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Abstract. ectomesenchymal stem cells (eMScs) represent a 
type of adult stem cells derived from the cranial neural crest. 
These cells are capable of self-renewal and have the potential 
for multidirectional differentiation. Tissue transglutaminase 
type 2 (TG2) is a ubiquitously expressed member of the trans-
glutaminase family of ca2+-dependent crosslinking enzymes. 
However, the effect of TG2 on neural differentiation and prolif-
eration of eMScs remains unknown. To determine whether 
TG2 improves eMSc proliferation and neurogenesis, a stable 
TG2-overexpressing eMSc cell line (TG2-eMScs) was estab-
lished by using an adenovirus system. Immunofluorescence 
staining and western blot analyses demonstrated that TG2 
overexpression had beneficial effects on the rate of EMSC 
neurogenesis, and that the proliferative capacity of TG2-eMScs 
was higher than that of controls. Furthermore, the results of 
western blotting revealed that extracellular matrix (ecM) and 
neurotrophic factors were upregulated during the differentia-
tion of TG2-eMScs. notably, TG2-eMSc transplantation in 
an animal model of spinal cord injury (Sci), TG2-eMScs 
differentiated into neuron-like cells and enhanced the repair 
of Sci. Taken together, these results demonstrated that TG2 
gene transfection may offer a novel strategy to enhance eMSc 
proliferation and neurogenesis in vivo and in vitro, which may 
ultimately facilitate eMSc-based transplantation therapy in 
patients with Sci. 

Introduction

increasing evidence has revealed that stem cells can express 
neural cell markers and improve neurological function 
when transplanted into animal models of spinal cord injury 
(Sci) (1,2). in particular, mesenchymal stem cells (MScs) 
have emerged as one of the most promising types of stem 
cells due to favorable ethical considerations and improved 
safety (3). notably, ectomesenchymal stem cells (eMScs), 
which are derived from the cranial neural crest and isolated 
from the nasal septum, are capable of self-renewal, possess 
the potential for multi-directional differentiation, and have a 
strong propensity to differentiate into neurons, and osseous 
and glial cells (4). a previous study from our laboratory 
demonstrated that eMScs transplanted into a rat model of 
SCI can reduce the functional deficits associated with SCI and 
promote histological reconstruction in the injured spinal cords 
of rats and behavioral recovery from an Sci (5). Since eMScs 
can be easily isolated from the nasal septa of adult donors 
without invasive surgery, eMScs represent a promising type 
of stem cell for the treatment of Sci (6). However, the use of 
eMScs in tissue regeneration has been limited, due to their 
low proliferation rate, limited lifespan and the progressive loss 
of their stem cell properties during in vitro expansion (7,8).

Transglutaminase type 2 (TG2) is a unique member of 
the transglutaminase family of ca2+-dependent crosslinking 
enzymes (9,10). an increasing body of evidence from the 
past decade has revealed that TG2 has multiple and complex 
activities at the cell surface and within the extracellular matrix 
(ecM). in particular, TG2 has a crucial role in the regula-
tion of cell-ecM interactions and in outside-in signaling via 
several types of transmembrane receptor (11). in addition, a 
number of studies reported that TG2 has important enzymatic 
and non-enzymatic functions, including the modulation of 
cell interactions with the ecM and soluble growth factors via 
non-covalent interactions with, and regulation of, integrins 
and growth factor receptors (12,13). Furthermore, TG2 can 
also act as an adhesion receptor for fibronectin (Fn) and 
laminin (ln) at the cell surface, including vascular smooth 
muscle cells, connective tissue fibroblasts, osteoblasts, neurons 
and astrocytes (11). To the best of our knowledge, TG2 is 
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involved in numerous processes, including cellular differen-
tiation, apoptosis, adhesion and matrix assembly (14,15). in 
particular, it has been demonstrated that TG2 is associated 
with cell differentiation in neurons and astrocytes, and that it 
is crucial for neuronal differentiation in human neuroblastoma 
SH-SY5Y cells (16). although biochemical and biological 
responses induced by TG2 on primary cultured cells or 
established cell lines have been extensively studied (17,18), 
little is currently known regarding TG2 effects on eMScs 
undifferentiated cells. 

To determine whether TG2 expression could improve 
eMSc proliferation and neurogenesis, the present study inves-
tigated the biological mechanism involved in the effects of TG2 
on the proliferation, migration and differentiation of eMScs 
isolated from the nasal septum of rats. The therapeutic effects 
of transplanting TG2-transfected eMScs in rats following Sci 
were subsequently investigated.

Materials and methods

Isolation and expansion of rat EMSCs. eMScs were isolated 
following the protocol described in our previous study (10). 
Briefly, two female Sprague‑Dawley (SD) rats (weight, 120 g; 
provided by jiangsu university animal center) were sacri-
ficed by intraperitoneal injection of pentobarbital sodium 
overdose (200 mg/kg). Subsequently, nasal septum mucosa 
tissue samples were collected from the lower third of the 
rat nasal septum (4). These mucous membranes were gently 
minced into pieces (0.5-1 mm3). and cultured in dulbecco's 
modified eagle's medium/nutrient mixture F12 (Hyclone; 
Ge Healthcare life Sciences) containing 10% fetal bovine 
serum (FBS; GiBco; Thermo Fisher Scientific, inc.) and 
penicillin‑streptomycin (100 U/ml) and placed at 37˚C in a 
humidified incubator containing 5% CO2. after seven days, 
medium was replaced and non-adherent cells were removed. 
Spindle-shaped adherent eMScs were expanded and puri-
fied via three passages following the initial seeding. Medium 
was then replaced and cells were observed with an inverted 
phase contrast microscope every three days. after 14 days, 
spindle-shaped adherent eMScs were harvested using 0.25% 
trypsin and subcultured until they reach 80-90% conflu-
ence. eMScs (passage 3) were identified by detecting the 
expression of nestin (rabbit polyclonal, ab27952, abcam), 
vimentin (mouse monoclonal; cat. no. BM0135; Wuhan Boster 
Biological Technology, ltd.; 1:400), cd133 (rabbit polyclonal; 
cat. no. Ba3993-2; Wuhan Boster Biological Technology, ltd.; 
1:400) and cd44 (rabbit polyclonal; cat. no. a00052; Wuhan 
Boster Biological Technology, Ltd.; 1:400) by immunofluo-
rescence staining according to the protocol described in the 
following section.

Immunofluorescence staining. cells were fixed with 4% 
paraformaldehyde (PFA) for 30 min at 4˚C and then washed 
three times with PBS and treated with PBS containing 0.3% 
Triton X-100 and 3% bovine serum albumin (Beijing Solarbio 
Science & Technology co., ltd.) for 20 min at room tempera-
ture. Following another round of washing with PBS, cells 
were incubated with the aforementioned primary antibodies 
against nestin, vimentin, CD133 and CD44 at 37˚C for 3 h. 
cells were washed three times with PBS and were incubated 

with the corresponding secondary antibodies, including alexa 
Fluor 488/cy3-conjugated goat anti-mouse/rabbit immu-
noglobulin (ig)G cy3-labeled goat anti-mouse/rabbit igG 
(1:200; cat. no. c5838/c2821 Sigma-aldrich; Merck KGaa) 
and alexa Fluor 488-conjugated goat anti-mouse igG (1:200; 
cat. no. SAB4600388; Sigma‑Aldrich; Merck KGaA) at 37˚C 
for 2 h. The nuclei were counterstained with daPi (0.5 µg/ml; 
Sigma-aldrich; Merck KGaa) at room temperature for 10 min 
and cells were observed under an immunofluorescence micro-
scope (magnification, x100 or x200).

Hematoxylin and eosin staining. after 8 weeks, the rats were 
sacrificed by deep anesthetization with an intraperitoneal 
injection of phenobarbital sodium (200 mg/kg), and fresh 
spine cord were fixed in 4% paraformaldehyde overnight 
at 4˚C. After dehydration in a graded series of ethanol solu-
tions, the tissue was embedded in paraffin. Serial longitudinal 
tissue sections were prepared and subjected to staining and 
observation as follows. The spine cord specimens were cut 
into 10-µm sections, which were stained with hematoxylin and 
eosin at room temperature for 30 min to evaluate the repair 
effects.

Construction of recombinant adenoviruses. The following 
primers were designed to synthesize the TG2 gene (2061 
base pairs): TG2, forward 5'-cTa GcT aGc Gcc acc atg 
gcc gag gag ctg aac ct-3' and rTG2, reverse, 5'-GGa aTT ctt agg 
ccg ggc cga tga tga-3'. a recombinant rat TG2(rTG2) adeno-
virus shuttle plasmid was constructed by nanjing Genscript 
Bioengineering Technology and Services co., ltd. and 
confirmed by sequencing. Briefly, TG2 genes were inserted 
into a padShuttle-ireS-hrGFP2-TG2 vector to prepare shuttle 
vectors, and the padShuttle-ireS-hrGFP2 vector was set as 
a parallel group. Subsequently, 293a cells (2x106 cells/well; 
american Type culture collection) were seeded in 6-cm2 
dishes in dMeM supplemented with 10% FBS and placed 
at 37˚C in a humidified incubator containing 5% CO2 over-
night. The medium was replaced before transfection. The cells 
were transfected at 80‑90% confluency with pacAd5‑9.2‑100 
(2x108 Tu/ml) and the padShuttle-ireS-hrGFP2-TG2 
(4x108 Tu/ml) shuttle plasmid using lipofectamine 2000ä 
(Invitrogen; Thermo Fisher Scientific, Inc.) according to the 
manufacturer's instructions. Following 12 days of transfection, 
recombinant adenoviruses harboring the GFP positive cells 
were selected and TG2 (ad-TG2-GFP) gene were harvested. 
All recombinant adenoviruses were amplified in 293A cells 
and purified using double cesium chloride density gradient 
ultracentrifugation (4˚C, 12,000 g, 2.5 h). Titers of the adeno-
viral stocks were determined using a plaque assay in 293a 
cells. eMScs (2x105) at passage three were infected with 
ad-TG2-GFP at a multiplicity of infection (Moi) of 10 pfu/cell 
following standard infection procedures (19), and the adeno-
virus with no insert was used as the control (ad-eMScs). 
after 24 h, TG2-GFP-eMScs (TG2-eMScs) and ad-eMScs 
were harvested, and TG2-GFP and GFP gene expression was 
detected using a fluorescence microscope. 

Western blot analysis. Protein was detected by western 
blotting. Briefly, cells were lysed with RIPA buffer (Beijing 
Solarbio Science & Technology Co., Ltd.) at 0˚C for 30 min 
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containing phenylmethylsulfonyl fluoride, a phosphatase 
inhibitor (Beijing Solarbio Science & Technology co., ltd.) 
cocktail and edTa (Beijing Solarbio Science & Technology 
co., ltd.). The protein concentrations were determined using a 
BCA kit (Thermo Fisher Scientific, Inc.). Protein (20 µg) from 
each sample was loaded into 8% polyacrylamide gels, sepa-
rated by SdS-PaGe, and transferred onto a polyvinylidene 
difluoride (PVDF) membrane (EMD Millipore) by electro-
phoresis. Then, membranes were blocked with 3% skimmed 
dried milk (dissolved in TBS + Tween-20 (TBST; 20 mM 
Tris‑HCl, 150 mM NaCl pH 7.5 and 0.1% Tween‑20) at 4˚C for 
8 h and incubated with primary antibodies, including anti-TG2 
(1:200; sc-48387, Santa cruz Biotechnology, inc.), anti-β 
iii Tubulin (1:300; cat. no. ab1827; abcam), anti-GaP-43 
(l:500; cat. no. ab16053; abcam; 1:300), anti-MaP2 
(1:500; cat. no. ab11267; abcam), anti-nF-200 (1:300; 
nF-200; cat. no. sc-32729; Santa cruz Biotechnology, inc.), 
anti-BdnF (1:200; cat. no. PB0013; Wuhan Boster Biological 
Technology, ltd.), anti-nGF (1:500; cat. no. Ba0611-2; 
Wuhan Boster Biological Technology, ltd.), anti-Fn (1:500; 
cat. no. Ba1772; Wuhan Boster Biological Technology, 
ltd.) and anti-ln (1:500; cat. no. BM4921; Wuhan Boster 
Biological Technology, Ltd.) at 4˚C for 12 h. Then, membranes 
were washed with TBS + Tween-20 (TBST; 20 mM Tris-Hcl, 
150 mM nacl pH 7.5 and 0.1% Tween-20) and incubated 
with horseradish peroxidase-conjugated secondary antibodies 
(igG; 1:10,000; cat. no. ZB-2301; oriGene Technologies, 
inc.) or HrP-conjugated goat anti-mouse igG (1:10,000; 
cat. no. ZB‑2305; OriGene Technologies, Inc.) for 1 h at 37˚C. 
Following washing with TBST, bands were detected using 
enhanced chemiluminescence substrate (Wuhan Boster 
Biological Technology, ltd.). β-actin (1:400; cat. no. BM3873; 
Wuhan Boster Biological Technology, ltd.) served as the 
protein loading control. The protein bands were scanned with 
Typhoon 9400 variable Mode imager (Ge Healthcare life 
Sciences). each experiment was repeated at least three times 
for statistical analysis.

TG2‑EMSCs proliferation in vitro. in the present study, Ki-67 
immunofluorescence and MTT assay were used to evaluate 
cell proliferation. TG2-eMScs, ad-eMScs and eMScs were 
cultured in 24-well plates at a density of 1x104 cells/well and 
stained by immunofluorescence for Ki‑67 (rabbit polyclonal; 
cat. no. ab15580; abcam; 1:400) according to the aforemen-
tioned procedure; daPi was used to counterstain the nuclei. 
Images were captured by fluorescence microscopy (magnifica-
tion, x200; eclipse Ti; nikon corporation) and the percentage 
of Ki-67-positive cells were analyzed and calculated with 
imagej software (version 1.51k, national institutes of Health). 
The experiment was performed in triplicate, and five visual 
fields were calculated in each well. 

The MTT assay (Beijing Solarbio Science & Technology 
co., ltd.) was conducted to quantify the proliferative capacity 
of EMSCs according to the manufacturer's instructions. Briefly, 
cells were harvested, seeded into 96-well plates at a density 
of 1x104 cells/well and cultured for 1, 3, 5 and 7 days. MTT 
solution (20 µl) was then added to each well and incubated 
at 37˚C for 2 h. Absorbance was read by a HTS 7000 Plus 
Bio assay reader (Perkinelmer, inc.) at 490 nm. To yield the 
cumulative doubling levels, the population doubling level of 

each passage was calculated and then added to the population 
doubling levels of the previous passages. 

Neural differentiation in vitro. The neuronal differentiation 
assay was performed following our previous work (4). Briefly, 
cells were seeded into 24- or 6-well plates at a density of 
1x104 or 2x105 cells/well with neurogenic medium consisting 
of 10% FBS (Ge Healthcare life Sciences), 2% B27 (Gibco; 
Thermo Fisher Scientific, Inc.), 1 µg/ml ATRA (Merck KGaA), 
50 ng/ml sonic hedgehog (PeproTech, inc.) and 50 ng/ml nT-3 
(PeproTech, Inc.) and placed at 37˚C in a humidified incubator 
containing 5% co2 for two weeks; the medium was replaced 
every three days. These differentiated cells were fixed with 4% 
PFA for immunofluorescence staining at 4˚C for 12 h, digested 
using a 0.25% trypsin solution, and washed several times with 
PBS according to the aforementioned protocol. The primary 
antibodies were purchased from chemicon international; 
Thermo Fisher Scientific, Inc. and comprised of mouse anti‑β 
iii Tubulin (Tuj-1; rabbit polyclonal; cat. no. ab1827; abcam; 
1:300), mouse anti-growth associated protein-43 (GaP-43; 
rabbit polyclonal; cat. no. ab16053; abcam; 1:300), mouse 
anti-microtubule-associated protein 2 (MaP2; mouse mono-
clonal; cat. no. ab11267; abcam; 1:300) and mouse anti-actin 
(mouse monoclonal; cat. no. BM5422; Wuhan Boster 
Biological Technology, ltd.; 1:400).

Neural differentiation in vivo. adult female Sd rats weighing 
200 g were used in the present study and all animal proce-
dures were approved by the jiangsu university School of 
Medicine and Gaochun People's Hospital animal experiment 
committee. animals were anaesthetized with sodium 
pentobarbital (50 mg/kg, intraperitoneal injection) and were 
subjected to a dorsal laminectomy at T10 to expose the cervical 
spinal cord (20). Briefly, the dura mater was opened and a spinal 
resection at the T10 level was performed using iridotomy scis-
sors. after hemostasis, transplanted cells were prepared at a 
density of 2x105 cells/µl and 5 µl of the cell suspension was 
poured into a fibrin gel in order to prevent cell loss. The fibrin 
gel containing EMSCs and the fibrin gel without cells (control 
group) were immediately implanted into a hemisected cavity. 
Following surgery, rats received extensive care including 
intramuscular injection of penicillin (50,000 u/kg/day) for 
3 days and manual emiction twice daily. a total of 18 animals 
(n=6 in each of the ad-eMScs, eMScs and TG2-eMSc 
groups) were sacrificed at 4 weeks post‑treatment for western 
blotting and immunofluorescent staining. Firstly, at 4 weeks 
after SCI (20), three animals in each group were sacrificed 
with sodium pentobarbital (200 mg/kg). The spinal cord was 
carefully isolated, fixed overnight in 4% PFA at 4˚C, and 
dehydrated with saturated sucrose (21). Serial longitudinal 
sections were cut with a cryostat and subjected to staining. 
Immunofluorescence staining was performed on 15‑µm spinal 
cord sections incubated with mouse anti-nF-200 (1:300; 
nF-200; cat. no. sc-32729; Santa cruz Biotechnology, inc.) 
and anti-Tuj-1 (1:300; Tuj-1; cat. no. ab1827; abcam) mono-
clonal antibodies overnight at 4˚C, and with Cy3‑conjugated 
rabbit anti-mouse igG (1:200; cat. no. sc-358916; Santa cruz 
Biotechnology, Inc.) at 37˚C for 1 h. Images were captured with 
a Nikon fluorescence microscope. Secondly, western blotting 
was performed to analyze nF-200 and MaP2 expression in 
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rats following SCI. Briefly, at the end of the experiment, three 
animals per group were sacrificed with intraperitoneal injec-
tions of an overdose of pentobarbital sodium (200 mg/kg) and 
1-cm-long spinal cord segments containing the lesion center 
were isolated. For western blotting, the spinal cords were 
removed and homogenized in SdS sample buffer containing 
a protease inhibitor cocktail. Protein samples were separated 
on an 8% SdS-polyacrylamide gel and transferred onto 
nitrocellulose membranes according to the aforementioned 
protocol.

Behavioral assessment. a total of 18 rats (n=6 in each of the 
ad-eMScs, eMSc and TG2-eMSc groups) were allowed 
to survive for eight weeks and were subjected to behavioral 
assessments. Behavioral tests [Grid-walk and Basso, Beattie, 
and Bresnahan (BBB) score] were performed on the same set 
of animals used for the functional recovery analysis (22,23). 
animals were pre-trained for 7 days prior to surgery to walk on 
a grid runway (20x120 cm with 5x5 cm holes) to receive a food 
reward. a Grid-walk test was performed 8 weeks post-surgery. 
at the time of the test, rats were allowed to pass through the 
grid runway 4 times, which was recorded with a digital camera. 
The number of paw placement errors (when the hind paw 
passes through the hole and the knee joint is visible under the 
grid) and the average number of errors per run and per animal 
were then calculated. The BBB score was used to evaluate the 
recovery of neurological function following Sci. animals were 
pre‑acclimatized to the open field for 7 days prior to surgery. 
each animal was given scores on a weekly basis by two 
observers who were blinded to treatment allocation. 

Statistical analysis. all experiments were performed at least 
twice. data are expressed as the mean ± standard deviation. all 
data were analyzed using SPSS 22.0 statistical software (iBM 
corp.). one-way analysis of variance followed by Tukey's 
post-hoc test was used for multiple comparisons. P<0.05 was 
considered to indicate a statistically significant difference.

Results

Morphological characterization and identification of EMSCs. 
as presented in Fig. 1a, eMScs migrated out from the 
lamina propria. after three days, typical spindle-like shaped 
cells adhered to the surface and formed colonies, which was 
observed with a high proliferation rate (Fig. 1B). The cell 
distribution was found to be uniform with a polar shape after 
fusion and swirling growth (Fig. 1c). Furthermore, eMScs 
typically expressed different antigenic markers. our previous 
work revealed that the surface markers vimentin, s100, cd44 
and nestin can be important antigenic markers for eMScs (4). 
To evaluate the cell stemness, antibodies against neural crest 
and mesenchymal stem cell markers, including vimentin 
(Fig. 1d), s100 (Fig. 1e), cd44 (Fig. 1F) and nestin (Fig. 1G), 
were therefore used for immunofluorescent staining. The 
results demonstrated that eMScs were positive for those 
markers, which was consistent with the results from previous 
reports (24,25). These results suggested that high-purity 
eMScs may be harvested simply and efficiently through 
adherent culture.

Transfection efficiency of adenovirus vector with TG2 in 
EMSCs. To evaluate the efficiency of TG2 transfection, 
TG2 expression was evaluated by immunofluorescence and 
western blotting. as presented in Fig. 2a, following a 48-h 
transfection with the adenovirus, eMScs in the transfected 
group displayed GFP fluorescence, and an abundant grit‑like 
TG2 (9,10) was observed around the visible nucleus under fluo-
rescence microscope (Fig. 2B). This indicated that the TG2 
adenovirus had been successfully transfected into eMScs 
without any observable cytopathic effects. Western blotting 
was employed to determine protein expression levels. as 
presented in Fig. 2C and D, TG2 expression was significantly 
increased following transfection of adenoviral vector with 
TG2 in eMScs, whereas eMScs and cells transfected with 
adenoviral vector without TG2 only expressed only a small 

Figure 1. Identification of EMSCs. (A) A representative image of primary EMSCs. Phase‑contract images of EMSCs from passages (B) 3 and (C) 5. EMSCs 
of passage 3 positively expressed neural crest cell and mesenchymal stem cell markers, including (d) vimentin, (e) s100, (F) cd44 and (G) nestin. Scale bar, 
50 µm. eMScs, ectomesenchymal stem cells.
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amount of TG2. These results indicated that cell transfection 
with a TG2 adenoviral vector significantly increased TG2 
expression in eMScs.

Proliferative abilities of TG2‑EMSCs. results from Ki-67 
immunofluorescent staining demonstrated that the majority 
of TG2-eMScs exhibited a high nuclear expression of Ki-67 
(Fig. 3a and B). conversely, Ki-67 expression in the eMScs 
and Ad‑EMSCs groups was significantly weaker. Furthermore, 

the results from the MTT assay and the cell count further 
confirmed that TG2‑EMSCs exhibited a better proliferative 
capacity than the control cells (Fig. 4a and B). collectively, 
these data demonstrated that TG2-overexpressing eMScs 
may have higher expansive and proliferative capacities than 
control cells.

Differences in neurogenic differentiation in vitro. Following 
induction, morphological changes of the differentiated cells 

Figure 2. TG2 transduction into eMScs (TG2-eMScs) with adenovirus. adenovirus vectors without TG2 were also constructed and used as controls 
(ad-eMScs=no insert-infected eMScs). (a) Phase-contract images of TG2-eMScs. (B) TG2-GFP expression in eMScs 24 h following TG2-GFP adenovirus 
transduction. (c) Western blotting of TG2 expression in eMScs. (d) Quantitative analysis of the expression levels of TG2 relative to the expression level of 
actin. data represent the means ± standard deviation of measurements made from three replicates. **P<0.01, as indicated. Scale bar, 50 µm. ad, adenovirus; 
EMSCs, ectomesenchymal stem cells; GFP, green fluorescent protein; TG2, transglutaminase type 2.

Figure 3. Proliferative capacity of TG2‑EMSCs. (A) Ki‑67 immunostaining results. (B) Quantification of Ki‑67+ cell percentage (n=3). **P<0.01, as indicated. 
Scale bar, 50 µm. ad, adenovirus; eMScs, ectomesenchymal stem cells; TG2, transglutaminase type 2.
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were observed by inverted phase contrast microscopy. as shown 
in Fig. 5a, certain cells exhibited neuron-like phenotypes 
(white arrow). in particular, the cytoplasm in TG2-eMScs 
formed a contracted multipolar shape and presented with 
neuronal morphology, including a small cell body and some 
long extensions reminiscent of neurons. conversely, few 
cells displayed morphological changes in the control groups, 
which indicated failure of induction. in addition, as presented 
in Fig. 5a, neuronal markers, including MaP2, GaP-43 and 
Tuj-1 were used to identify the differentiation of neuronal cells. 
These neuronal cells expressed myelination-related molecules, 
such as MaP2, GaP-43 and Tuj-1, more strongly than did 
the ad-eMScs and eMScs. in addition, western blotting 
demonstrated that MaP2, GaP-43 and Tuj-1expression levels 
were significantly increased in TG2‑EMSCs (Fig. 5B and C) 
compared with the control group. Furthermore, significantly 
higher percentages of TG2-eMScs were differentiated into 
GaP-43+, MaP2+ and Tuj-1+ neuron-like cells compared with 
the control group (Fig. 5d).

Involvement of ECM and neurotrophic factors in the 
differentiation of EMSCs. ecM is an important component of 
the cellular microenvironment and is involved in MSc differ-
entiation (10). in the present study, western blotting was used 
to examine the effects of TG2 adenovirus transfection on ecM 
and neurotrophic factors in eMScs. The results demonstrated 
that transfection with TG2 adenovirus promoted ecM deposi-
tion, including ln and Fn, on eMScs. according to western 
blotting results, TG2 adenovirus transfection increased the 
protein levels of neurotrophic factors including nerve growth 
factor (nGF) and brain derived neurotrophic factor (BdnF) in 
differentiated eMScs (Fig. 6). 

Axon marker expression and neurogenic differentiation of 
TG2‑EMSCs in vivo. These experiments aimed to assess the 
effect of TG2 overexpression on the differentiation of trans-
planted eMScs in a Sci lesion in rats. Two weeks following 
transplantation, the TG2-GFP-eMScs were dispersed in the 
lesion sites, as observed by immunofluorescent microscopy. 

Figure 5. cells were induced to differentiate into neuronal-like cells following two weeks of culture in neurogenic differentiation media. (a) representative 
images of GAP‑43, MAP2 and Tuj‑1 staining in cells following induction. (B) Representative western blotting images. (C) Western blotting quantification 
(n=4). (d) Quantitative analysis of cells positive for GaP-43, MaP2 and Tuj-1. data represent the mean ± standard error of the mean of samples analyzed 
in triplicate. **P<0.01, as indicated. Scale bar, 50 µm. ad, adenovirus; eMScs, ectomesenchymal stem cells; GaP-43, growth associated protein-43; MaP2, 
microtubule-associated protein 2; TG2, transglutaminase type 2; Tuj-1, β iii tubulin.

Figure 4. effect of TG2 on eMScs proliferation. (a) results of cell counting and (B) MTT assay (n=5). *P<0.05 and **P<0.01, as indicated. ad, adenovirus; 
eMScs, ectomesenchymal stem cells; TG2, transglutaminase type 2.
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The results demonstrated that nF-200+ cells (Fig. 7) and Tuj-1+ 
cells (Fig. 8) were co-localized with GFP+eMScs (green) in 
the Sci lesion of rats that were transplanted with TG2-eMScs. 
These findings indicated that TG2‑EMSCs may differentiate 
into neurons in vivo.

TG2‑EMSCs transplantation promotes rats functional recovery 
following SCI. BBB and Grid-walk analyses were performed to 
determine the effect of TG2-eMScs transplantation in rats on 
functional recovery following Sci. one week following injury, 
the average BBB score of the three groups was 2.33±0.35. at 

Figure 6. effects of TG2 adenovirus transfection on the ecM and neurotrophic factors in eMScs following neural induction. (a) Western blotting of ln, Fn, 
BDNF and NGF expression levels (B) Western blotting quantification. Data represent the mean ± standard deviation of measurements made from three repli-
cates. *P<0.05 and **P<0.01, as indicated. Ad, adenovirus; BDNF, brain‑derived neurotrophic factor; EMSCs, ectomesenchymal stem cells; FN, fibronectin; 
ln, laminin; nGF, nerve growth factor; TG2, transglutaminase type 2.

Figure 8. differentiation of transplanted TG2-eMScs to the lesion site of 
Sci. (a) representative longitudinal sections showing Tuj-1+ cells (red) 
co-localized with GFP+eMScs (green) in the Sci lesion site at two weeks. 
Scale bar, 500 µm. (B) an enlarged image of the insert in (a). Scale bar, 
200 µm. eMScs, ectomesenchymal stem cells; GFP, green fluorescent 
protein; Sci, spinal cord injury; TG2, transglutaminase type 2; Tuj-1, β iii 
tubulin.

Figure 7. differentiation of transplanted TG2-eMScs to the lesion site of 
Sci. (a) representative longitudinal sections showing nF-200+ cells (red) 
co-localized with GFP+eMScs (green) in the Sci lesion site at two weeks. 
Scale bar, 500 µm. (B) an enlarged image of the insert in (a). Scale bar, 
200 µm. eMScs, ectomesenchymal stem cells; GFP, green fluorescent 
protein; NF‑200, neurofilament‑200; SCI, spinal cord injury; TG2, transglu-
taminase type 2.
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4 weeks following TG2-eMScs transplantation, there was no 
significant difference in BBB scores between groups. However, 
rats transplanted with TG2-eMScs presented a significant 
improvement in the BBB score during continued recovery 
compared with the control group (Fig. 9a). in addition, rats 
were assessed by a Grid-walk test 8 weeks following transplan-
tation. compared with the eMScs- or ad-eMScs-transplanted 
groups, rats that were transplanted with TG2-eMScs exhibited 
a reduced number of footprint errors (Fig. 9B).

NF‑200 and Tuj‑1 expression and EMSC survival. as 
presented in Fig. 10, western blotting demonstrated that the 
nF-200 and Tuj-1 axonal markers were expressed in the lesion. 
at eight weeks post-operation, nF-200 and Tuj-1 expression 
significantly higher in the TG2‑EMSC group compared with 
the control group. These results suggested that TG2-eMScs 
may enhance axonal regeneration.

TG2‑EMSC transplantation increases tissue sparing in rats 
following SCI. To determine whether TG2-eMSc transplan-
tation can increase tissue retention, the gross morphology of 

the injured spinal cord was examined at 8 weeks following 
transplantation. as presented in Fig. 11, the results indicated 
that TG2-eMScs transplantation markedly decreased the 
lesion volume compared with the control groups.

Discussion

central nervous system (cnS) damage invariably leads to severe 
dysfunction. This is due to permanent nerve tissue damage 
caused by the neuron's inability to regenerate effectively (26). 
At present, the efficacy of available treatments remains largely 
unsatisfactory. However, thanks to advances in stem cell 
transplantation therapies, the situation is gradually improving 
as increasing evidence suggests that the treatment of traumatic 
nervous system damage is possible (27-29). notably, the type of 
cell chosen is critical for the therapy efficacy. The present study 
used eMScs because they present stem cell characteristics, 
including nestin, vimentin, S100 and cd133 expression, which 
may increase neuronal survival rate and axon length. in cases 
of injured cnS, eMSc transplantation has been reported to 
improve functional recovery following traumatic Sci (25,30). 

Figure 9. TG2‑EMSCs transplantation improves locomotor recovery following SCI. (A) Rats transplanted with TG2‑EMSCs exhibited significant improve-
ments in locomotor BBB score at three weeks that persisted through to week 8 when compared with the controls group (n=6; *P<0.05 and **P<0.01). (B) The 
TG2-eMScs transplantation group had fewer footfall errors in the Grid-walk analysis than control animals eight weeks post-transplantation. *P<0.05, as 
indicated. ad, adenovirus; BBB, Basso, Beattie, and Bresnahan; eMScs, ectomesenchymal stem cells; Sci, spinal cord injury; TG2, transglutaminase type 2.

Figure 10. Higher expression of nF-200 and Tuj-1 in the TG2-eMScs group was demonstrated by western blotting. (a) Western blotting of nF-200 and Tuj-1 
expression levels. (B) Western blotting quantification. Data represent the mean ± standard deviation of measurements made from three replicates. *P<0.05 and 
**P<0.01, as indicated. Ad, adenovirus; EMSCs, ectomesenchymal stem cells; NF‑200, neurofilament‑200; TG2, transglutaminase type 2; Tuj‑1, β iii tubulin.
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Previous studies from our laboratory demonstrated that eMScs 
can significantly promote the transformation of oligodendrocyte 
precursor cells into oligodendrocytes, and to stimulate oligo-
dendrocyte processes and mature growth in vitro (4,25,31). 
Furthermore, eMScs are a source of numerous trophic mole-
cules, including nGF, nT3 and BdnF, which provide essential 
support to the cnS following injury, and may therefore serve 
a crucial role in CNS regeneration (24,25,31). These findings 
suggest that eMScs may constitute a valuable cell source for the 
treatment of neurological diseases. 

eMScs are pluripotent adult stem cells derived from 
cranial neural crest that have a strong tendency to differen-
tiate into neurons (4,6,25,31). vanella et al (32) reported that 
TG2 is increased during neuronal differentiation in human 
MScs, which suggests that TG2 could serve a key role in the 
biochemical pathway involved in the differentiation of human 
MScs in neural cells and that TG2 may be a part of down-
stream events associated with the neural differentiation of 
MScs. in the present study, eMScs overexpressing TG2 were 
designed to examine the effects of endogenous TG2 on neural 
cell proliferation and differentiation. The results demonstrated 
that high levels of TG2 were detected by western blotting 
without altering cell morphology. in addition, the results from 
immunofluorescence staining revealed a higher percentage of 
Ki-67+ cells in the TG2-eMSc group compared with control 
groups, which were confirmed by the results of the MTT assay 
and cell count. Furthermore, the eMSc-induced differentia-
tion into neurons was more efficient in the TG2‑EMSC group 
than in the control groups. For instance, eMScs revealed 
neuron-shaped and polygonal morphology, which was 
further confirmed by GaP-43, Tuj-1 and MaP2 antigenic 
markers (33,34). in addition, western blotting results indicated 
that the expression levels of GaP-43, Tuj-1 and MaP2 were 
significantly increased in TG2‑EMSCs in vitro. 

TG2 is well known to interact non-covalently with the 
ubiquitous and abundant ecM in vitro (35,36). Previous studies 
demonstrated the ability of cell-surface TG2 to bind to soluble 
proteins of the ecM, including Fn and ln, and to promote 

ecM deposition (37,38). The present study demonstrated that 
the expression levels of FN and LN were significantly higher 
in the TG2-eMSc group compared with the control groups. 
We therefore hypothesized that deposited ecM may promote 
eMScs proliferation by providing strong biological stimuli, 
including arginine-glycine-aspartic acid (rGd) sequences 
contained in the ecM (39). However, numerous studies have 
reported that eMScs isolated and cultured in vitro can secrete 
various neurotrophic factors, including nGF, nT-3 and BdnF, 
which serve crucial roles in neural cell growth, proliferation 
and differentiation (40,41). However, these soluble neurotrophic 
factors are rapidly cleared in vivo and in vitro (42), which might 
explain the weaker cell proliferation and differentiation rates 
observed in the control groups. conversely, more neurotrophins 
were detected in the TG2-eMSc group compared with the 
control groups. These interesting results are reminiscent of the 
soluble neurotrophic factors cross-linked by TG2. increasing 
evidence suggests that TG2 could cross-link cytokines without 
losing biological activity (10,14). Taken together, the results 
from the present study demonstrated that TG2 overexpression 
promoted eMSc proliferation and enhanced eMSc differ-
entiation into neurons by facilitating ecM deposition and 
cross-linking endogenous neurotrophic factors.

although the safety of cell-based gene therapy has not been 
firmly established, TG2‑EMSCs did not cause tumor formation 
within eight weeks following transplantation in rats. conversely, 
TG2-eMScs-transplanted rats presented more nerve fibers 
than rats from the control groups. nF-200 and Tuj-1 are 
considered to be markers of axons. The present study revealed 
that the TG2-eMScs-transplanted group had higher nF-200 
and Tuj-1 expression compared with control groups. These 
neuron-associated proteins may be derived from the differen-
tiation of endogenous neural stem cells, and TG2-eMScs may 
form a microenvironment that facilitates nerve regeneration at 
the site of SCI. Another possible source of nerve fibres was via 
replenishment of the degenerated nerve fibers by the neurons 
directly differentiated from TG2-eMScs. The results from 
immunofluorescence staining demonstrated that TG2‑EMSCs 

Figure 11. Tissue sparing in the spinal cord following spinal cord injury. representative images of sections hematoxylin and eosin-stained showing the 
extent of tissue sparing at the lesion center eight weeks post-transplantation: (a) transglutaminase type 2-eMScs group, (B) adenovirus-eMScs group and 
(c) eMScs group. eMScs, ectomesenchymal stem cells.
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could survive for four weeks and presented neuron-like pheno-
types and morphologies following Sci. 

By promoting the expression of neurotrophins and ecM 
(Fn and ln), TG2-eMScs may improve the neuroregen-
eration microenvironment in spinal cord lesions and enhance 
functional recovery. increasing evidence reports that neuro-
trophins can significantly promote neurogenesis and contribute 
to neuroplasticity and functional recovery following Sci. 
Stable neurotrophic effects may therefore partially explain the 
axonal regeneration and functional recovery observed in the 
present study. The Grid-walk score assesses voluntary move-
ments controlled by dorsal descending tracts. improvements 
in hindlimb performance are important, as the four-point 
increase in the BBB score reveals (43). in the present study, the 
BBB and Grid-walk scores of rats from the TG2-eMSc group 
exhibited a significant improvement compared with rats in 
the control groups. Previous studies demonstrated that eMSc 
treatment can significantly improve functional recovery rats 
following Sci (4,6,25,31). in the present study, the TG2-eMSc 
group had more trophic factors, ecM, and axon regenera-
tion. The results revealed that TG2-eMScs may enhance the 
functional recovery of rats following Sci. recent studies 
reported that TG2 is closely associated with nF-κB signaling 
pathway (44,45). Since TG2 might enhance eMSc quality 
and promote Sci repair by activating the nF-κB signaling 
pathway, future investigations are required to provide novel 
information about the therapeutic potential of TG2 in Sci. 

in conclusion, the present study demonstrated that eMScs 
overexpressing TG2 may promote functional recovery 
following Sci through complex processes. Further investiga-
tion is needed to fully understand the underlying mechanisms 
of TG2-associated protection against Sci.
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