMDM (n = 3). b IB data of control and LPS-treated BMDM. Nogo-A was
increased in response to LPS treatment in WT BMDM compared with the levels in Nogo-KO BMDM (n =
3). c-i mRNA levels of pro-in�ammatory factors including IL-6, TNF-α, IL-1β, NF-κB, iNOS, CXCL1, and
CXCL2 in control and LPS-treated WT and Nogo-KO BMDM (n = 4). In all, 30 μg of protein was used in IB.
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GAPDH was used for normalization. Data are shown as the mean  standard error of the mean. Statistical
signi�cance was determined using Student’s t-test. Data are denoted by asterisks, where *P < 0.05, **P <
0.01, and ***P < 0.001.

Figure 5

Nogo de�ciency inhibits CHOP signaling and migration of BMDM after LPS treatment. a IF results of
Nogo-A and CHOP in control WT BMDM and Nogo-KO BMDM (n = 3). Nogo-A is expressed in control WT
BMDM, while CHOP expression is absent in control WT and Nogo-KO BMDM. b IF results show that Nogo-
A (red) and CHOP (green) are increased in LPS-treated WT BMDM compared with the levels in Nogo-KO
BMDM. c Level of CHOP mRNA is upregulated in LPS-treated WT BMDM compared with LPS-treated
Nogo-KO BMDM (n = 4). d Migration assay using WT and Nogo-KO BMDM (n = 3). Nogo-KO BMDM
exhibit a lower migration ability compared with WT BMDM after LPS treatment (100 ng/ml) for 24 h. e
Quanti�cation of BMDM migration reveals a signi�cantly lower migration ability in LPS-treated Nogo-KO
MMDM compared with WT BMDM (n = 3). No signi�cant difference was observed in migration activity
between control WT and Nogo-KO BMDM. f Phagocytosis by macrophages from WT and Nogo-KO
BMDM after treatment with �uorescent bioparticles of the pro-in�ammatory cytokine inducer zymosan (n
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= 3). The numbers of phagocytes were analyzed by �ow cytometry. Data are shown as the mean 
standard error of the mean. Statistical signi�cance was determined using Student’s t-test. Data are
denoted by asterisks, where *P < 0.05, **P < 0.01, and ***P < 0.001. Alexa Fluor (AF)-555 and AF-488 were
used as secondary antibodies. Scale bar, 10 µm, 400x magni�cation.

Figure 6

Nogo-A, CHOP, and pro-in�ammatory factors are upregulated in mdx mice and DMD patient samples. a IB
analysis of Nogo-A, CHOP, and β-actin in the skeletal muscle of WT and mdx mice. b qPCR analysis of
mRNA from the skeletal muscle of 12-week-old WT and mdx mice (n = 4). c Tissue extracts from DMD
patients were used in the IB analysis with Nogo-A, CHOP, and β-actin antibodies. d qPCR analyses were
performed on biopsy samples of DMD patients (n = 10) and normal patients (n = 5). e Proposed model of
the role of Nogo-A in the regulation of in�ammation. Nogo-A is activated in muscle from notexin-treated
mice, mdx mice, DMD patients and in LPS-treated BMDM. Subsequently, Nogo-A expression may be
accompanied by CHOP activation and can also activate pro-in�ammatory cytokines and chemokines in
injured or degenerated muscle and in LPS-stimulated BMDM. We conclude that Nogo-A exerts
in�ammatory effects. In all, 40 μg of protein was used for the IB experiments. The statistical signi�cance
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was determined using Student’s t-test. Error bars represent the standard error of the mean. Data are
denoted by asterisks where *P < 0.05, **P < 0.01, and ***P < 0.001.
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