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Gene silencing NMIl promotes axonal regeneration
against contusive spinal cord injury in rats

Guangzhi Ning?, Yang Liu*2, Hong Xu?, Yulin Li*?, Hong Wu??, Xiaobo Wang*?, Shiqging Feng'?

1Department of Orthopedics, Tianjin Medical University General Hospital, Tianjing, China; Tianjin Neurological
Institute, Key Laboratory of Post-Neuroinjury Neuro-Repair and Regeneration in Central Nervous System, Ministry
of Education and Tianjin City, Tianjin, China

Received July 24, 2017; Accepted October 9, 2017; Epub November 1, 2017; Published November 15, 2017

Abstract: There are drastic changes that occur in the impaired regions after spinal cord injury (SCI), however, im-
provement of the detrimental pathological process after injury is limited in the mammalian adult, which is due a
large part to the failure of local axons to grow. Non-muscle myosin Il (NMII) has been proved having essential role
in the regulation of cytoskeletal structure and genetic silencing NMII markedly accelerates axon growth in vitro. Our
purpose is to explore the association between phosphorylated NMII expression and axonal regeneration after SCI
in rats and determine whether gene silencing NMII can improve the locomotor function in rats with SCI. The results
showed that phosphorylated NMII level was up regulated after SCI and may even play important role in inhibiting
neuronal survival and axonal regeneration. After silencing NMII, the viability of neurons, proliferation of axons,
synaptic connection and locomotor functional recovery were promoted significantly after SCI. Our study provides an
effective way by direct regulation of neuron viability, the proliferation of axons and synaptic connection for treating
SCI, which may be a novel method for repairing SCI. However, the specific signaling pathway mechanisms about the
recovery require further study.
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Introduction cord injury (CSCI) still need further explora-
tions.

Spinal cord injury is a neurological disorder with
high disability rate, which affects thousands of
individuals and brings enormous socioeconom-
ic burden to individuals and our society [1-3].
Current treatments for SCI are as follows: high
dose methylprednisolone, surgical interven-
tions, and rehabilitative care. Nonetheless,
how to successfully cure SCI is still a major
conundrum.

Previous studies demonstrated that lesions of
central nervous system activates the Rho/Rock
signaling pathway which inhibits axon growth
and sprouting. NMII, a two-headed convention-
al myosin has been proved to be of vital role in
regulating cytoskeletal structure and place in
downstream of Rho-Rock signaling [9, 10]. Vitro
experiment proven that genetic silencing of
NMII markedly regulates the cell morphology,

f i i ion [11-15].
After SCI, neurons fail to regenerate axons in unction and migration [ o]

the lesion site due to the limited capacity of
lesioned CNS axons, the inhibitory microenvi-
ronment full of inhibitory factors, and lacking of
the growth-promoting factors after injury [4-71].
Promoting axon growth after SCI seems to be
an attractive strategy. Targeting inhibitory fac-
tors intrinsic to injured neurons, such as PTEN,
PDE4, KLF4, SOCS3 and so on have been con-
firmed to promote axon growth and functional
recovery in various pre-clinical models [8-11].
However, the NMII related to contusive spinal

The present study is to explore the association
between NMII and axonal regeneration in rats
with SCI. And whether genetic silencing of NMII
could promote axon regeneration and function-
al recovery in vivo.

Materials and methods
Animals

Forty female adult Wistar rats aged 8 weeks
and weighing 200 + 30 g, were provided by
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Table 1. shRNA oligonucleotide sequences

Name  Top strand

Bottom strand

shRNA 1 5-GATCCCCTCAAGGAGCGTTACTACTTCAAGAGAGTAGTAAC-
GCTCCTTGAGGTTTTTTG-3’

shRNA 2 5-GATCCGGGACTTGTCCCAAGTCTGTTCAAGAGACAGACTTGGGA-

CAAGTCCCT G-3’

shRNA 3 5’-GATCCGGCCAAACCTGCCGAATAATTCAAGAGATTATTCGGCAG-

GTTTGGCCTTTTTIG-3’

5’-ATTCAAAAAACCTCAAGGAGCGTTACTACTCTCTTGAAGTAGTAAC-
GCTCCTTGAGGG-3’
5’-ATTCAAAAAAGGGACTTGTCCCAAGTCTGTCTCTTGAACAGACTTGGGA-
CAAGTCCCG-3’
5’-AATTCAAAAAAGGCCAAACCTGCCGAATAATCTCTTGAATTATTCGGCAG-
GTTTGGCCG-3’

The underlined sequences are siRNA and italic sequences are hairpin loops.

A
—[ CVG enhancer ]—[ CMV promoter H EcoR I

NMII fragment

BamHIH EGFP ]—

gestions for the Care and
Use of Laboratory Animals,

B
—[ psi plus pack H hU6 promoter HBamHI| shRNA | EcoRlH Puro ]—

issued by the Ministry of
Science and Technology of

]
—{ CMVI R |U5 H Flap HXba I|hU6 pramol:r-sth\'Al Xhol H EGFP H WRE HUSA’ RI us ]—

China.

Figure 1. Plasmid construction. A: Structure of pEGFP-N1-NMII plasmid. B:

Construction of NMIIA lenti-
viral vector

Structure of pSIREN-RetroQ-RNAi plasmids. C: Structure of FG12-RNAi plas-

mids. All recombinant plasmids were validated by gene sequencing before

further experiments.

Beijing HFK Bioscience Co., Ltd., China (license
No. SCXK (Jing) 2009-0004). They were housed
separately in plastic cages with a 12 h light/
dark cycle and free access to food and water.

Contusive SCI

Contusive spinal cord injury was induced with
the Impact Model Il device. Rats were subject-
ed to laminectomy at the T9-11 level after intra-
peritoneal injection of 10% chloral hydrate (0.3
ml/100 mg). T10 level of the spinal cord at was
exposed from the back side and suffered a 10
grod impact (2.5 mm in diameter) from a height
of 25 mm. Subsequently, rats were spasmed
several times, and this was followed by flaccid
paralysis, indicating a successful model.

After injury, penicillin was injected and the skin
and muscles were sutured layer by layer. Rats
were raised in a plastic cage at 22-25°C, with
regular ventilation. The bedding in the rearing
cages was regularly changed to keep it dry.
Physiological saline was administered by sub-
cutaneous intraperitoneal injection at a volume
of 5 mL, once or twice a day to prevent fluid and
electrolyte disorders. Manual evacuation of
bladder were conducted twice per day to pre-
vent intestinal obstruction and pressure ulcers
until recovery of normal bladder function.

The procedures involving animals were con-
ducted in conformity to the Guidance Sug-
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Search for Coding sequence
(Coding The Sequence, CDS)
of NMIl genes (Gene ID:
4627) on National Center for Biotechnology
Information (NCBI). Three target sequence of
NMIIA were designed, there were NMIIA-1
(CCTCAAGGAGCGTTACTAC), NMIIA-2 (GGGAC-
TTGTCCCAAGTCTG) and NMIIA-3 (GGCCAAAC-
CTGCCGAATAA) by Whitehead Institute (http://
jura.wi.mit.edu/siRNAext) and siRNA Wizard
v3.1 (http://sirnawizard.com/). According to the
sequence of siRNA, the stem loop sequence of
shRNA was designed (Table 1). Then the NMIIA
lentiviral vector was constructed to inhibit
NMIIA. After this, 1 ug of pEGFP-N1-NMIIA plas-
mid were transfected into HEK293T cells, so do
the pSIREN-RetroQ-RNAi (shRNA 1-3) plasmids,
respectively. After 48 h culture, the superna-
tant was harvested and filtered through a 0.2-
pMm SFCA syringe filter. Then the remains were
concentrated by ultracentrifugation under
11000 rpm for 4 h at 4°C. The pellets were
resuspended with 150 ul PBS. Finally, the lenti-
virus was frozen at -80°C. The whole structure
of the three-plasmid system was showed in Fig-
ure 1.

Injection of slow vector virus into injured site

The site of injury was exposed as described
above. Then, slow vector virus was injected into
the injured site within 48 hours before the SCI.
Briefly, a volume of 1 ul was injected 1.5 mm
rostral and caudal to the injury site at a depth
of 1.5 mm. A time lapse of 5 min was allowed

Int J Clin Exp Pathol 2017;10(11):11345-11352
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Figure 2. A: The phosphorylated NMII level was up regulated after SCI, and reached the peak in the third day; B: The
total NMII expression was not change significantly before and after SCI; C: The western-blot result of total NMII level
and phosphorylated NMII level before and after SCI in different time point (normal, 3 h, 6 h, 12 h, 24 h, 3 d, 7 d).

after injection before removing the needle to
prevent leakage of the vehicle/virus. Following
injection, the muscle and skin above the
exposed spinal cord was sutured.

Western blot

The concrete procedures were according to
previous study with minor modification [16].
Briefly, tissue near damage area (0.5 mm) were
collected and homogenized in SDS sample buf-
fer. After separating protein samples and trans-
ferring, the membranes was incubated over-
night at 4°C with primary antibodies specific for
NMII (mouse monoclonal, abcam, USA), Neu
(mouse monoclonal, Santa Cruz, USA), Syn
(mouse monoclonal, Santa Cruz, USA), respec-
tively. Membranes were washed three times
and incubated with secondary antibody (Santa
Cruz, USA), and then the bands were visualized
and quantified following the manufacturer’s
instructions.

Immunohistochemistry for neuron and glial
scar in the spinal cord injury site

Rats were sacrificed at 8 weeks post injury and
the injured spinal cords (T10, 3 cm length) were
fixed in 4% (v/v) paraformaldehyde solution.
Sections cut at a thickness of 5 um were pre-
pared from paraffinembedded tissues. Dried
slices were immersed in dimethylbenzene | and
II for 30 minutes for deparaffinization, and
washed with 1xPBS solution twice. Endogenous
peroxidase was quenched with 0.3% (v/v)
hydrogen peroxide for 5-10 minutes.
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Sections were incubated overnight with NF200
and GFAP primary antibody (ectoderm, poly-
clonal; Boster, Wuhan, China; 1:50) at 4°C.
Sections were washed two times with 1xPBS
and incubated with secondary antibody (ecto-
derm, polyclonal; Boster) for 20 minutes at
37°C. Strept avidin-biotin complex (immunoas-
say kit, Boster) was added and incubated with
sections at 37°C for 20 minutes, followed by
four PBS washes. 3,3-Diaminobenzidine re-
agent was applied for 5 minutes and the sec-
tions were then washed with mini-Q water.
Sections were counterstained with hematoxylin
for 2 minutes and disunited in 70% alcoholic
solution mixed with 1% hydrochloric acid. The
reaction was terminated using ammonia wash
water. Sections were immersed in dimethylben-
zene for transparency, and neutral gum was
applied to seal the slices.

Functional assessment of rats with spinal cord
injury

The BBB score was used to evaluate the func-
tional motion of hind limbs. The scale ranged
from a score of 0 to 21. Score O indicates no
obvious motion of hind limb, and a gradually
increasing score indicates the improved func-
tion of the hind limb; a score of 21 represents
normal function in the hind limb.

Statistical analysis
All statistical analyses were performed using

the statistical software SPSS13.0. Data were
described as the mean = SD. If sets of data

Int J Clin Exp Pathol 2017;10(11):11345-11352
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Figure 3. The immunohistochemistry results of the neuron morphology and arrangement. A: Normal group: the
morphology of normal neuron is complete; B-G: Injured groups (3 h, 6 h, 12 h, 24 h, 3 d, 7 d): the cell arrangement
is disorder, the cell nucleus cannot be seen and the morphology of neurons are stained heterogeneous even cannot
be observed. (Scale bar =2.5 um); H: Quantified neuron collapse (%) from immunohistochemistry results. Growth
cone collapse (%) was up regulated after SCI (3 h, 6 h, 12 h, 24 h, 3 d, 7 d). And in 3 d after SClI, the ratio of col-

lapsed neuron reached peak, more than 60%.

(groups >3) were fitted normal distribution and
constant variances, one-way ANOVA with an
LSD-t (equal variance assumed) or Bonferroni
was performed. If sets of data (groups =2) were
compared, T test or Wilcoxon were used. The P
value of less than 0.05 was considered as sta-
tistically significant.

Results

Up-regulation of phosphorylated NMII after
spinal cord injury

Vitro experiment proven that genetic silencing
of NMIlI markedly accelerates axon growth.
However, NMII expression change after SCI in
vivo is still not clear. We observed the total NMlI
level and phosphorylated NMII level after SCI in
different time point. The results showed that
the total NMIlI expression has not changed
before and after SCI, but the phosphorylated
NMIl level was up regulated after SCI. And in
the third day after SCI, phosphorylated NMII
expression level reached peak (Figure 2A-C).
The difference between the phosphorylated
NMII groups was statistically significant by One-
way ANOVA (F=4913.203, P<0.05), without no
obvious difference in total NMIl group
(F=4913.203, P>0.05). The results suggested
that although there was no significant change
of total NMII expression, NMIl was phosphory-
lated after SCI and may play a vital role in the
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pathological mechanism after spinal cord
injury.

The relationship between phosphorylated NMII
level and survival neurons after SCI

Phosphorylated NMII just expressed at low
level in normal spinal cord tissue, and high
expression was observed in spinal cord injured
tissue. Previous studies demonstrated that
NMII inhibition changes its morphology and
function by reorganization of cytoskeletal struc-
tures in Embryonic DRG neurons [17]. We next
investigated whether the phosphorylated NMII
level had relevant to the number of survival
neurons and its arrangement in vivo after spi-
nal cord injury. The immunohistochemistry
results showed that the neuron nucleus was
obvious and the cells were arranged in order in
normal group. However, in the injured group,
cell arrangement was disorder, the cell nucleus
couldn’t be seen and the morphology of neu-
rons were stained heterogeneous. In the injured
tissue after 24 h, almost most of completed
neurons were collapsed (Figure 3A-G). The per-
centage of the neuron collapse (%) was shown
in Figure 3. Neuron collapse (%) was up regu-
lated after SCI. And in 3 d after SCI, the ratio of
collapsed neuron reached peak, more than
60% (Figure 3H). Together, following elevated
expression of phosphorylated NMiII, the neuron
collapse increased after spinal cord injury.

Int J Clin Exp Pathol 2017;10(11):11345-11352
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Figure 4. (A) The results of objective fragment synthesis and identification; (B) The results of plasmid identification;
(C, D) Blots of NMII proteins, comparing the efficiency of different siRNAs for silencing NMII gene, the silencing ef-
ficiency of three siRNA was 63%, 95% and 79%, respectively; (E, F) The NF200 which labeled neuron was observed,
and the neuron expression level was highest in Group A (E: Group A; F: Group B; G: Group C; H: Group D) (scale bar
=100 um); (l) Quantified mean optical density for NF200 (lower panel). *P<0.05.

and 79%, respectively (Fi-
gure 4C, 4D). We choose the
siRNA sequences with high-
est (SiRNA 2) and lowest
(siRNA 1) silencing efficiency
GAPDH as experiment groups. Two
siRNA sequences were pack-

GroupA GroupB GroupC GroupD B

GroupA GroupB GroupC GroupD

SYN
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s én_ which infected into spinal
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& b@" 0@’" number of NF200* cell was
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tion group, especially in Gr-
oup A (Group A: siRNA 2 gr-
oup; Group B: siRNA 1 group;
Group C: control group; Gro-
up D: empty vector group)

r =
o

<
t‘?Q

N S

0‘0

o)
o &

Figure 5. A: Comparing the expression of Neu protein which labeled axons; B:
Comparing the expression of SYN protein which labeled synaptic connections;
C, D: The relative gray value of Neu and SYN protein expression, respectively.
*P<0.05.

NMII inhibition promotes viability of neuron
cell after spinal cord injury

Three siRNA sequences were designed for

the target gene NMII (Figure 4A, 4B). The silen-
cing efficiency of three siRNA was 63%, 95%

11349

(Figure 3E-H). After spinal cord injury, the
amount of NF200* cells in the group A and B
was significantly higher than the other two
groups (Figure 3I, P<0.05). This result indicat-
ed NMII inhibition can promote neuron survival
ability.

Int J Clin Exp Pathol 2017;10(11):11345-11352
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Figure 6. (A-D) The GFAP which labeled glial cells were observed and no significantly different of glial scar formation
was observed in different groups (A: Group A; B: Group B; C: Group C; D: Group D) (scale bar =100 um). (E) Quanti-

fied mean optical density for GAFP.
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Figure 7. BBB scale was performed for evaluating the
recovery of locomotor function after SCI. Silencing
NMII promotes functional neurobehavioral recovery
after SCI, Group A obtained a significantly higher BBB
score in comparison to control group or empty vector
group (P<0.05)at 1, 2, 3,4, 5, 6, 7, 8 week; at 3, 4,
5,6, 7, 8 week in Group B (P<0.05). *P<0.05.

Silencing NMIl can promote the proliferation of
axons and synaptic connection after SCI

Although inhibiting NMII can promote the viabil-
ity of neuron cells, however, transmission of
electrical signals depends on axonal regenera-
tion and synaptic connections. Hence, prolifera-
tion of axons and synaptic connection after
inhibiting NMII were observed through the spe-
cific label Neu and SYN. The results indicated
the level of Neu significantly increased after

11350

silencing NMII (Figure 5A, 5C, P<0.05), howev-
er, the expression of SYN significant increased
only in Group A (Figure 5B, 5D, P<0.05). Overall,
the amount of axons and synaptic connections
were significant increased after silencing NMII
in spinal cord injured rats. But more therapeu-
tic effect may be seen in Group A with highest
(siRNA 2) silencing efficiency.

Silencing NMII cannot inhibit the formation of
glial scar after spinal cord injury

The GFAP which labeled glial cells was observed
after inhibiting NMII in spinal cord injured rats.
The results showed though GFAP+ area may
seem to be rare in NMII inhibition group (Group
A: siRNA 2 group; Group B: siRNA 1 group;
Group C: control group; Group D: empty vector
group), no significant difference of GFAP expres-
sion between four groups was seen (Figure
6A-D). Mean optical density also verified this
consequence (Figure 6E, P>0.05). So the glial
scar formation cannot be inhibited by silencing
NMII. This also indirectly shows that the forma-
tion of glial scar is not regulated by the RhoA/
Rock pathway.

Silencing NMII promote the functional recovery
of locomotion after SCI

Finally, we determined whether inhibiting NMII
expression can promote the functional recov-

Int J Clin Exp Pathol 2017;10(11):11345-11352
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ery after SCl. We evaluated the functional
recovery of locomotion after spinal cord injury
with BBB scale. All rats showed posterior limb
paralysis after SCI and the mean BBB score
was 0-2 points at day 3. A gradual recovery of
hind limb locomotion happened along with the
following 8 weeks. The functional recovery pre-
sented a significant difference in the silencing
NMII groups, which was better than control
groups (Figure 7). In Group A, a significant dif-
ference compared with control group or empty
vector group began to be seen from 1 week,
but from 3 week in Group B (Figure 7, P<0.05).
This result prompted that inhibiting NMII
expression can promote locomotor function
recovery after SCl and higher silencing efficien-
cy is much more favorable.

Discussion

Eun-Mi Hur et al. [17] confirmed axon regenera-
tion was accelerated under inhibitory microen-
vironment by NMIl knock-out in vitro. Moreover,
NMII knock-out could increase the expression
of self-renewal regulators Oct3/4 Nanog, which
can promote the viability of cells [18]. However,
whether blockade of NMII activity can improve
neurological deficits and promote functional
recovery after SCI in vivo is not clear.

Current study indicated total NMII expression
has not changed significantly before and after
SCI in rats, but the phosphorylated NMII level
was up regulated after SCI significantly. What’s
more, following expression of phosphorylated
NMII, the neuron collapse increased after SCI.
These results proved that the high expression
of phosphorylated NMII was positively related
to the neuron collapse after SCI. However, the
reason why neuron collapse followed phos-
phorylated NMIl is still uncertain. Then, to
investigate the role of NMIl in vivo, siRNA tech-
nique was performed to silence NMII gene in
spinal cord injured rats. And the results indi-
cated NMII inhibition can promote neuron sur-
vival ability, which may relate to self-renewal
regulators Oct3/4 Nanog. However, the glial
scar formation cannot be inhibited by silencing
NMIIl. We surmised that the glial scar formation
may be independent of the NMII related path-
way. As we all know, the best strategy to repair
spinal cord injury is to accelerate long-distance
axon regeneration. Then we observed the
amount of axons and synaptic connections
were significant increased after silencing NMII
in spinal cord injured rats, especially with high-
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er silencing efficiency. This also laid a founda-
tion for the functional recovery of rats. What'’s
more, the recovery of hind limb locomotion pre-
sented a significant improvement in the silenc-
ing NMII rats, which prompted that inhibiting
NMII expression can promote locomotor func-
tion recovery after SCI.

NMII plays vital roles in multiple basic biological
functions, such as mitosis, migration and polar-
ization [19, 20]. Previous study proven that
NMII served as a necessary component in Rho-
Rock signaling [21, 22], so the effect of promot-
ing axon growth by NMII inhibition might be
regulated by Rho-ROCK pathway. What’s more,
the actin cytoskeleton and NMII have been con-
firmed to be indispensable in mediating TNF
signaling, which related to regulating cell apop-
tosis [23-25]. Hence, NMII inhibition can pro-
mote neuron survival ability, axons regenera-
tion and synaptic connections formation.

Conclusion

Our study confirmed that phosphorylated NMIlI
play an important role in inhibiting neuronal
survival and axonal regeneration. We provide
an effective way by regulation of neuron viabili-
ty and axonal regeneration for treating SCI.
However, the specific signaling pathway mecha-
nisms require further study.
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