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Abstract: c-Fos is an immediate-early gene that modulates cellular responses to a wide variety
of stimuli and also plays an important role in tissue regeneration. However, the sequence and
functions of c-Fos are still poorly understood in newts. This study describes the molecular cloning
and characterization of the c-Fos gene (Co-c-Fos) of the Chinese fire-bellied newt, Cynops orientalis.
The full-length Co-c-Fos cDNA sequence consists of a 1290 bp coding sequence that encoded 429
amino acids. The alignment and phylogenetic analyses reveal that the amino acid sequence of
Co-c-Fos shared a conserved basic leucine zipper domain, including a nuclear localization sequence
and a leucine heptad repeat. The Co-c-Fos mRNA is widely expressed in various tissues and is
highly and uniformly expressed along the newt limb. After limb amputation, the expression of
Co-c-Fos mRNA was immediately upregulated, but rapidly declined. However, the significant
upregulation of Co-c-Fos protein expression was sustained for 24 h, overlapping with the wound
healing stage of C. orientalis limb regeneration. To investigate if Co-c-Fos participate in newt wound
healing, a skin wound healing model is employed. The results show that the treatment of T-5224, a
selective c-Fos inhibitor, could largely impair the healing process of newt’s skin wound, as well as the
injury-induced matrix metalloproteinase-3 upregulation, which is fundamental to wound epithelium
formation. These data suggest that Co-c-Fos might participate in wound healing by modulating
the expression of its potential target gene matrix metalloproteinase-3. Our study provides important
insights into mechanisms that are responsible for the initiation of newt limb regeneration.
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1. Introduction

The ability to regenerate lost or damaged tissue will be of great benefit to those
who suffer from organ failure or severe trauma. However, adult mammals have very
limited capacities for tissue regeneration. Urodele amphibians, such as axolotls and newts,
possess the remarkable ability to regenerate lost or damaged body parts, including the
ocular tissues, tail, nervous system, and limbs throughout their entire lives [1]. Among
the tissues and organs that can regenerate, the limb has been most extensively studied,
making it an accepted model for revealing the mechanisms regulating tissue and organ
regeneration [2,3]. Successful limb regeneration begins with wound healing, followed by
limb bud formation and a final redevelopment phase [2]. Prior studies have noted the
importance of matrix metalloproteinases (MMPs) in salamander limb regeneration [4–6].
Among these MMP genes, MMP-3 (also known as stromelysin-1) is upregulated in migrating
epithelial cells within hours of limb amputation and facilitates healing of the wound, which
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is fundamental to the following regenerative processes [6,7]. However, the mechanisms
that are responsible for the early induction of MMP-3 expression remain ambiguous.

Immediate-early genes (IEGs) comprise a group of genes that are rapidly and tran-
siently activated following a variety of extracellular signals, such as growth factors, devel-
opmental signals, stress, and cell injury [8]. In recent years, researchers have focused on
IEGs for their critical roles in cellular functions, including proliferation, differentiation, and
metabolism [9]. Among other IEGs, c-Fos was originally isolated from mouse genomic DNA
as a cellular counterpart of the v-Fos carried by the Finkel-Biskis-Jinkins osteosarcoma virus.
Then, it was identified in humans [10], rats [11], chickens [12], and fish [13] in succession.
C-Fos is expressed in various cell types and dimerizes with c-Jun to form the transcription
factor, activator protein 1 (AP-1), which binds to the target gene DNA to regulate various
cellular functions, including cell cycle progression [14], cell dedifferentiation [15], and
extracellular matrix re-organization [16]. In mammalians, c-Fos plays an important role in
skin wound healing [17], and regenerative processes of the central nervous system [18],
bone [19], and liver [20]. Recently, it has been reported that the upregulation of c-Fos
expression is critical to initiating a pro-regenerative response after spinal cord injury in the
axolotl [21]. These pieces of evidence inspire us to investigate whether c-Fos plays a part in
newt limb regeneration.

In this study, a full-length c-Fos cDNA was cloned from Cynops orientalis, the Chinese
fire-bellied newts exhibiting an extraordinary capacity to regenerate their limbs after
amputation [22–24], and the amino acid sequence of C. orientalis c-Fos (Co-c-Fos) gene
was determined. Then the multiple sequence alignment and phylogenetic analysis were
performed. Finally, we investigated the expression pattern of the newt c-Fos gene and its
potential role in the process of newt limb regeneration.

2. Materials and Methods
2.1. Animals and Sample Collection

C. orientalis has a remarkable capacity of regenerating an entire limb post-amputation
and is widely distributed in China. Adult newts used in this study were obtained from
Dabie Mountain (Huanggang, China). Animals of 8–10 cm nose-to-tail length were main-
tained in individual aquaria at 22 ± 2 ◦C. All surgeries were performed under anesthesia
with 0.1% Tricaine methanesulfonate (MS-222, Sigma-Aldrich, St. Louis, MI, USA), and all
efforts were made to minimize suffering. The tissue samples, including the spleen, heart,
intestine, dorsal root ganglia, limb, tail, liver, kidney, and stomach, were collected for RNA
isolation immediately after the animals were sacrificed.

The newt limb regeneration experiment was performed as previously described [22,23].
Briefly, the newt limbs were amputated at the right upper arm, and then the protruding
bones were trimmed. The regenerated limb samples were collected at 15 min, 30 min,
45 min, 1 h, 3 h, 6 h, 12 h, 1 d, 3 d, 7 d, 14 d, 30 d, 42 d post-amputation by cutting the
arm 2 mm from the first amputation plane. At the same position, the limb tissue before
amputation was used as control.

To establish a skin wound healing model, a circular piece of skin (1.5 mm in diameter)
was carefully removed from the right upper arms, making sure not to damage the underly-
ing muscle. Then, the samples were collected at 15 min, 30 min, 45 min, 1 h, 3 h, 6 h, 12 h,
1 d, and 3 d after wounding for RNA isolation. The limb tissue before wounding was used
as the control. To visualize the wound closure, Fast Green (Sigma, USA) was used to stain
damaged tissues and dead cells in the wound area [25].

2.2. PCR Amplification and Quantitative Real-Time PCR (qRT-PCR) Analysis

Total RNA was extracted from each sample using RNAiso Plus reagent (Takara,
Beijing, China), and the reverse transcription was performed to generate cDNA using a
Transcriptor First Strand cDNA Synthesis Kit (Roche, Basel, Switzerland). To obtain the
complete coding sequence of Co-c-Fos gene, PCR amplification was performed with the
following procedure: 5 min at 95 ◦C; 30 s at 95 ◦C, 45 s at 52 ◦C, 90 s at 72 ◦C for 35 cycles;
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8 min at 72 ◦C. The qRT-PCR analysis was performed using SYBR Premix Ex Taq (TaKaRa,
China) and a CFX96™ Real-Time PCR Detection System (Bio-Rad, Hercules, CA, USA) with
the following parameters: 95 ◦C for 10 s; followed by 40 cycles at 95 ◦C for 5 s; and 60 ◦C
for 30 s. β-actin housekeeping gene was selected as an internal reference for the analysis.
For each cDNA sample, the target and reference genes were amplified independently in
the same experimental run in triplicate. The relative gene expression level (amount of
target normalized to the internal reference) was calculated using the 2−∆∆Ct method. PCR
primers used in this study were designed based on transcriptome sequencing, as shown in
Table S1.

2.3. Bioinformatic Analyses

DNAMAN software (7.0) was used to analyze the obtained cDNA and deduced amino
acid sequence of Co-c-Fos. The conserved domains of Co-c-Fos were predicted using the Con-
served Domain Database tool in NCBI (https://www.ncbi.nlm.nih.gov/Structure/cdd/
wrpsb.cgi) and the 2ZIP program [26] (http://2zip.molgen.mpg.de/). The predicted ter-
tiary structure model of the basic leucine zipper (bZIP) domain of Co-c-Fos was constructed
with the SWISS-MODEL workspace (https://www.expasy.org/resources/swiss-model).
The ProtParam (http://www.expasy.org/tools/protparam.html) were used to calculate
the molecular weight and isoelectric point (pI) of Co-c-Fos. Multiple sequence alignment
was performed using CLUSTALW (https://www.genome.jp/tools-bin/clustalw) among
species, and a consensus sequence was generated using criteria from MultAlin [27]: Up-
percase is identity; lowercase is consensus level > 0.5; ! is anyone of IV; $ is anyone of
LM; % is anyone of FY; # is anyone of NDQEBZ. Nuclear localization sequence (NLS) was
predicated by using the NLSdb database (https://rostlab.org/services/nlsdb/). Through
the neighbor-joining (NJ) method, a phylogenetic tree was constructed by MEGA 5.05.

2.4. Sectioning and Histological Staining

Samples were fixed with 4% paraformaldehyde for 24 h at 4 ◦C and then decalcified
by 10% EDTA for 14 days. Samples were embedded in paraplast and sectioned at 4 µm.
The slides were stained with Masson’s Trichrome using standard procedures.

2.5. Western Blot

Total protein and nuclear protein were isolated from the newt limbs (n = 6 per bio-
logical replicate) by using RIPA lysis buffer (Beyotime, Shanghai, China) and the Nuclear
and Cytoplasmic Protein Extraction Kit (Beyotime, Shanghai, China), respectively. BCA
protein assay (Thermo Fisher Scientific, Waltham, MA, USA) was used to quantify the
protein contents. Proteins separated by SDS-PAGE were transferred onto PVDF mem-
branes (Millipore, Burlington, MA, USA). The membranes were blocked with 5% non-fat
milk and then incubated with primary antibodies against c-Fos (1:1000, Sangon, Shanghai,
China), β-actin (1:1000, Abmart, Shanghai, China), or histone H3 (1:1000, Cell Signaling
Technology, Danvers, MA, USA) at 4 ◦C overnight, followed by horseradish peroxidase
(HRP)-conjugated goat anti-rabbit IgG (1:5000, Abmart, China) or goat anti-mouse IgG
(1:5000, Abmart, China) at room temperature for 1 h. Finally, the membranes were incu-
bated with enhanced chemiluminescence (ECL) reagent (Beyotime, Shanghai, China), and
the grayscale values of the bands were analyzed by using ImageJ software.

2.6. Statistical Analyses

The data were expressed as means ± standard error (SE). The statistical differences
were calculated using the Student’s t-test and one-way analysis of variance (ANOVA) in
SPSS 17.0 software. Value at p < 0.05 was considered to be statistically significant.

https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi
https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi
http://2zip.molgen.mpg.de/
https://www.expasy.org/resources/swiss-model
http://www.expasy.org/tools/protparam.html
https://www.genome.jp/tools-bin/clustalw
https://rostlab.org/services/nlsdb/
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3. Results
3.1. Co-c-Fos cDNA Cloning and Sequence Analyses

The full-length cDNA sequence of Co-c-Fos was obtained and uploaded to NCBI, and the
GenBank number is MG604921.1. The Co-c-Fos cDNA was 1602 bp and composed of an ORF
of 1290 bp, a 185 bp 5′-untranslated region (UTR), and a 127 bp 3′-UTR. The predicted Co-c-Fos
was a 429 amino acid protein with a bZIP domain, which shared a similar structure with that
of the proto-oncogene protein c-Fos (SMTL ID: 2wt7.1.A, Figure 1A), and its predicted tertiary
structure exhibited continuous α-helices (Figure 1B). The molecular weight of the predicted
Co-c-Fos was estimated to be 45.86 kDa, and the pI was estimated at 4.67.
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To assess the homology of c-Fos proteins among vertebrates, the multiple sequence
alignment was performed. The result showed that the amino acid sequence of c-Fos was
quite conserved among the selected species (Figure S1). However, Co-c-Fos exhibited higher
similarity in amphibians (axolotl and frogs) than in other species, including reptiles, birds,
mammals, and fish (Table S2). It was found that the Co-c-Fos protein shared a conserved
bZIP domain, with a nuclear localization sequence (NLS) and a leucine heptad repeat
included (Figure 1C). Interestingly, the predicted NLS of Co-c-Fos was KRRVRR, and the
fourth valine residue was quite conserved among the lower vertebrates, including fish
and amphibians, whereas it was KRRIRR for the higher vertebrates. A phylogenetic tree,
rooted into Esox lucius, was used to investigate the evolutionary relationships of Co-c-Fos.
As shown in Figure 1C, all c-Fos sequences were clustered into two clades. In one clade, the
c-Fos sequences from mammals, birds, and reptiles were grouped, and the sequences from
amphibians were clustered into the other clade, among which C. orientalis was clustered
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with the Mexican axolotl (Ambystoma maculatum). Our results indicated that the branch of
c-Fos is classified according to the evolutionary positions of the species of fish, amphibians,
reptiles, birds, and mammals, and the phylogenetic position of Co-c-Fos is consistent with
the location of C. orientalis.

3.2. Distribution of Co-c-Fos mRNA Expression in Various Tissues of C. orientalis

qRT-PCR results showed that the mRNA expression levels of Co-c-Fos varied vastly in
different tissues (Figure 2A). The Co-c-Fos mRNA was strongly expressed in dorsal root
ganglia and kidney; moderately in limb, heart, intestine; and extremely low in the other
tissues. To investigate whether the positional pattern of Co-c-Fos gene expression exists
along the newt limb, we tested the mRNA expression levels in different segments of a
whole limb. As shown in Figure 2B, there was no significant difference in the expression
levels of Co-c-Fos among the segments S1, S2, and S3, however, the expression level in the
segment S4 was remarkably lower.
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3.3. Expression Pattern of Co-c-Fos Gene during the Newt Limb Regeneration

To better understand the expression pattern of the Co-c-Fos gene during C. orientalis limb
regeneration, we collected and analyzed the regenerated limb samples at different time points
post-amputation. These time points cover major morphological and physiological changes of
limb regeneration throughout wound healing (within three days post-amputation, dpa), limb
bud formation (7 dpa), blastema cell proliferation (14 dpa), chondrogenesis (30 dpa), up to
digit formation (42 dpa) [22,24,28]. Histological analysis revealed that epidermal cells had
covered the surface of the amputation site at 3 dpa (Figure 3A). qRT-PCR results showed that
the expression of Co-c-Fos mRNA was immediately upregulated at 15 min post-amputation
(p = 0.003) and then rapidly declined and returned to preamputation levels by 12 h post-
amputation (hpa, p = 0.961) (Figure 3B). Also, the protein expression level of Co-c-Fos was
detected by Western blot. It was found that the significant upregulation of Co-c-Fos protein
was induced at 1 hpa (p = 0.001) and was sustained for 24 h (Figure 3C). Thus, the expression
pattern of the Co-c-Fos gene, both at the mRNA and protein level, suggested its potential role
in the early stage of newt limb regeneration.
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Figure 3. Expression pattern of Co-c-Fos gene during the newt limb regeneration. (A) The histological analysis of the limb
regeneration with Masson’s trichrome at 0 and 3 days post-amputation. The red dashed line indicated the amputated
position of the newt limb. (B) The mRNA expression pattern of Co-c-Fos during C. orientalis limb regeneration. The
expression level of Co-c-Fos mRNA at 0 h was set to one (n = 3). (C) Western blot analysis of Co-c-Fos protein at the early
stage of C. orientalis limb regeneration. The abundance ratio to β-actin was analyzed by densitometry. Data were analyzed
using one-way ANOVA with the least-significant difference test. ** p < 0.05.

3.4. Role of Co-c-Fos in the Process of the Newt Wound Healing

The first step of limb regeneration is the healing of the wound, which is fundamental
to the following regenerative processes [2]. To better understand the role of Co-c-Fos in
wound healing, a skin wound healing model was established in C. orientalis (Figure 4A), in
which the rapid and transient induction of Co-c-Fos was determined (Figure 4B), showing
a similar expression pattern as observed in newt limb regeneration. Furthermore, a Fast
Green staining method was employed to quickly visualize the wound closure. The Fast
Green staining results showed that the wound epidermis had partly covered the wound
area at 24 h and completely covered the wound at 72 h after wounding. However, the
healing process was largely impaired after treatment of T-5224, a selective inhibitor of
c-Fos [29] (Figure 4C), indicating the important role of Co-c-Fos in the newt wound healing.
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4. Discussion 
In the present study, we first cloned and characterized the Co-c-Fos cDNA. The de-

duced Co-c-Fos contained a typical bZIP domain present in other known c-Fos proteins. A 
conserved heptad leucine repeat within the bZIP domain resembles the leucine dimeriza-
tion motif, which is essential for the dimerization with the Jun subunit to assemble the 

Figure 4. Role of Co-c-Fos in the process of the newt skin wound healing. (A) The newt skin wound healing model. The
white outlines indicated the wound made in the limb of C. orientalis. Bar = 5 mm. (B) The mRNA expression pattern of
Co-c-Fos mRNA during the newt skin wound healing. The mRNA expression level of Co-c-Fos at 0 min after wounding was
set to one (n = 3). (C) Inhibitory effect of T-5224 on the newt skin wound healing visualized by Fast Green staining at 0, 12,
24, and 72 h after wounding. (D) The mRNA expression pattern of Co-MMP-3 during the newt skin wound healing. The
mRNA expression level of Co-MMP-3 at 0 min after wounding was set to one (n = 3). (E) Inhibitory effect of T-5224 on the
Co-MMP-3 induction at 12 h after wounding. (F) Inhibitory effect of T-5224 on the nuclear accumulation of Co-c-Fos protein.
The abundance ratio to Histone H3 was analyzed by densitometry. Data were analyzed using one-way ANOVA with the
least-significant difference test in (B,D) and Student t-test in (E,F). ** p < 0.05.

Previous studies have revealed that MMP-3, one potential target gene of c-Fos [30,31],
plays a crucial part in wound epithelium formation during newt limb regeneration [6]. To
clarify the underlying mechanism of Co-c-Fos on wound healing, we first examined the
expression patterns of Co-MMP-3 in the newt skin wound healing model. The expression
of Co-MMP-3 mRNA was significantly upregulated within hours of wounding, reaching a
peak at 12 h after wounding (p < 0.001, Figure 4D). However, the maximum expression
of Co-MMP-3 was remarkably suppressed by T-5224 treatment at 300 mM (p < 0.001,
Figure 4E), which effectively suppressed the nuclear accumulation of Co-c-Fos protein as



Genes 2021, 12, 205 8 of 11

manifested by Western blot analysis (p = 0.003, Figure 4F). Additionally, the inhibitory effect
of T-5224 on Co-MMP-3 expression was also determined in the newt limb regeneration
model (Figure S2). Together these results suggested that the c-Fos mediated wound healing
in C. orientalis might be dependent on Co-MMP-3.

4. Discussion

In the present study, we first cloned and characterized the Co-c-Fos cDNA. The de-
duced Co-c-Fos contained a typical bZIP domain present in other known c-Fos proteins.
A conserved heptad leucine repeat within the bZIP domain resembles the leucine dimer-
ization motif, which is essential for the dimerization with the Jun subunit to assemble
the transcription factor AP-1 [32], thereby stimulating gene transcription of its target
genes [29,33]. NLS is a highly conserved lysine- and arginine-rich peptide that is essential
for proper nuclear localization of transcription factors [34]. However, the mutation of NLS
(V141I) appears to take place in reptiles and fixes during evolution. Nevertheless, the
V141I mutation does not seem to influence the nuclear targeting of c-Fos proteins; at least
in our study, the nuclear accumulation of Co-c-Fos was detected (Figure 4F and Figure S2).
Taken together, the highly conserved heptad leucine repeat and NLS could be necessary
for Co-c-Fos to exert its biological functions.

Next, we profiled the tissue distribution and expression pattern of the Co-c-Fos gene.
Previous studies have reported that c-Fos is expressed in many types of vertebrate tis-
sues [35,36]. Consistently, Co-c-Fos was found widely, but differentially expressed in
various tissues of C. orientalis. Additionally, Co-c-Fos was uniformly expressed in both the
forelimb and upper limb (Figure 2B), making it probably not involved in determining the
proximodistal identity of the newt limb, like Prod-1 [37].

In mammals, the c-Fos expression is normally short-lived; it peaks at 30 to 60 min after
stimulation and falls to basal expression after 90 min [38]. In this study, significant upregu-
lation of Co-c-Fos expression was also detected immediately after amputation. However, the
duration of Co-c-Fos upregulation was much longer (up to 6 hpa). Interestingly, the abun-
dance of Co-c-Fos protein did not begin to decline until 3 dpa (Figure 3C). The long-term
induction of c-Fos is also reported in other salamander species, including Notophthalmus
viridescens (up to 24 h post serum stimulation) [39], and the Mexican axolotl (1 day post
spinal cord ablation) [21]. However, whether the duration of c-Fos expression underlies
differences in regenerative competence between species should be further investigated in a
future study.

Nevertheless, our results demonstrated that the upregulation of the Co-c-Fos gene was
temporally overlapped with the wound healing stage of C. orientalis limb regeneration.
At this stage, the amputation plane is covered with wound epithelium to minimize tissue
damage, infection, and inflammatory response [2]. Then, the wound epithelium forms a
thicken structure called the apical epithelial cap (AEC, Figure 3A), which secretes various
growth factors to aid in limb outgrowth [40]. Given the importance of wound healing
in initiating limb regeneration, we further employed a skin wound model to investigate
whether Co-c-Fos takes part in the process of wound healing. The novel benzophenone
derivative T-5224, designed by 3D pharmacophore modeling based on the crystal structure
of the bZIP domain [29], served as a potential drug to selectively inhibit Co-c-Fos activity.
It was noted that T-5224 treatment could retard the process of C. orientalis wound heal-
ing (Figure 4C), as well as the nuclear accumulation of Co-c-Fos protein (Figure 4F and
Figure S2), indicating that Co-c-Fos contributed at least partially to the skin wound healing.

Surprisingly, T-5224 appeared to exert an inhibitory effect on the induction of Co-
MMP-3 expression (Figure 4E). Prior studies have noted the importance of MMP-3 in the
process of wound healing during salamander limb regeneration [6,7]. In mammalians,
MMP-3 expression is closely associated with cell migration [41–43], and notably, mice that
lacked MMP-3 exhibit impaired skin healing, due to inadequate wound contraction [44]. In
accordance with the present results, previous studies have demonstrated that the MMP-3
expression can be partially inhibited by a c-Fos inhibitor. Administration of T-5224 prevents
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arthritis in a mouse model by reducing the amount of MMP-3 in vivo in sera and joints and
in vitro in synovial cell and chondrocyte cultures [29,45]. T-5224 also significantly suppress
IL-1β-induced MMP-3 expression in human nucleus pulposus cells and a mouse explant
culture model of intervertebral disc (IVD) degeneration [46]. Therefore, we speculate that
Co-c-Fos might participate in wound healing by modulating the expression of its potential
target gene MMP-3.

Supplementary Materials: The following are available online at https://www.mdpi.com/2073-442
5/12/2/205/s1, Figure S1: Multiple sequence alignment of c-Fos amino acid sequences, Figure S2:
Inhibitory effect of T-5224 on the Co-MMP-3 induction in the newt limb regeneration model. Table S1:
PCR primers used in this study, Table S2: c-Fos amino acid sequence identity comparison with other
species.
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