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Abstract
Background/Aims: Transplantation of bone-marrow-derived mesenchymal stem cells (MSCs) 
promotes neural cell regeneration after spinal cord injury (SCI). Recently, we showed that 
suppression of microRNA-383 (miR-383) in MSCs increased the protein levels of glial cell line 
derived neurotrophic factor (GDNF), resulting in improved therapeutic effects on SCI. However, 
the overall effects of miR-383 suppression in MSCs on SCI therapy were not determined yet. 
Here, we addressed this question. Methods: We used bioinformatics tools to predict all miR-
383-targeting genes, confirmed the functional bindings in a dual luciferase reporter assay. 
The effects of alteration of candidate genes in MSCs on cell proliferation were analyzed by 
MTT assay and by Western blotting for PCNA.  The effects on angiogenesis were assessed 
by HUVEC assay. The effects on SCI in vivo were analyzed by transplantation of the modified 
MSCs into nude rats that underwent SCI. Results: Suppression of miR-383 in MSCs not only 
upregulated GDNF protein, but also increased vascular endothelial growth factor A (VEGF-A) 
and cyclin-dependent kinase 19 (CDK19), two other miR-383 targets. MiR-383-suppression-
induced increases in CDK19 resulted in a slight but significant increase in MSC proliferation, 
while miR-383-suppression-induced increases in VEGF-A resulted in a slight but significant 
increase in MSC-mediated angiogenesis. Conclusions: Upregulation of CDK19 and VEGF-A by 
miR-383 suppression in MSCs further improve the therapeutic potential of MSCs in treating 
SCI in rats.
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Introduction

Owing to the potential effects on tissue repair, transplantation of bone-marrow-derived 
mesenchymal stem cells (MSCs) has been used in treating a variety of diseases [1-3], 
including spinal cord injury (SCI), in which the neural cell regeneration was compensated 
by MSC grafting [4-6].

Glial cell line derived neurotrophic factor (GDNF) is critical for neural growth and 
survival, and appears to be an essential trophic factor for development of enteric, sympathetic 
and parasympathetic neurons [7]. Interestingly, GDNF has been overexpressed in MSCs to 
enhance their therapeutic effects in a fatal neurodegenerative disease called amyotrophic 
lateral sclerosis (ALS) [8]. In this study, the authors showed that engineered MSCs that 
secreted GDNF significantly increased the number of neuromuscular connections and motor 
neuron cell bodies in the spinal cord in the disease progression, and ameliorate motor 
neuron loss within the spinal cord, resulting in a significant delay of disease progression 
and a significant increase in overall lifespan of the experimental rats [8]. Since neural cell 
regeneration is critical for post-SCI recovery, we have examined the effects of overexpressing 
GDNF in MSCs on the therapeutic outcome for SCI [9]. Different from direct expression of 
GDNF in MSCs, we suppressed a GDNF-targeting microRNA, miR-383, in MSCs to enhance 
GDNF protein production in MSCs, resulting in a therapeutic potential comparable to direct 
GDNF expression. Since GDNF in MSCs is regulated by miR-383-mediated post-transcriptional 
control, we think that removal or dismissal of this post-transcriptional control that has a 
lower chance to cause ER stress should be advantageous over overwhelmingly expression of 
high GDNF [8, 9]. Our previous report thus highly suggest that suppression of miR-383 may 
increase the therapeutic potential of human MSCs in treating SCI via augmentation of GDNF 
protein levels [9]. However, there is an important remaining question.

As non-coding small RNAs that regress mRNA translation through Watson-Crick pairing 
to the 3′-untranslated region (3′-UTR) of the target mRNA, miRNAs typically have a number 
of target mRNA from a variety of genes [10-13]. Therefore, it is still unknown which genes 
other than GDNF may be affected by miR-383 suppression in MSCs, and how modulation of 
non-GDNF genes may affect the therapeutic effects of MSCs on SCI. Here we addressed this 
question.

In the current study, we used bioinformatics tools to predict miR-383-targeting genes 
other than GDNF and examined their influence on the outcome of MSCs in treating SCI.

Materials and Methods

Protocol approval
All the experimental methods including animal protocols in the current study have been approved by 

the research committee at Harbin Medical University and carried out in accordance.

Production of adeno-associated viruses for MSC transduction
The Human Embryonic Kidney 293 cell line (HEK293, American Type Culture Collection, ATCC, 

Rockville, MD, USA) was used for virus production, as previously reported [9]. We used a pAAV-CMVp-GFP 
plasmid (Clontech, Mountain View, CA, USA), a packaging plasmid R2C8 carrying the serotype 2 rep and 
cap genes (Applied Viromics, LLC. Fremont, CA, USA), and a helper plasmid plAd5 carrying the adenovirus 
helper functions (Applied Viromics, LLC.) for generating AAVs in this study. AAVs were produced by co-
transfecting HEK293 cells with the prepared pAAV-CMVp-as-miR-383 or pAAV-CMVp-Null plasmids, and 
a shRNA for CDK19 (shCDK19) or a shRNA for VEGF-A (shVEGF-A), R2C8 and plAd5 by Lipofectamine 
3000 (Invitrogen, St. Louis, MO, USA). The viruses were purified using CsCl density centrifugation and 
then titration was determined by a quantitative densitometric dot-blot assay. These viruses were used to 
transduce MSCs using a MOI of 20 to 100.
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Cell isolation and culture
Human bone-marrow derived MSCs were isolated from a 40-year-old male healthy donor, who had 

received and signed proper informed consent form after IRB approval was obtained, as previously reported 
[9]. Culture of MSCs was done as previously reported [9]. Human umbilical vein endothelial cells (HUVECs) 
were purchased from ATCC, and grown in M-200 supplemented medium with low serum growth supplement 
(Invitrogen).

SCI model and MSC transplantation
SCI was induced in male nude rats (SLAC Laboratory Animal, Shanghai, China) of 200g body weight, 

as previously reported [9]. Briefly, the 12-week-old nude rats were deeply anesthetized by intraperitoneal 
injection of chloral hydrate (70 mg/ml, 0.4 ml per 100 g, Sigma-Aldrich). After skin incision, laminectomy 
at the Th8 vertebral level was performed. The impact rod (diameter 2 mm, weight 10 g) of an impactor was 
centered above Th8 and dropped from a height of 25 mm to induce SCI. Immediately after laminectomy or 
SCI, MSCs were intraspinally injected at 106/500μl into the rats, using a 25G needle. To avoid significant 
flowback, the injection was performed in a very slow speed (about 10μl/second) at one spot, after which gel 
foam thrombin (Pfizer, Shanghai, China) was applied onto the injection spot after injection. After surgery, 
0.05 mg/kg buprenorphine was administered subcutaneously for analgesia and the animals were monitored 
for 1 h before they were transferred back and maintained in a specific pathogen-free environment in positive 
pressure rooms with a standard 12-h day/12-h night cycle.

Quantitative real-time PCR (RT-qPCR)
Total RNA were extracted from cultured cells with miRNeasy mini kit (Qiagen, Hilden, Germany) for 

cDNA synthesis. Quantitative real-time PCR (RT-qPCR) was performed in duplicates with QuantiTect SYBR 
Green PCR Kit (Qiagen). All primers were purchased from Qiagen. Data were collected and analyzed using 
2-ΔΔCt method. Values of genes were first normalized against α-tubulin, and then compared to experimental 
controls.

Western blot
Proteins were isolated from cultured cells using RIPA lysis buffer (Sigma-Aldrich). Protein concentration 

was determined using a BCA protein assay kit (Bio-rad, Shanghai, China), and the cell lysates were mixed with 
4×SDS loading buffer (Bio-rad), heated, and then separated on SDS-polyacrylamide gels. After transferred 
to a PVDF membrane, membrane blots were first probed with a primary antibody, and then horseradish 
peroxidase-conjugated second antibody, to be photographed with enhanced chemiluminescent system. 
Primary antibodies were rabbit anti-GDNF, anti-CDK19 and anti-α-tubulin (Cell Signaling, Carpinteria, CA, 
USA). Secondary antibody is HRP-conjugated anti-rabbit (Dako, Carpinteria, CA, USA). Fig. images were 
representative from 5 repeats. α-tubulin was used as a protein loading control.

Luciferase-reporter activity assay
The target genes of miR-383 was predicted by TargetScan, using the context++ score system, as 

described [14]. The dual-luciferase reporter plasmids, p3’-UTR-CDK19 (containing the wild-type CDK19 
3’-UTR binding site in luciferase reporter plasmid (RiboBio Co. Ltd., Shanghai, China)), p3’-UTR-CDK19-
mut (containing a mutant CDK19 3’-UTR at the miR-383 binding site; mut), p3’-UTR-VEGF-A (containing 
the wild-type VEGF-A 3’-UTR binding site in luciferase reporter plasmid (RiboBio Co. Ltd.) and p3’-UTR-
VEGF-A-mut (containing a mutant VEGF-A 3’-UTR at the miR-383 binding site; mut) as well as miR-383, 
antisense of miR-383 (as-miR-383) and a null control were constructed in RiboBio Co. Ltd. For the luciferase 
assay, the constructed 3’-UTR plasmid (500ng) and miR-383/as-miR-383 (100 nmol/l) were co-transfected 
into Human MSCs using LipofectamineTM 3000 Reagent (Invitrogen, Shanghai China). Then the luciferase 
activity was detected with the dual-luciferase reporter assay system (Promega, Shanghai, China) after co-
transfection cells for 48 hours, following the manufacturer’s protocol.

Histological assessment
For histological assessment, rats were anesthetized with chloral hydrate, prior to intracardiac perfusion 

with 4% paraformaldehyde (PFA, Sigma-Aldrich) 28 days after transplantation. The tissue was resected and 
fixed in PFA for 6 hours. After overnight incubation in 30% sucrose, samples were frozen in liquid nitrogen 
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and embedded in tissue freezing medium. Non-fixed tissue was used for RT-qPCR and Western blot. Twenty 
micron longitudinal tissue sections were then stained with Azur-eosin for measurement of tissue and cavity 
volume as described previously [9]. Briefly, every fifth section was selected from the consecutive sectioning 
and its high-resolution image was used to identify areas using ImageJ software (NIH, Bethesda, MA, USA). 
Any necrotic tissue within the cavities was counted as part of the lesion. The cavity volume was assessed as 
the sum of section areas multiplied by the distance between them, and the total spinal cord volume of the 
segment was also measured. The combined area of any cysts was calculated and subtracted from the total 
tissue area of intact four section to estimate total tissue remaining. Ten rats were used in each experimental 
group.

Behavioral assessment
Locomotor recovery was evaluated using the open-field BBB locomotor ratio scale, as described before 

[9]. The motor functions of the lower limbs of the rats were evaluated in a blind way. For the scoring system, 
the motor functions of the lower limbs are divided into 22 grades. While 0 points indicate hind leg paralysis, 
21 indicates completely normal function. The BBB score observation period lasted for 4 min.

MTT assay
For assay of cell number, 104 cells were seeded into 24 well-plate at 10000 cells per well and subjected to 

a Cell Proliferation Kit (MTT, Roche, Indianapolis, IN, USA), according to the instruction of the manufacturer. 
The insoluble tetrazolium dye 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide (MTT) form 
was quantified by absorbance value (OD) at 570 nm. Experiments were performed 5 times.

ELISA
Protein was extracted from the cultured cells or conditioned media by RIPA buffer (Sigma-Aldrich St. 

Louis, MO, USA). ELISA for VEGF-A was performed using commercial ELISA kits (R&D Systems, Minneapolis, 
MN, USA), according to the manufacturer’s instruction. The absorption was measured at 450 nm. The protein 
concentration was determined by comparing the relative absorbance of the samples with the standards.

HUVEC collagen gel assay
HUVEC endothelial cells (ATCC) were embedded in a collagen gel, and plated on a 24-well culture plate. 

The plate was kept at 37oC in a CO2 incubator for 15 minutes to make the collagen polymerize, and then the 
same number of MSCs (MSCs-null, or MSCs-as-miR-383, or MSCs-as-miR-383-shVEGF-A) was added to the 
transwell and put onto the plate. The plate with transwell was returned to the CO2 incubator. Media were 
replenished every day, and culture images were taken and the vessel formation of HUVECs was quantified 
after 3 days.

Statistical analysis
All values represent the mean ± standard deviation (SD). Statistical analysis of group differences was 

carried out using a one-way analysis of variance (ANOVA) test (SPSS 12.0, Chicago, IL, USA) followed by the 
Fisher’s Exact Test to compare two groups. Ten rats were used in each experimental group. A value of p<0.05 
was considered statistically significant after Bonferroni correction.

Results

Besides GDNF, miR-383 also targets 3’-UTR of CDK19 and VEGF-A mRNA to inhibit protein 
translation in MSCs
We have previously suppressed miR-383 in human MSCs, through expression of as-

miR-383 in an AAV-mediated transduction system. Now, we analyzed genes other than GDNF 
that may be affected by miR-383 suppression in MSCs, and how modulation of non-GDNF 
genes may affect the therapeutic effects of MSCs on SCI.

Thus, we performed bioinformatics analyses to identify miR-383 targeting mRNAs. A 
number of genes were predicted. From these candidates, we only found that the protein 
levels, but not mRNA levels of cyclin-dependent kinase 19 (CDK19) and vascular endothelial 
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growth factor A (VEGF-A) were significantly increased by miR-383 suppression (Fig. 1A-C), 
which was attributable to the direct binding of miR-383 onto the 3’-UTR of CDK19 mRNA 
(Fig. 1D) and VEGF-A mRNA (Fig. 1E), respectively.

The functional binding of miR-383 to CDk19 and VEGF-A mRNA was then examined in a 
dual luciferase reporter assay. The intact 3'-UTR of wildtype CDK19 mRNA (CDK19 3'-UTR) 
and the 3'-UTR of CDK19 mRNA with a mutant at miR-383-binding site (CDK19 3'-UTR mut) 
were respectively cloned into luciferase reporter plasmids. MSCs were then co-transfected 
with one plasmid from miR-383/as-miR-383/null plasmids and one plasmid from either 
CDK19 3'-UTR or CDK19 3'-UTR mut, and subsequently subjected to a dual luciferase reporter 
assay. We found that depletion of miR-383 increased luciferase activity of CDK19 3'-UTR, 
while overexpression of miR-383 reduced luciferase activity of CDK19 3'-UTR but had no 
effects on CDK19 3'-UTR mut. These results suggest that miR-383 specifically targets 3’-UTR 
of CDK19 mRNA to inhibit its translation (Fig. 1F). Next, the intact 3'-UTR of wildtype VEGF-A 
mRNA (VEGF-A 3'-UTR) and the 3'-UTR of VEGF-A mRNA with a mutant at miR-383-binding 
site (VEGF-A 3'-UTR mut) were respectively cloned into luciferase reporter plasmids. MSCs 
were then co-transfected with one plasmid from miR-383/as-miR-383/null plasmids and 
one plasmid from either VEGF-A 3'-UTR or VEGF-A 3'-UTR mut, and subsequently subjected 
to a dual luciferase reporter assay. We found that depletion of miR-383 increased luciferase 
activity of VEGF-A 3'-UTR, while overexpression of miR-383 reduced luciferase activity of 
VEGF-A 3'-UTR but had no effects on VEGF-A 3'-UTR mut. These results suggest that miR-

Fig. 1. MiR-383 also targets 3’-UTR of 
CDK19 and VEGF-A mRNA to inhibit 
protein translation in MSCs. (A) RT-qP-
CR for CDK19 and VEGF-A in MSCs-as-
miR-383 and MSCs-null. (B) Western 
blotting for CDK19 in MSCs-as-miR-383 
and MSCs-null. (C) ELISA for VEGF-A in 
MSCs-as-miR-383 and MSCs-null. (D) 
Bioinformatics analyses show the bind-
ing site of miR-383 on the 3’-UTR of 
CDK19 mRNA. (E) Bioinformatics analy-
ses show the binding site of miR-383 on 
the 3’-UTR of VEGF-A mRNA. (F) The 
functional binding of miR-383 to CDk19 
mRNA was then examined in a dual lu-
ciferase reporter assay. The intact 3’-
UTR of wildtype CDK19 mRNA (CDK19 
3’-UTR) and the 3’-UTR of CDK19 mRNA 
with a mutant at miR-383-binding site 
(CDK19 3’-UTR mut) were respectively 
cloned into luciferase reporter plas-
mids. MSCs were then co-transfected 
with one plasmid from miR-383/as-
miR-383/null plasmids and one plasmid 
from either CDK19 3’-UTR or CDK19 3’-
UTR mut, and subsequently subjected 
to a dual luciferase reporter assay. The 
luciferase activity was determined. (G) The intact 3’-UTR of wildtype VEGF-A mRNA (VEGF-A 3’-UTR) and 
the 3’-UTR of VEGF-A mRNA with a mutant at miR-383-binding site (VEGF-A 3’-UTR mut) were respectively 
cloned into luciferase reporter plasmids. MSCs were then co-transfected with one plasmid from miR-383/
as-miR-383/null plasmids and one plasmid from either VEGF-A 3’-UTR or VEGF-A 3’-UTR mut, and subse-
quently subjected to a dual luciferase reporter assay. *p<0.05. NS: non-significant. N=5.
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383 specifically targets 3’-UTR of VEGF-A mRNA to inhibit its translation (Fig. 1G). Thus, 
besides GDNF, miR-383 also targets 3’-UTR of CDK19 and VEGF-A mRNA to inhibit protein 
translation in MSCs. Since CDK19 functions in cell proliferation and VEGF-A functions as 
a pro-angiogenic factor, we analyzed the effects of their upregulation in MSCs by miR-383 
suppression on the growth and pro-angiogenic effects of MSCs in vitro, as well as the effects 
of their upregulation in MSCs upon therapeutic potential in SCI.

Upregulation of CDK19 in MSCs by miR-383 suppression increases MSC growth in vitro
First, the effects of upregulation of CDK19 by miR-383 suppression in MSCs on cell 

growth were analyzed in vitro. In order to confirm that the effects on cell growth are exactly 
from miR-383-suppression-induced CDK19 upregulation, shCDK19 was used to transduce 
MSCs-as-miR-383 as a loss-of-function control (MSCs-as-miR-383-shCDK19). We found that 
CDK19 mRNA was not affected by miR-383 suppression (Fig. 2A), but CDK19 protein was 
significantly increased by miR-383 suppression (Fig. 2B), consistent with previous results 
(Fig. 1A-B). Suppression of CDK19 by shCDK19 in MSCs-as-miR-383 directly reduced CDK19 
mRNA, and abolished the increases in CDK19 protein in MSCs-as-miR-383, compared to 
MSCs-null controls (Fig. 2A-B). Moreover, neither GDNF mRNA nor GDNF protein levels were 
altered by shCDK19 in MSCs-as-miR-383 (Fig. 2A-B). Hence, MSCs-as-miR-383-shCDK19 
appeared to be a good control to evaluate the effects of CDK19 upregulation in MSCs by miR-
383 suppression on the growth of MSCs in vitro, as well as the effects of CDK19 upregulation 
by miR-383 suppression in MSCs upon therapeutic potential in SCI.

Cell proliferation potential was analyzed by Western blotting for PCNA and in a MTT assay 
in vitro. We found that miR-383 suppression slightly but significantly increased the PCNA 
levels in MSCs, which was abolished by direct suppression of CDK19 by shCDK19, suggesting 
that the effects on cell proliferation by miR-383 suppression are exactly from induced CDK19 
upregulation (Fig. 2C). Moreover, miR-383 suppression slightly but significantly increased 
the in vitro cell growth in MSCs in an MTT assay, which was abolished by direct suppression 
of CDK19 by shCDK19, suggesting that the effects on cell growth by miR-383 suppression 
are exactly from induced CDK19 upregulation (Fig. 2D). Together, these data suggest that 
upregulation of CDK19 in MSCs by miR-383 suppression increases MSC growth in vitro.

Fig. 2. Upregulation of CDK19 
in MSCs by miR-383 suppres-
sion increases MSC growth in 
vitro. The effects of upregula-
tion of CDK19 by miR-383 sup-
pression in MSCs on cell growth 
were analyzed in vitro. In order 
to confirm that the effects on cell 
growth are exactly from miR-
383-suppression-induced CDK19 
upregulation, shCDK19 was used 
to transduce MSCs-as-miR-383 as 
a loss-of-function control (MSCs-
as-miR-383-shCDK19). (A) RT-
qPCR for CDK19 and GDNF in 
MSCs-as-miR-383, MSCs-as-miR-
383-shCDK19 and MSCs-null. 
(B) Western blotting for CDK19 
and GDNF in MSCs-as-miR-383, 
MSCs-as-miR-383-shCDK19 and 
MSCs-null. (C) Western blotting for PCNA in MSCs-as-miR-383, MSCs-as-miR-383-shCDK19 and MSCs-null. 
(D) MTT assay for MSCs-as-miR-383, MSCs-as-miR-383-shCDK19 and MSCs-null. *p<0.05. NS: non-signifi-
cant. N=5.
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Upregulation of VEGF-A in MSCs by miR-383 suppression increases pro-angiogenic 
potential of MSCs in vitro
Next, the effects of upregulation of VEGF-A by miR-383 suppression on pro-angiogenic 

potential of MSCs were analyzed in vitro. In order to confirm that the effects on pro-angiogenic 
potential of MSCs are exactly from miR-383-suppression-induced VEGF-A upregulation, 
shVEGF-A was used to transduce MSCs-as-miR-383 as a loss-of-function control (MSCs-
as-miR-383-shVEGF-A). We found that neither GDNF mRNA nor GDNF protein levels were 
altered by shVEGF-A in MSCs-as-miR-383 (Fig. 3A-B). Moreover, VEGF-A mRNA was not 
affected by miR-383 suppression (Fig. 3A), but VEGF-A protein was slightly and significantly 
increased by miR-383 suppression (Fig. 3C), consistent with the previous results (Fig. 1A 
and 1C). Suppression of VEGF-A by shVEGF-A in MSCs-as-miR-383 directly reduced VEGF-A 
mRNA, and abolished the increases in VEGF-A protein in MSCs-as-miR-383, compared to 
MSCs-null controls (Fig. 3A, 3C). Moreover, Hence, MSCs-as-miR-383-shVEGF-A appeared 
to be a good control to evaluate the effects of VEGF-A upregulation in MSCs by miR-383 
suppression on the pro-angiogenic potential of MSCs in vitro, as well as the effects of VEGF-A 
upregulation by miR-383 suppression in MSCs upon therapeutic potential in SCI.

Thus, a HUVEC transwell collagen gel assay was used to determine the pro-angiogenic 
potential of the modified MSCs. We found that miR-383 suppression in MSCs significantly 
increased vessel formation of co-cultured HUVEC, and this effect was abolished by direct 
suppression of VEGF-A by shVEGF-A on MSCs. These data suggest that the effects on the 
pro-angiogenic potential of MSCs-as-miR-383 may stem from the enhanced VEGF-A levels 
through miR-383 suppression, shown by quantification (Fig. 3D), and by representative 
images (Fig. 3E). Together, these data suggest that upregulation of VEGF-A in MSCs by miR-
383 suppression increases pro-angiogenic potential of MSCs in vitro.

Fig. 3. Upregulation of VEGF-A in 
MSCs by miR-383 suppression in-
creases pro-angiogenic potential 
of MSCs in vitro. The effects of up-
regulation of VEGF-A by miR-383 
suppression on pro-angiogenic 
potential of MSCs were analyzed in 
vitro. In order to confirm that the 
effects on pro-angiogenic poten-
tial of MSCs are exactly from miR-
383-suppression-induced VEGF-A 
upregulation, shVEGF-A was used 
to transduce MSCs-as-miR-383 as a 
loss-of-function control (MSCs-as-
miR-383-shVEGF-A). (A) RT-qPCR 
for VEGF-A and GDNF in MSCs-as-
miR-383, MSCs-as-miR-383-sh-
VEGF-A and MSCs-null. (B) ELISA 
for VEGF-A in MSCs-as-miR-383, 
MSCs-as-miR-383-shVEGF-A and 
MSCs-null. (C) Western blotting 
for GDNF in MSCs-as-miR-383, 
MSCs-as-miR-383-shVEGF-A and 
MSCs-null. (D-E) A HUVEC tran-
swell collagen gel assay for MSCs-
as-miR-383, MSCs-as-miR-383-sh-
VEGF-A and MSCs-null, shown by 
quantification (D), and by representative images (E).  *p<0.05. NS: non-significant. N=5. Scale bars are 50µm.
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Upregulation of CDK19 and VEGF-A by miR-383 suppression in MSCs does not harm the 
therapeutic potential of MSCs in treating SCI in rats
Finally, we examined the effects of upregulation of CDK19 and VEGF-A by miR-383 sup-

pression in MSCs on the therapeutic potential of MSCs in treating SCI in a rat model for SCI. 
SCI was induced in a nude rat. Immediately after laminectomy or SCI, MSCs-null, or MSCs-
as-miR-383, or MSCs-as-miR-383-shCDK19, or MSCs-as-miR-383-shVEGF-A were injected 
intraspinally. Another control was sham-treated without induction of SCI. The rats were then 
followed up for 28 days (Fig. 4A) and histology was assessed (Fig. 4B). Consistent with our 
previous report, we found that miR-383-depletion in MSCs further increased the intact tis-
sue percentage (Fig. 4C), decreased cavity volume (Fig. 4D), and enhanced the recovery of 
locomotor activity in nude rats that underwent SCI (Fig. 4E), compared to null-transduced 
MSCs. Moreover, CDK19 suppression in MSCs-as-miR-383 did not alter the effects of miR-383 
suppression on intact tissue percentage (Fig. 4C), cavity volume (Fig. 4D), and the recovery 
of locomotor activity in nude rats that underwent SCI (Fig. 4E), suggesting that the effects of 
increases in MSCs-as-miR-383 growth by CDK19 upregulation do not harm the therapeutic 
effects of MSCs-as-miR-383 on SCI. Furthermore, VEGF-A suppression in MSCs-as-miR-383 
did not alter the effects of miR-383 suppression on intact tissue percentage (Fig. 4C), cavity 
volume (Fig. 4D), and the recovery of locomotor activity in nude rats that underwent SCI 
(Fig. 4E), suggesting that the effects of increases in the pro-angiogenic potential of MSCs-as-

Fig. 4. Upregulation of 
CDK19 and VEGF-A by 
miR-383 suppression in 
MSCs does not harm the 
therapeutic potential of 
MSCs in treating SCI in 
rats. (A) SCI was induced 
in a nude rat. Immediately 
after laminectomy or 
SCI, MSCs-null, or MSCs-
as-miR-383, or MSCs-
as-miR-383-shCDK19, 
or MSCs-as-miR-383-
shVEGF-A were injected 
intraspinally. Another 
control was sham-treated 
without induction of 
SCI. The rats were then 
followed up for 28 days. 
(B) Representative 
histology. (C) Intact 
tissue percentage. (D) 
Cavity volume. (E) The 
assessment of locomotor 
activity by BBB method.  
*p<0.05. N=10. Scale bars 
are 50µm.
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miR-383 that upregulates VEGF-A do not harm the therapeutic effects of MSCs-as-miR-383 
on SCI. Together, these data suggest that upregulation of CDK19 and VEGF-A by miR-383 
suppression in MSCs does not harm the therapeutic potential of MSCs in treating SCI in rats. 
No further adaptation of MSCs is needed when suppressing miR-383 levels in them for treat-
ing SCI.

In vivo survival and limited expansion of transplanted MSCs
In order to understand the survival and expansion of transplanted MSCs, we extracted 

RNA from the moues spinal tissue that had received MSCs at different time courses and 
examined the expression of GFP, a transgene present in the transplanted MSCs, but not in 
host cells. Compared with D0 (immediate sampling after transplantation), we did not find 
significant decrease or increase of GFP levels at D2, D7, D14 and D28, suggesting good 
survival and limited proliferation of MSCs in vivo for the period of this experiment (Fig. 5). 
To summarize, here our data suggest that upregulation of CDK19 and VEGF-A by miR-383 
suppression in MSCs does not harm the therapeutic potential of MSCs in treating SCI in rats.

Discussion

Our previous report highly suggests that suppression of miR-383 may increase the 
therapeutic potential of human MSCs in treating SCI via augmentation of GDNF protein 
levels [9]. However, it is still unknown which none-GDNF genes may be affected by miR-383 
suppression in MSCs, and how modulation of non-GDNF genes may affect the therapeutic 
effects of MSCs on SCI. This is a very important question, since alteration of unknown genes 
may change the overall epigenetics of MSCs, and this change may be harmful to the MSCs 
themselves and to the therapeutic potential of MSCs in treating SCI.

Here, after careful screening, we located 2 important genes that were altered by miR-
383 suppression in MSCs, and these 2 genes play critical roles in cell turn-over and cross-talk 
with endothelial cells, respectively.

CDK19 is previously known as CDK8-like, CDK8L or CDC2L6, due to its high amino acid 
sequence conservation with CDK8 [15]. CDK8 and CDK19 are found to be associate with 
identical mediator complexes, but appear to have non-redundant function and sometime 
even play opposite roles in VP16-dependent transcription, largely due to their difference 
in C-terminal regions [15]. As a critical factor involved in cell-cycle turnover, augmentation 
of CDK19 was expected to increase MSC proliferation, which was confirmed in the current 
study. However, this slight but significant increases in MSC proliferation should not be 
harmful for SCI treatment. Increases in cell growth may enhance their survival in vivo and 
may even reduce the number of the transplanted MSCs. Indeed, knockdown of the increases 
in CDK19 in MSCs-as-miR-383 did not exhibit better therapeutic effects on SCI. Hence, the 
upregulation of CDK19 by miR-383 suppression does not need to be further modulated in 
MSCs before the cells are used for transplantation to treat SCI.

VEGF-A is the most potent pro-angiogenic factor [16]. It has been acknowledged that 
the angiogenesis after SCI plays a role in the recovery. As early as in 2000, it was reported 

Fig. 5. In vivo survival and limited 
expansion of transplanted MSCs. In order 
to understand the survival and expansion 
of transplanted MSCs, we extracted RNA 
from the moues spinal tissue that had 
received MSCs at different time courses 
and examined the expression of GFP, a 
transgene present in the transplanted 
MSCs, but not in host cells. RT-qPCR was 
performed. NS: non-significant. N=5.

D0 vs D2: NS; D2 vs D7: NS; D7 vs D14 vs D28: NS
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that VEGF and VEGF receptors in the spinal cord was induced after mechanical spinal injury 
and prostaglandin administration [17]. Later on, increases in VEGF-A have been shown to be 
beneficial for post-SCI recovery in most of the studies [18-21], although ineffective results 
have also been shown [22]. Nevertheless, adverse effects of VEGF-A have not been reported. 
Therefore, here we did not expect that upregulation of VEGF-A by miR-383 suppression in 
MSCs might be harmful to MSC-based SCI treatment. Indeed, knockdown of the increases 
in VEGF-A in MSCs-as-miR-383 did not exhibit better therapeutic effects on SCI. Thus, the 
effects of increases in the pro-angiogenic potential of MSCs-as-miR-383 that upregulates 
VEGF-A do not harm the therapeutic effects of MSCs-as-miR-383 on SCI, probably due to 
that the increases in VEGF levels in the current study are very modest and should not induce 
dramatic increases in vascular permeability. Hence, like CDK19, the upregulation of VEGF-A 
by miR-383 suppression does not need to be further modulated in MSCs before the cells are 
used for transplantation to treat SCI.

On the other hand, although both upregulation of CDK19 and VEGF-A in GDNF-
upregulated MSCs is expected to further improve the therapeutic potential of MSCs on SCI, 
we did not find that this change reached significance (therapeutic effect comparison between 
MSCs-as-miR-383 and MSCs-as-miR-383-shCDK19; therapeutic effect comparison between 
MSCs-as-miR-383 and MSCs-as-miR-383-shVEGF-A) besides a trend. Further increases in 
experimental animal number may be necessary for a detailed analysis.
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