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Abstract 

Wound healing depends largely on the remodeling of the extracellular matrix around and reorganization of tissue-
resident cells. Matrix remodeling associated 7 (MXRA7) is a member of the matrix remodeling-associated gene family 
and is involved in matrix remodeling-associated processes, such as inflammatory neovascularization, liver injury, 
and autoimmune skin disease. To investigate whether and how MXRA7 participate in cutaneous wound healing, an 
ear-punching model was utilized in wild-type (WT) and MXRA7-deficient mice, and the dermal fibroblasts from these 
mice were further studied in vitro. Results showed that the MXRA7 deficiency impaired the wound healing process 
in mice. Quantitative PCR indicated that lack of MXRA7 impaired the expression of several extracellular matrix genes 
(e.g., MMP-2) and inhibited signaling pathways (e.g., STAT3) in healing ear tissues. In in vitro culture system, migra-
tion, contraction, or proliferation of fibroblasts was impaired upon MXRA7 deficiency. Pull-down and mass spectrum 
assay revealed that vimentin was among the proteins that bound MXRA7 proteins in cells, and further investigations 
indicate MXRA7 was an autocrine factor in fibroblasts that involved vimentin in certain ways, such as JNK and STAT3/
STAT5 signaling pathways in our study. In conclusion, MXRA7 proteins promote wound healing through vimentin in 
coordinating fibroblast functions.
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Introduction
Tissue hemostasis is a dynamic and tightly regulated pro-
cess that relies on coordinative interactions among tissue-
resident cells and their environment, herein referred to as 
extracellular matrix (ECM). ECM is an organized struc-
ture formed by various components including those pro-
duced by the cells they embrace, and on the other side, 
ECM provides or delivers stimuli to cells required for 
their functions. Once a wound, either acute or chronic, 
biological or non-biological, the hemostasis is broken 
and diseases might follow. When a wound occurs in a 
functioning tissue, a healing process might be initiated. 
Effective healing leads to the regaining of tissue hemo-
stasis functions. Surely enough, a better understanding of 
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ECM and their producers promote a better understand-
ing of the pathogenesis or management of diseases, and 
vice versa. Recently, we found that an ill-defined gene, 
matrix remodeling associated 7 (MXRA7), was involved 
in the pathogenesis of several disease models set up in the 
eyes [1], bones [2], livers [3], or skins [4], all via mecha-
nisms apparently associated with matrix remodeling, just 
as its name implied. In those studies, we demonstrated 
that recombinant MXRA7 proteins modulated functions 
of cultured mesenchymal stem cells, prompting us to 
speculate that in physiological conditions, MXRA7 pro-
teins might be secreted into extracellular matrix spaces, 
which would in turn modulate the resident cells. Should 
that hypothesis be true, for example in cutaneous tissue, 
MXRA7 might also play roles in other pathophysiological 
processes that occurred in skins besides the previously 
studied psoriasis [4].

Wound healing is a dynamic and strongly regulated 
process which associated with a sequence of events, 
including inflammation, migration, and proliferation of 
different cell types. Fibroblasts are critical in the wound 
repairing process, such as decomposing the fibrin clot 
and secreting new ECM to support other cells associ-
ated with effective wound healing [5]. Vimentin is a type 
III intermediate filament protein, and intermediate fila-
ments induce changes in cell shape, adhesion, and migra-
tion [6]. Eckles et al. demonstrated vimentin is necessary 
for wound healing and found that the lack of vimentin 
impairs the motility of fibroblasts and wound healing 
in mice [7]. A study by Cheng et  al. has demonstrated 
vimentin coordinated with fibroblast proliferation [8]. 
However, the specific mechanism remains to investigate.

The current study utilized ear punch as an acute wound 
model and demonstrated that MXRA7 was required 
for normal cutaneous wound healing and that MXRA7 
proteins were truly secreted into extracellular spaces to 
participate in scaffold formation and overall cutaneous 
wound healing. Furthermore, we firstly demonstrated 
MXRA7 promoting wound healing through vimentin 
in coordinating fibroblast proliferation via p38/JNK and 
STAT3 signal pathway.

Materials and methods
Mice and cell lines
Heterozygous founders B6N-Mxra7<tm1a(EUCOMM)

Wtsi>/H on C57BL/6N background were obtained from 
the Medical Research Council (MRC, Swindon, UK). 
Male and female founders were cross-bred to generate 
the homozygous and wild-type breeders, which were 
genotyped according to the protocol provided by MRC 
(not detailed). All mice were maintained in a specific 
pathogen-free facility in Soochow University. Animal 

experimental protocols were approved by the Ethics 
Committee of Soochow University following the Guide-
lines on the Humane Treatment of Laboratory Animals 
(Ministry of Science and Technology of China, 2006). An 
SV40-transformed murine endothelial cell line, SVEC4-
10 (China Center for Type Culture Collection, Wuhan, 
China), and the NIH3T3 mouse cell line (Shanghai Insti-
tute of Cell Biology, Shanghai, China) were cultured rou-
tinely and processed as described below.

Ear punch wound healing model
A penetrating punch was made in the center of each ear 
of the mice by using a metal punch of 2 mm in diameter. 
Based on previous knowledge that both age and gender 
affect wound healing rate [9], only 6~8-week-old female 
mice were recruited into this study if not otherwise 
stated. At desired time points, the animals were eutha-
nized and the ears were harvested. Pictures were taken 
and the areas of the punch holes were obtained with the 
software Image-Pro Plus 6.0 (Media Cybernetics, Rock-
ville, MD).

Histological analysis
Ears were harvested on day 7 and day 28 after punching 
and fixed in 4% paraformaldehyde for 24h followed by 
routine embedding. Continuous sectioning and hema-
toxylin and eosin staining were applied. To ensure the 
comparability among sections, an effort was made to pick 
the sections running across the hypothetical center of the 
original punch hole, and the amounts of infiltrates and 
new vessels were calculated properly. The sections were 
reviewed by a certified pathologist (WL).

Immunohistochemical detection of MXRA7 proteins 
in murine tissues
At the time of experiments, tissues were harvested from 
mice and subjected to routine immunohistochemical 
assay. In brief, SZ181 (a monoclonal antibody against 
mouse MXRA7 produced in our lab) was used at a pre-
determined dilution (1:100) and incubated overnight at 
4°C. HRP anti-rat/rabbit polymer (MXB, Fuzhou, China) 
was applied for 30 min at room temperature, and DAB 
reagent was used to envision the staining for 5–30 min. 
After washes with distilled water, the slides were coun-
terstained with hematoxylin for 30 s and blued with 
PBS (pH 7.6). After drying and sealing, the images were 
captured.

Quantification of genes at the mRNA level
A piece of tissue about 3 mm in diameter along the 
edge of injured tissues was collected and total RNA was 
extracted with RNAiso Plus (TaKaRa, Dalian, China). 
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Total RNA was reverse transcribed inverted into first-
strand cDNA using PrimeScriptTM II 1st Strand cDNA 
Synthesis Kit (TaKaRa, Dalian, China) according to 
manufacturer’s instructions. Real-time PCR (RT-PCR) 
assays with predetermined primers were performed 
on an ABI 7500 Fast RT-PCR System using TaqMan 
or SYBR-green protocols. Ct value for all genes and 
ΔCt=Ctgene−CtActb for the target gene was obtained 
for each sample, and the relative level of a target gene 
in MXRA7−/− group vs. WT group was calculated as 
2^(ΔCtWT − ΔCtMxra7

−/−). The primer sequences of tar-
get genes are listed in Table S1.

Western blot assay of murine or human proteins
To compare the protein levels of different tissues or cells, 
the tissues or cells were harvested and lysed in RIPA 
buffer (Beyotime, Shanghai, China) with 1mM PMSF for 
30 min on ice. The total protein samples were quantified 
and denatured by boiling in a loading buffer, and 30μg 
proteins of each sample were performed with SDS-PAGE. 
Then, the membranes were incubated with primary anti-
bodies such as SZ181 (1:1000), polyclonal anti-human 
MXRA7 (1:1000 dilution; Sigma-Aldrich Company, St 
Louis, MO), and β-tubulin (1:1000 dilution, TransGen 
Biotech, Beijing, China) at 4°C overnight. Horserad-
ish peroxidase-conjugated secondary antibodies (1:2000 
dilutions, Cell Signal Technology, Beverly, MA) were 
added and incubated. The signals were detected using 
ECL and scanned in a Tanon 4600SF gel imaging system 
(Tanon Biotech, Shanghai, China). ImageJ software (NIH, 
Bethesda, MD) was used for the numerical quantification 
of blot results.

Isolation and migration assay of murine skin fibroblasts
Primary mouse dermal fibroblasts were isolated from the 
skin of 2- to 3-day-old pups from WT and MXRA7−/− 
mice. For migration assay, the cells were grown to conflu-
ence in a 24-well plate. A 100-μL tip was used to scratch 
across the cells and unattached cells were removed by 
PBS washing. Fresh DMEM without serum was added 
and a picture was taken for mark. After culturing for 24 
h, another picture was taken at the same site. Image-Pro 
Plus was used to quantitate invaded areas.

Cell adhesion assay
During the rapid growth phase, cells were resuspended 
at a density of 1.0 ×105 cells/mL and added to each well 
precoated with collagen I and incubated at 37°C, 5% 
CO2. After seeding for 30min and 90min, unattached 
cells were washed twice with PBS. The cell adhesion was 
detected using CCK8 assay and FITC phalloidin staining 
(10 μg/mL, Sigma, St. Louis, MO).

Proliferation assay
Fibroblasts at the exponential phase were harvested and 
reseeded into 96-well plates at3000 cells/well. At 24, 
48, and 72 h, CCK8 reagents (bimake, Shanghai, China) 
were added (10 μL/well). One hour later, the plates were 
read for OD450. For EdU incorporation assay, 2×105 
cells were seeded in 24-well plates. Twenty-four hours 
later, the culture was switched to a medium without 
serum for starvation. Three hours later, the medium was 
replenished with a complete medium containing dif-
ferent concentrations of recombinant MXRA7 proteins 
(0, 5, 50, 500 nM) for 24 h. Then, 10 μM EdU solution 
was added to each well and co-cultured for another 2 h. 
Finally, labeling was performed with a Cell-Light TM 
5′-ethynyl-2′-deoxyuridine Imaging Detection kit (RIBO-
BIO, Guangzhou, China) following the manufacturer’s 
protocol. Images were captured using an Olympus IX51 
inverted fluorescence microscope and analyzed using 
Image-Pro Plus 6.0.

Pull‑down and mass spectrum of MXRA7‑binding proteins
To search for the potential receptor(s) or interactor(s) of 
MXRA7, a pull-down experiment was performed. Total 
proteins prepared from SVEC4-10 cells or NIH3T3 cells 
were divided into three equal parts, one of which was 
left as input control, and another two parts were sub-
jected to pull-down as above. Then, the three samples 
were resolved on SDS-PAGE and we use mass spectrum 
to identify the composition of proteins isolated from 
a gel region. Subsequently, to confirm the actual pres-
ence of hypothetical potential receptor of MXRA7 (e.g., 
vimentin), the samples were subjected to blotting with 
anti-vimentin antibody (1:2000 dilution) or anti-GST 
antibody (1:1000 dilution; TransGen Biotech, Beijing, 
China) as primary antibodies.

Co‑immunoprecipitation
NIH3T3 cells were harvested into Co-IP buffer (Tris-
HCl 50mM, pH7.4, MgCl2 10mM, NaCl 150mM, Tri-
tonX-100, 0.5%) supplemented with protease inhibitors 
and centrifuged at 12,000 g for 15 min. The supernatant 
was mixed with protein A/G agarose (Beyotime Biotech-
nology, Shanghai, China) at 4°C for 30 min to remove 
nonspecific binding constituents. Eight hundred micro-
grams of recovered proteins was mixed with 1μg anti-
MXRA7 antibody (SZ181) or anti-vimentin antibody 
or isotype control IgG (Beyotime, Shanghai, China) at 
4°C overnight on a roller. Then, 40μL protein A/G aga-
rose beads were added for another 2 h at 4°C. The beads 
were spin-washed with pre-cooled Co-IP buffer six times. 
The final sediments were resuspended in an SDS loading 
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buffer and boiled for 10 min. Cleared samples were sepa-
rated on SDS-PAGE followed by transferring to the NC 
membrane. Routine WB was performed with an anti-
MXRA7 antibody (1:1000 dilution, Sigma-Aldrich Com-
pany, St Louis, MO) or anti-vimentin antibody (1:1000 
dilution, Proteintech, Wuhan, China).

Immunofluorescence staining
For immunofluorescence staining, the NIH3T3 cells 
were cultured in 24-well plates on coverslips; when cells 
entered the exponential growth phase, they were fixed 
with 4% PFA.  All the samples were permeabilized with 
0.5% Triton. To observe whether MXRA7 proteins colo-
calize with vimentin, anti-murine MXRA7 (1:100 dilu-
tion, SZ181) and anti-vimentin (1:500 dilution, Abcam, 
Cambridge, MA) antibodies were used and incubated 
overnight at 4°C. Alexa Fluor 488-conjugated anti-rabbit 
IgG (1:500, Abcam, Cambridge, MA) and Alexa Fluor 
594 anti-mouse IgG (1:500, Abcam, Cambridge, MA) 
were used as the secondary antibody and incubated for 1 
h at room temperature. The images were acquired with a 
microscope (Leica, Bensheim, Germany). 

Statistical analysis
When applicable, the data are presented as the means ± 
S.D. The statistical analyses were performed with Stu-
dent’s t test (unpaired, two-tailed). p-values <0.05 were 
considered significant.

Results
Regenerating cutaneous tissues manifested increased 
MXRA7 expression
The ear punch hole made with a puncher is an excellent 
model for studying cutaneous wounds and healing for 
its convenience and consistency and thus was selected to 
explore the potential effects of MXRA7 in wound healing. 
In wild-type (WT) mice, when a punch hole was made, 
the dermal layers of the regenerating section manifested 
decreased expression of MXRA7 overall, and MXRA7 
proteins were more likely distributed in non-cellular 
structure, assumedly intercellular spaces. In the cutaneous 
mass of regenerating tissues, the fibroblast cells stained 
heavily for MXRA7 (Fig.  1a). At the same time, western 
blot assay of proteins from injured area tissues showed 
that the MXRA7 expression increased significantly after 
the wound, especially at day 3 post-injury (Fig. 1b). These 
observations suggested that MXRA7 proteins might be an 
initiator or enhancer of the wound healing process.

Deficiency of MXRA7 impaired wound healing process 
in mice
In line with the above notations, wound healing in 
MXRA7−/− mice was slower than that in WT coun-
terparts. Specifically, on day 28 after injury, the punch 
holes in most WT mice were no longer visible to the 
naked eyes, while apparent holes were still present in 
MXRA7−/− mice (Fig. 2a). Though there were controver-
sial reports on the effect of sex on healing speed [10], ear 

Fig. 1  The expression and distribution of MXRA7 at different stages of wound healing. a Detection of MXRA7 proteins in the normal ear or in 
tissues close to an ear punch. b MXRA7 protein levels in tissues around the punch at different times as detected by western blot and relative 
quantification statistics. *p<0.05, **p<0.01, ***p<0.001
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punch wounds in female mice of both MXRA7−/− and 
WT mice healed slightly faster than those in male ones, 
but no statistical significance was achieved in either sex 
(Fig. S1).

Consistent with the observation of gross examina-
tion, newly regenerated tissues at a histological level in 
MXRA7−/− mice were shorter than that in WT mice at 
day 7 and day 28 after injury, respectively (Fig. 2b). Fur-
thermore, regenerated tissues in MXRA7−/− mice mani-
fested fewer newly formed vessels and fewer infiltrated 
inflammatory cells, indicating a more active regenerating 
presentation in WT mice (Fig.  2b, c). Masson staining 
showed the collagen deposition in MXRA7−/− mice was 
decreased at day 19 after injury (Fig. 2d). To identify the 
molecular basis of the impairment of wound healing in 
MXRA7−/− mice, three groups of genes were measured 
at mRNA level in the reconstituting ear tissues on day 7 
after injury. These genes coded for collagens, matrix met-
alloproteinase (MMPs), and myofibroblast differentiation 
modulators. It was found that with exception of col3a1, 
the expression of all other genes manifested a decrease 
in injured MXRA7−/− mouse ears when compared with 
WT ones (Fig. 2e). All of these results indicated MXRA7 
may influence wound healing by regulating the function 
of fibroblasts.

Deficiency of MXRA7 impaired proliferation and migration 
but enhanced adhesion and contraction of fibroblasts
Quite a few public datasets had shown that fibroblasts 
were among the cells that express MXRA7 most abun-
dantly in the skin (Fig. S2, [11]). Meanwhile, combined 
with the distribution changes of MXRA7 observed 
during wound healing in WT mice (Fig.  1a), we spec-
ulated MXRA7 may play important roles on dermal 
fibroblasts during wound healing. To check the role 
of MXRA7 in fibroblasts in cutaneous wound heal-
ing, a couple of features related with fibroblasts were 
examined. First, the expression of the fibroblast-spe-
cific activation marker αSMA was measured. Western 
blotting showed that αSMA was increased in healing 
tissues of WT ears at day 7, and this increase was abro-
gated in MXRA7−/− mice (Fig.  3a). The decrease of 
αSMA expression in MXRA7−/− mice compared with 

WT mice was confirmed with immunohistochemis-
try (Fig.  3b). As expected, αSMA manifested a higher 
expression level in the growing edge of the regenerating 
ear tissues in WT mice, but its intensity was decreased 
in MXRA7−/− mice. Next, dermal fibroblast cells were 
isolated from mice for in  vitro comparison, and it was 
found that fibroblasts from MXRA7−/− mice showed 
decreased proliferation potential (Fig.  3c, d). Migra-
tion of fibroblasts was also impaired upon MXRA7 
deficiency (Fig. 3e). Cell spreading assay was performed 
to compare the adhesion of MXRA7−/− and WT fibro-
blast to collagens, and the results showed that MXRA7 
deficiency enhanced fibroblast adhesion (Fig.  3f, g). 
A similar increase in contractility was observed for 
MXRA7−/− fibroblasts (Fig. 3h). RT-qPCR assay showed 
that besides fibronectin and αSMA, the expression of 
common ECM-related collagens and matrix metallo-
proteinase (MMPs) were decreased in MXRA7−/− fibro-
blasts. All these suggested that MXRA7 is required for 
fibroblast proliferation and migration and plays roles in 
regulating ECM (Fig. 3i).

Vimentin‑mediated MXRA7 functions in fibroblasts
In a parallel project performed in vascular endothelial 
cells, we obtained data showing that vimentin (Vim) was 
among the proteins that formed a complex with MXRA7 
proteins in murine endothelial cells (Table S1, Fig. S3). 
This MXRA7-Vim interaction was also observed in the 
murine fibroblast cell line NIH3T3. In brief, rmMXRA7 
could pull down Vim from proteins of NIH3T3 (Fig. 4a). 
When NIH3T3 cellular proteins were immune precipi-
tated with anti-MXRA7 antibodies, vimentin was also 
detectable in the precipitate as expected, or vice versa 
(Fig.  4b), confirming that Vim and MXRA7 formed a 
complex in physiological conditions. Immunostaining 
demonstrated that while Vim was mainly distributed in 
sub-plasma membrane spaces, MXRA7 were distrib-
uted evenly in cytosolic with increased levels on the 
membrane (Fig.  4c). Meanwhile, the rescuing effect of 
rmMXRA7 on fibroblast proliferation in a concentration-
dependent manner (Fig. S4) was blocked by anti-Vim 
antibodies (Fig. 4d).

(See figure on next page.)
Fig. 2  Wound healing was hampered in MXRA7−/− mice. a Comparison of wound healing in WT and MXRA7−/− mice as indicated by residual 
punch sizes. Shown were representative images of ears and sizes of punch holes calculated with the Image-Pro Plus 6.0 (average with a standard 
deviation of seven samples from seven mice in each group). b Representative histological images of healing ear tissues. (III, IV) At day 7 after 
injury, the newly regenerating tissue contained more infiltrating cells (red arrow heads) and new blood vessels (black arrow heads) in WT mice 
than in MXRA7−/− mice. (I, II) Double-headed arrows measured the length of regenerated tissues by day 28. Original magnifications: I, II, 100×; 
I II, IV, i, ii, 200×; iii, iv, 400×. *p<0.05, **p<0.01, ***p<0.001. c Direct immunofluorescence staining of CD11b showed that inflammatory cells of 
WT were significantly more than those of MXRA7−/− mice on day 7 after injury. d Masson staining showed there was less collagen deposition in 
the regenerated tissues of MXRA7−/− mice compared to WT mice on day 19 after injury. e RT-qPCR detected the expression of genes coding for 
collagens, MMPs, and myofibroblast differentiation modulators
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Fig. 2  (See legend on previous page.)
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Fig. 3  Functions of fibroblasts were impaired with MXRA7 deficiency. a, b Western blot and IHC staining for αSMA in tissue belts around the punch 
holes. c, d Fibroblasts purified from abdominal skins of WT and MXRA7−/− mice were compared for their proliferation as measured with CCK-8 assay 
and EdU incorporations. e Fibroblasts purified from the abdominal skins of WT and MXRA7−/− mice were compared for their migration ability. f 
Confocal microscopy images of WT and MXRA7−/− fibroblast cells. Cells were cultured in a collagen-precoated 24-well plate for 3 and 90 min, and 
F-actin was stained with FITC-labeled phalloidin. g CCK8 assay was used to detect the number of cells adhered to collagen. h Contraction behavior 
of cell-seeded collagen gels for WT and MXRA7−/− fibroblasts. WT and MXRA7−/− fibroblasts were embedded in collagen gel and incubated for 24 
h. After photography, collagen gel contraction was evaluated by measurement of gel diameter. i RT-qPCR detected the expression of genes coding 
for collagens, MMPs, fibronectin, and αSMA in WT and MXRA7−/− fibroblasts. Error bars represent the mean ± S.D.; *p<0.05, **p<0.01, ***p<0.001
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Next, we measured whether the MXRA7-Vim inter-
action affected the signaling pathways reported to 
participate in wound healing. It was found that JNK, 
P38, and STAT3/STAT5 pathways were impaired in 
MXRA7−/− fibroblast while the ERK1/2 pathway was 
not affected in this context. After the addition of exog-
enous rmMXRA7 proteins, the levels of pP38, pJNK, 
pSTAT3, and pSTAT5 were up-regulated in MXRA7−/− 
fibroblasts (Fig.  5a, b). Not surprisingly, the addition 
of anti-Vim antibodies blocked the rescuing effect of 
rmMXRA7 for pJNK, pSTAT3, and pSTAT5 pathway 
activation. The “hypersensitivity” of pP38 to anti-Vim 
antibodies was beyond our knowledge and explanation. 
At the same time, we also found that JNK, STAT3, and 
STAT5 pathways were impaired at day 7 after injury in 
MXRA7−/− mice (Fig. 5c, d). Therefore, we believe that 
the changes of these three phosphorylated proteins at 
the wound site may be due to their effect on fibroblasts. 
These results suggested that the MXRA7 deficiency 
impaired endogenous or baseline activation of JNK and 
STAT3/STAT5 signaling pathways, which might under-
line the alteration observed in MXRA7-deficient mice 
or cells.

Discussions
Successful cutaneous wound healing requires a series of 
tightly coordinated steps including inflammation, ECM 
remodeling, and tissue reconstruction. In all these pro-
cesses, fibroblasts are among the main effector cells [12]. 
Many public datasets obtained via single-cell sequencing 
demonstrated that fibroblasts are among the cells that 
contained the most MXRA7 messengers in examined tis-
sues (Fig. S2). The facts that soluble rmMXRA7 proteins 
rescued functions of MXRA7−/− fibroblasts and that anti-
Vim antibodies blocked the rmMXRA7’s rescuing potency 
(Figs.  4 and 5) suggested that MXRA7 was an autocrine 
factor in fibroblasts that involved Vim in certain ways. 
Though lacking deep investigation into the molecular 
mechanisms underlying MXRA7 functions, evidence was 
strong enough to suggest that MXRA7 was a novel player 
in cutaneous wound healing and thus deserved more 
investigations in the future, and a couple of issues warrant 
discussions.

MXRA7 were multifaceted molecules and may function 
in various manners. MXRA7 could be secreted out of cells 
and, in turn, concur effect on cells, just like in fibroblasts 

in this study. In cells, MXRA7 may interact with Vim, thus 
regulating cell moving or cytoskeleton reorganization. 
Obviously, MXRA7 proteins did not stay in cells merely 
as loads produced in ER/Golgi waiting to be secreted out. 
The ability of MXRA7 proteins to bind Vim and probably 
other cytoskeleton molecules like TUBB5, ACTG1, etc., or 
metabolic enzymes like GAPDH, ATP5A1, etc. (Table S1), 
strongly suggested that MXRA7 should be an intracellular 
structural component as well. As one of the main interme-
diate filaments, Vim not only plays critical and meticulous 
roles in the cytoskeleton system [13], but also modulates 
communications between extracellular and intracellular 
scaffolds [14, 15], hence determining the overall cellular 
functions and body health [16, 17]. So, the discovery of 
direct interactions between MXRA7 and Vim provided 
an ideal starting point for dissecting the roles of cytosolic 
MXRA7 proteins.

Cutaneous healing is a procedure contributed by 
fibroblasts and keratinocytes. When cartilage was also 
involved, like in the ear punch model in this study, chon-
drocytes might also be modulated by MXRA7 just like 
fibroblasts. Comparing with the questions answered by 
this study, much more questions remained to be answered 
for a better understanding of how MXRA7 affected cuta-
neous healing at different levels. Future studies should 
define how MXRA7 proteins interact with well-known 
ECM constituents, how MXRA7 affects keratinocytes, 
and how MXRA7 participates in the regulation of vari-
ous physiological and pathological processes concern-
ing skin and beyond. More importantly, much more 
effort should be made to check whether the observations 
obtained in the murine system would be true for humans. 
Better knowledge of MXRA7 biology might provide new 
therapeutic insights in wound healing. More biomedical 
researches should address MXRA7’s potential involve-
ment in the pathogenesis of matrix-related diseases or 
the potential utilization of MXRA7 as a target for such 
diseases.

From the general biological viewpoint, the significance 
of current findings went beyond cutaneous wound heal-
ing and also proposed MXRA7 as a valuable target and 
tool in the field of matrix biology. In one word, this study 
for the first time identified MXRA7 protein as a novel 
matrix constituent that might have other functions as 
well.

(See figure on next page.)
Fig. 4  MXRA7 proteins manifested direct interactions with Vimentin. a Membrane proteins from NIH3T3 fibroblasts were subjected to pull-down, 
and recovered samples were separated on SDS-PAGE followed by staining for vimentin or GST control. b Total proteins prepared from NIH3T3 
cells were precipitated with anti-MXRA7 antibodies or anti-vimentin, respectively, and sediments were cross-examined by western blot. c The 
co-localization of vimentin and MXRA7 proteins in NIH3T3 cells was detected by a confocal laser microscope. d Vimentin antibody can block the 
proliferative effect on MXRA7−/− fibroblasts caused by the protein rmMXRA7
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Fig. 4  (See legend on previous page.)
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Fig. 5  Western blot detected the signaling pathways that participate in wound healing. a Including the phosphorylation level of the MAPK 
pathway (ERK1/2, JNK, and p38) and STAT3/STAT5 pathways from isolated fibroblasts. b Summary of western blotting results in a. Error bars 
represent the mean ± S.D.; *p<0.05, **p<0.01, ***p<0.001. c The phosphorylation level of MAPK pathway (ERK1/2, JNK, and p38) and STAT3/STAT5 
pathways from wounds at day 7 after injury. d The bands in c were quantified by using ImageJ. Error bars represent the mean ± S.D.; *p<0.05, 
**p<0.01, ***p<0.001



Page 11 of 11Shen et al. Inflammation and Regeneration            (2023) 43:5 	

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

Supplementary Information
The online version contains supplementary material available at https://​doi.​
org/​10.​1186/​s41232-​023-​00256-8.

Additional file 1: Table S1. Primers and probes used for RT-qPCR. 
Table S2. List of proteins pulled-down by recombinant MXRA7 from 
SVEC4-10 cells. Figure S1. The effect of genders on wound healing speed 
in both WT and MXRA7-/- mice. Figure S2. Archived MXRA7 expression 
in various cells of different organs in Human Protein Atlas. Figure S3. 
GST pull-down analysis of the interaction between MXRA7 and Vimentin 
proteins by SDS-PAGE. Figure S4. EdU proliferation assay analysis of the 
effect of different concentrations of rmMXRA7 on the growth of MXRA7-/- 
fibroblast cells.

Acknowledgements
Not applicable.

Authors’ contributions
Conceptualization and designment: YS, JN, WL, and YW; investigation: YS, JN, 
LZ, WL, TW, and JY; resources: YW; funding acquisition: YW; draft prepara-
tion: YS, JN, and YW; approval of the manuscript: all. The author(s) read and 
approved the final manuscript.

Funding
This work was supported by the Natural Science Foundation of China 
(81271050, 81600076). Wang Y was partially supported by  a Research Devel-
opment Fund of XJTLU (RDF-22-01-088).

Availability of data and materials
Data sharing is not applicable to this article. All data supporting the findings 
are presented within the article and in its Supplementary Materials.

Declarations

Ethics approval and consent to participate
The use of mice in this study was approved by the Ethics Committee of The 
First Affiliated Hospital of Soochow University with issue numbers FYY2013-
NSFC81271050, and all protocols observed The Chinese Ministry of Science 
and Technology Guidelines on the Humane Treatment of Laboratory Animals 
(vGKFCZ-2006-398), which was basically equivalent to the NIH Guide for the 
Care and Use of Laboratory.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Received: 14 May 2022   Accepted: 5 January 2023

References
	1.	 Jia C, Zhang F, Zhu Y, Qi X, Wang Y. Public data mining plus domestic 

experimental study defined involvement of the old-yet-uncharacterized 
gene matrix-remodeling associated 7 (MXRA7) in physiopathology of the 
eye. Gene. 2017;632:43–9.

	2.	 Deng S, Zhou X, Ge Z, Song Y, Wang H, Liu X, Zhang D. Exosomes from 
adipose-derived mesenchymal stem cells ameliorate cardiac dam-
age after myocardial infarction by activating S1P/SK1/S1PR1 signaling 
and promoting macrophage M2 polarization. Int J Biochem Cell Biol. 
2019;114: 105564.

	3.	 Lin D, Sun Z, Jin Z, Lei L, Liu Y, Hu B, Wang B, Shen Y, Wang Y. Matrix 
remodeling associated 7 deficiency alleviates carbon tetrachloride-
induced acute liver injury in mice. Front Immunol. 2018;9:773.

	4.	 Ning J, Shen Y, Wang T, Wang M, Liu W, Sun Y, Zhang F, Chen L, Wang Y. 
Altered expression of matrix remodelling associated 7 (MXRA7) in psori-
atic epidermis: evidence for a protective role in the psoriasis imiquimod 
mouse model. Exp Dermatol. 2018;27:1038–42.

	5.	 Jiang D, Rinkevich Y. Scars or regeneration?-dermal fibroblasts as drivers 
of diverse skin wound responses. Int J Mol Sci. 2020;21(2):617.

	6.	 Battaglia RA, Delic S, Herrmann H, Snider NT. Vimentin on the move: new 
developments in cell migration. F1000Res. 2018;7:F1000.

	7.	 Eckes B, Colucci-Guyon E, Smola H, Nodder S, Babinet C, Krieg T, Martin P. 
Impaired wound healing in embryonic and adult mice lacking vimentin. J 
Cell Sci. 2000;113(Pt 13):2455–62.

	8.	 Cheng F, Shen Y, Mohanasundaram P, Lindstrom M, Ivaska J, Ny T, Eriksson 
JE. Vimentin coordinates fibroblast proliferation and keratinocyte dif-
ferentiation in wound healing via TGF-beta-Slug signaling. Proc Natl Acad 
Sci U S A. 2016;113:E4320-4327.

	9.	 Rono B, Engelholm LH, Lund LR, Hald A. Gender affects skin wound heal-
ing in plasminogen deficient mice. PLoS One. 2013;8: e59942.

	10.	 Gilliver SC, Ruckshanthi JP, Hardman MJ, Nakayama T, Ashcroft GS. Sex 
dimorphism in wound healing: the roles of sex steroids and macrophage 
migration inhibitory factor. Endocrinology. 2008;149:5747–57.

	11.	 Sole-Boldo L, Raddatz G, Schutz S, Mallm JP, Rippe K, Lonsdorf AS, Rod-
riguez-Paredes M, Lyko F. Single-cell transcriptomes of the human skin 
reveal age-related loss of fibroblast priming. Commun Biol. 2020;3:188.

	12.	 Bainbridge P. Wound healing and the role of fibroblasts. J Wound Care. 
2013;22(407–408):410–2.

	13.	 Shabbir SH, Cleland MM, Goldman RD, Mrksich M. Geometric control of 
vimentin intermediate filaments. Biomaterials. 2014;35:1359–66.

	14.	 Li YY, Choy TH, Ho FC, Chan PB. Scaffold composition affects cytoskeleton 
organization, cell-matrix interaction and the cellular fate of human mes-
enchymal stem cells upon chondrogenic differentiation. Biomaterials. 
2015;52:208–20.

	15.	 Bhattacharya R, Gonzalez AM, Debiase PJ, Trejo HE, Goldman RD, Flitney 
FW, Jones JC. Recruitment of vimentin to the cell surface by beta3 integ-
rin and plectin mediates adhesion strength. J Cell Sci. 2009;122:1390–400.

	16.	 Minin AA, Moldaver MV. Intermediate vimentin filaments and their role in 
intracellular organelle distribution. Biochemistry (Mosc). 2008;73:1453–66.

	17.	 Danielsson F, Peterson MK, Caldeira Araujo H, Lautenschlager F, Gad AKB. 
Vimentin diversity in health and disease. Cells. 2018;7(10):147.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.1186/s41232-023-00256-8
https://doi.org/10.1186/s41232-023-00256-8

	Matrix remodeling associated 7 proteins promote cutaneous wound healing through vimentin in coordinating fibroblast functions
	Abstract 
	Introduction
	Materials and methods
	Mice and cell lines
	Ear punch wound healing model
	Histological analysis
	Immunohistochemical detection of MXRA7 proteins in murine tissues
	Quantification of genes at the mRNA level
	Western blot assay of murine or human proteins
	Isolation and migration assay of murine skin fibroblasts
	Cell adhesion assay
	Proliferation assay
	Pull-down and mass spectrum of MXRA7-binding proteins
	Co-immunoprecipitation
	Immunofluorescence staining
	Statistical analysis

	Results
	Regenerating cutaneous tissues manifested increased MXRA7 expression
	Deficiency of MXRA7 impaired wound healing process in mice
	Deficiency of MXRA7 impaired proliferation and migration but enhanced adhesion and contraction of fibroblasts
	Vimentin-mediated MXRA7 functions in fibroblasts

	Discussions
	Acknowledgements
	References


