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A B S T R A C T

Leptomeningeal anastomoses or pial collateral arteries are crucial for restoring cerebral blood flow (CBF) after an
ischemic stroke. Vascular smooth muscle cells (VSMCs) are hypothesized to regulate the extent of this adaptive
response, while the specific molecular mechanisms underlying this process are still being investigated. SNHG12, a
long non-coding RNA, has been shown to influence several diseases related angiogenesis, including osteosarcoma and
gastric cancer. However, the role of SNHG12 in contractile VSMC dedifferentiation during collateral arteriogenesis-
related strokes remains unclear. Here we demonstrated that SNHG12 is a positive regulator of MMP9 and VSMC
dedifferentiation, which enhances pial collateral arteriogenesis following cerebrovascular occlusion. Pial collateral
remodeling is limited by the crosstalk between SNHG12-MMP9 signaling in VSMCs, which is mediated through
repulsive guidance molecule a (RGMa) regulation. Thus, targeting SNHG12 may represent a therapeutic strategy for
improving collateral function, neural tissue health, and functional recovery following ischemic stroke.
Introduction

Ischemic stroke is defined as a decrease in cerebral blood flow (CBF)
in the brain due to the blockage of the middle cerebral artery (MCA),
resulting in neurological deficits. However, the reduction in CBF can be
restored by rapid retrograde perfusion of blood flow through the collat-
eral circulation, which connects the vascular network of blood vessels in
two different blood-supplying regions. An abundant collateral circulation
can protect the ischemic brain tissue, which is strongly linked to patient
clinical prognosis. However, the molecular mechanisms underlying the
regulation of this collateral circulation have not yet been fully investi-
gated. Revascularization therapies for acute ischemic stroke, such as
intravenous thrombolysis (IVT) and endovascular therapy (EVT), are
time-dependent, with efficacy decreasing significantly as the appropriate
time window passes. However, patients with a stronger cerebral collat-
eral circulation, may have a longer time frame to reap the benefits of
reperfusion therapy. Several studies have found that excellent collateral
circulation can enhance functional results at 3–6 months, increase
reperfusion rates, and lower core infarct volume in patients receiving
thrombolytic therapy [1–3]. Therefore, understanding the mechanism
underlying vascular collateral remodeling could enhance the efficacy of
treatment and prognosis in patients with acute ischemic stroke.
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The focus of revascularization is to salvage the ischemic penumbra,
the progress of which is regulated by the collateral circulation. Good
collaterals enhance brain tissue tolerance to ischemia and hypoxia, while
minimizing the ischemic penumbra and infarct size. Thus, treatments
that target collateral circulation, particularly molecular pathways,
represent a feasible therapeutic option for improving the prognosis after
stroke by sustaining penumbral blood flow and neural tissue function.
Leptomeningeal anastomoses (LMA) connect the MCA region to the
anterior cerebral artery (ACA) and posterior cerebral artery (PCA) to
ensure blood supply. Certain branches of the network can further
connected to arteries near the ischemic tissue, thereby enabling reverse
perfusion of blood flow to supply the ischemic area. Follwing stroke, the
collateral arteries undergo vascular remodeling (enlargement), also
known as arteriogenesis, which allows unidirectional retrograde blood
reperfusion to the obstructed arterial branch.

In recent years, several breakthroughs in our understanding of
arteriogenesis have been achieved, while a better understanding of the
interactions between physical forces and cellular and molecular path-
ways has been attained [4]. However, further knowledge of a potential
molecular treatment paradigm superior to surgery and angioplasty is still
required. The growth process of differentiated collateral arteries is
known to dominated by the proliferation of smooth muscle cells,
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adventitial fibroblasts, and endothelial cells. Thus, smoothmuscle cells in
collateral ecotopes can play a critical role in active remodeling. Recently,
reserach in our team showed that the long noncoding (lnc) RNA
SNHG12 is associated with collateral arteriogenesis following cerebral
ischemia-reperfusion in mice. MMP9, a zinc-dependent metal-
loproteinase, is generally expressed at low levels in normal adult tissues,
but is significantly upregulated during vascular remodeling. In the per-
sent study, we further show that smooth muscle cells play major roles in
the lateral branch remodeling in the leptomeningeal region following
ischemic stroke, and that SNHG12 promotes these growth properties via
the RGMa/MMP9 signaling pathway both in vitro and in vivo. Overall,
these findings greatly improve our understanding of the cellular and
molecular mechanisms involved in pial collateral remodeling after
vascular obstruction.

Materials and methods

Animals and surgical procedures

The animal experiment was approved by the Institutional Animal
Care and Use Committee (IACUC) of the First Affiliated Hospital of
Chongqing Medical University. Male C57BL/6J mice (20–22 g) from
Chongqing Medical University's Animal Research Center were housed in
a pathogen-free environment with 22 � 2 �C, 50%–70% relative hu-
midity, 12 h light/12 h dark cycle, and free access to food and drink.
Experiments were carried out after one week of acclimation feeding.
The adenoviral vector (pAdEasy-EF1-MCS-CMV-mCherry) containing the
whole RGMa and SNHG12 complementary DNA (cDNA) sequence is
designated. 2ul RGMa-specific recombinant adenovirus (Ad-RGMa, 2 �
1010 plaque-forming unit/ml; Genechem Co, Ltd, China), SNHG12-
specific recombinant adenovirus (Ad-SNHG12, 2 � 1010 plaque-
forming unit/ml; Hanbio Biotechnology Co. Ltd, China) or EGFP carrier
recombinant adenovirus (Ad-NC, 2� 1010 plaque-forming unit/ml) were
applied to the Bilateral ventricles.

Ischemic stroke was induced by middle cerebral artery occlusion reperfusion

(MCAO/R) as previously described [5]. Before the operation, the
mice were given a 3% pentobarbital solution and allowed to starve for
12 h while still having access to water. Wire embolization established
the middle cerebral artery blockage or reperfusion model. Following
sterilization, the skin was cut in the middle of the neck to reveal the
right common carotid artery (CCA), internal carotid artery (ICA), and
external carotid artery (ECA). The proximal end of the CCA and
the distal end of the ECA were tied, and a tiny incision emerged in the
CCA to insert the monofilaments into the ICA. After a slight resistance,
the monofilaments were stopped and tied with a silk knot above
the CCA incision. Following an hour of ischemia, the monofilaments
were withdrawn, and the live knot on the CCA was tightened for
reperfusion.

Vessel painting and collateral quantification

Post-anesthesia with 3% pentobarbital, mice received heparin (2000
units/kg) and sodium nitroprusside (SNP, 0.75 mg/kg) [6]. After stop-
ping breathing, mice were given 10 ml of 1x phosphate-buffered saline
(1x PBS) with 20 units/ml heparin to flush blood, followed by 10 ml of
DiI (0.01 mg/ml, Invitrogen) diluted in 4% sucrose–PBS-heparin at 2
ml/min to label arteriole vasculature, and finally fixed with cold 4%
paraformaldehyde (PFA). Following perfusion, the brains were carefully
removed from the skull and stored in PFA overnight. Fixed brains were
scanned at 4x magnification using multiple image planes on a Nikon
Confocal microscope (BX-51, Olympus America) with mosaic tile imag-
ing from NIS Elements viewer. Images were imported into ImageJ (NIH)
to calculate the number and diameter of inter-collaterals, as described
[7]. Similarly, the number of PCNAþ/VPþ cells within the collateral
2

vessel walls was quantified using ImageJ's cell-counting tool from
maximal Z-projected images.

Immunohistochemistry of cortical whole mounts

Cortical whole mounts were dissected and stored in 1X PBS over-
night, as previously described [7]. Whole mounts were blocked in 5%
BSA (catalog no.: ST023; Beyotime) with 0.1% Triton X-100 and
treated at 4 �C overnight in mouse anti-smooth muscle actin (SMA)
(1:1000; Abcam, ab7817). Whole mounts were washed, incubated with
anti-mouse Alexa Fluor 488-conjugated secondary antibody (Thermo
Fisher Scientific), and observed with a Carl Zeiss 880 confocal micro-
scope. PCNA staining was performed on whole mounts as previously
described.

Behavioral testing

Rotarod. Mice were pretrained for four days prior to MCAO/R or
sham injury at 10 rpm and an acceleration of 0.1 rpm per second for 5
min. On the fourth day, a baseline was collected, followed by tests 1, 3,
and 7 days after the injury.

The Modified Neurological Severity Scores (mNSS). The mice were
graded on the 1, 3, and 7 days after injury to assess the neurological
deficits of each group. mNSS is a composite of exercise test, sensory test,
balance test, reflex test, and abnormal exercise [8]. There were 18 points
in all, and the greater the score, the more severe the neurological
deficiency.

2,3,5-triphenyl tetrazolium hydrochloride (TTC) staining

After 3 days of reperfusion, mice were sacrificed by overdose anes-
thetic, and the cerebral cortex was removed and stored at �20 �C. After
30 min, remove the brain tissue and chop it into six pieces before incu-
bating it in TCC solution for 30 min at 37 �C. Infarct size was determined
by ImageJ (1.37C; Bethesda, MD).

Cerebral blood flow (CBF)

CBF was measured as previously described [7]. CBF was measured
before, 5 min after, and 1–4 days after injury using the Moor LDI2-HIR
Laser Doppler and Moor Software Version 5.3 (Moor Instruments).
Mice were anesthetized with 2% isoflurane-30% O2 and CBF was scan-
ned in PFUs using a 2.5 cm � 2.5 cm scanning area.

A ratio of post-PFUs to the pre-injury scan was used to quantify tissue
perfusion in mice using the same standardized region of interest (ROI) on
the right hemisphere or injury side.

Culture of primary VSMCs and infection

Cell culture
Primary VSMCs were obtained from the leptomeninges of fetal mice

at one day postnatally, as described in the literature [9]. Cells were
cultured in DMEMF/12 (catalog no.: A4192001; Gibco, MA) with
10% FBS (catalog no.: 164210-600; Pricella, China) and 1% pen-
icillin/streptomycin (catalog no.: C0222; Beyotime, China). Cells were
incubated at 37 �C in a humidified environment containing 5% CO2 and
used between generation 3 and 5.

Cell infection
VSMCs were infected with recombinant adenoviruses of suitable

titers for RNA and protein expression. Cells were infected with the
appropriate titer of each adenovirus diluted in 1 ml of DMEMF/12
with 10% FBS for 16 h at 37 �C. The infection medium was replaced
the next day with the standard medium and cultured for one
additional day before the experiment. The adenoviral vector (pAdEasy-
EF1-MCS-CMV-mCherry) containing the whole RGMa and SNHG12



Fig. 1. Increased CBF and decreased infarct
volume in Ad-SNHG12 mice after MCAO/R.
(A) Following MCAO/R, SNHG12 expression
increased; n ¼ 3. (B) TCC staining for
determining brain infarct volume. (C)
Quantified infarct volume in Ad-SNHG12
mice is significantly lower than in Ad-NC
mice; n ¼ 5. (D) Laser Doppler images
taken before and after MCAO/R. Panel ex-
hibits Ad-SNHG12 and Ad-NC pictures
before and after MCAO/R. (E) Quantified
analysis shows Ad-SNHG12 groups have
higher CBF than Ad-NC groups; n ¼ 5. (F)
Rotarod evaluation of Ad-NC and Ad-
SNHG12 groups. Ad-SNHG12 mice out-
performed Ad-NC animals at 4 and 7 days
post-stroke. G) NSS was assessed 1–7 days
after MCAOR. n ¼ 5–6; two-way ANOVA
with Bonferroni's post hoc test. *P < 0.05,
****P < 0.0001 compared with matching Ad-
NC mice; ####P < 0.0001 compared with
corresponding sham mice. White dotted lines
in D represent the standardized ROI utilized
for the CBF quantification of each sample.
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complementary DNA (cDNA) sequence is designated. In vitro trans-
fection with siRNAs were performed using Lipofectamine RNAiMax
Reagent (catalog no.: 13778030; Invitrogen). Si-RNA against mice
RGMa (si-RGMa) and NC (si-NC) were designed and synthesized by
GenePharma (Shanghai, China). Si-RNA sequences are as follows:
si-RGMa: CGUGCAAGUCACCAAUACA (50

–30) and UGUAUUGGUGA-
CUUGCACG (30

–50).

Oxygen-glucose deprivation and reoxygenation (OGD/R)

To imitate the physiological conditions of MCAO/R in vivo, OGD/R
was carried out by an established procedure [10]. When primary VSMCs
reached 80–90% confluence, the cell culture media was replaced with
glucose-free DMEMmedium (Gibco, USA), and the cells were placed in a
hypoxic incubator with a gas combination of 94% N2, 5% CO2, and 1%
O2, which was kept at 37 �C for 6 h. Following that, the cells were
returned to the normal growth medium and cultured for 24 h under
standard conditions.
3

Cell migration assay

Wound healing. VSMCs were grown in 6-well plates until 70–80%
confluence, then treated with Ad-NC or Ad-SNHG12 for 3 days. Cells
were cultured in the presence or absence of OGD/R, and cell migration to
the scratched area was determined using a microscope (Leica, Germany)
at 0 and 24 h after the test.

Transwell assay. Transwell migration tests were conducted with an 8
μm chamber (catalog no. 3422; Corning). Following Ad-NC or Ad-
SNHG12 infection and OGD/R treatment as described above, VSMCs
were extracted using 0.25% trypsin (catalog no. C0201; Beyotime) and
seeded into the upper chamber. The lower chamber contained 500 μl of
media to promote VSMC migration. 12 h later, cells in the top chamber
were sterilized with a cotton swab, and migrating cells in the lower
chamber were fixed and stained with 0.1% crystal violet (catalog no.
C0121; Beyotime). The migrating area was determined using Image-Pro
Plus 6.0 (National Institutes of Health) software, and the number of
VSMCs in the Transwell chamber was counted.



Fig. 2. Increased collateral modification in Ad-
SNHG12 mice after MCAO/R. (A and B) Vessel pain-
ted Ad-NC brain 1 day after MCAO/R revealing ipsi-
lateral hemisphere pial collateral vessels (arrows). (C
and D) Ad-SNHG12 vessel painting was performed 1
day after MCAO/R. (E) Analysis of the collateral di-
ameters of MCA-ACA 1 and 4 days following MCAO/
R. The collateral size of Ad-SNHG12 mice is larger
than Ad-NC mice (*). (F) MCA-PCA collateral analysis
1 and 4 days following stroke. (G) Significant differ-
ences between time points or between the ipsilateral
and contralateral hemispheres are revealed by
average inter-collateral analyses and (H) inter-
collateral counts. The size of the collateral vessel
shrank at 1 day (I) and 4 days (J) after MCAO/R. One-
way ANOVA with Bonferroni's post hoc test; n ¼ 5 per
group. #, $P < 0.05; **, ##, $$P < 0.01, ***, ###, $$$P <

0.001; ****, ####, $$$$P < 0.0001. Scale bars in A-D are
1 mm.
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EdU cell proliferation assay

EdU cell proliferation assays were performed with the EdU Cell
Proliferation Assay kit (Beyotime, Shanghai, China). Cells were
seeded at 5 � 103 per well in 6-well plates 24 h before treatment.
Then EdU (20 mmol/L) solution was added to each well and incu-
bated for 2 h. Cells were subsequently fixed in 4% paraformaldehyde
for 1h at room temperature following treatment with 0.3% Triton X-
100 for an hour. Following PBS washing, the cells were incubated
with Click solution for 30 min. Next, cell nuclei were counterstained
with Hoechst at room temperature for 10 min. The cells were then
stained using Hoechst solution. The total number of cells and EdU-
4

positive cells were counted at random in three high-magnification
fields under the microscope, and the percentage of EdU-positive
cells was determined.

Quantitative real-time PCR

Trizol reagent (catalog no.: 9108; Takara) was used to extract total
RNA from VSMCs. 1 μg aliquots were then reverse transcribed into
complementary DNA (catalog no.: PR047; Takara). Quantitative real-
time PCR using SYBR Green reagent (catalog no.: PR802A; Takara) was
carried out according to the manufacturer's instructions. Primers were
purchased from Takara.



Fig. 3. Increased cell proliferation within
the MCA-ACA collateral niche of Ad-SNHG12
mice 1 day after MCAO/R. High magnifica-
tion confocal imaging was used to view
vessel-painted brains that had been immu-
nolabeled with anti-PCNA (green; white ar-
rows) and anti-αSMA (purple). Cell division
in the ipsilateral (A–G) and contralateral
(H–I) hemispheres was examined for collat-
eral remodeling 1 day after MCAO/R using
maximum Z-projection analysis of the whole
Z-stacked vessel. (A) Representative 3D pro-
jected picture from vessel painted (red)
ipsilateral Ad-SNHG12 pial surface of MCA-
ACA collateral with PCNA and α-SMA anti-
bodies. Ad-SNHG12 collateral vessels have
more aligned PCNAþ cells than Ad-NC. (B–D)
Representative single-channel photos of A
that show the expression of PCNA and α-SMA
in the Ad-SNHG12 collater (E–G). No PCNA
staining was seen in the contralateral pial
collaterals of the same representative injured
Ad-NC animal (H–I). (K) Quantified data
shows that Ad-SNHG12 mice have more
PCNAþ cells in the collateral vessel wall.
(L–N) High-magnification confocal ortho
pictures of Ad-SNHG12 collateral wall cell
division from inset in A. Scale bars: 50 μm
(A–J) and 10 μm (L–N). Two-way ANOVA
with Bonferroni's post hoc test; n ¼ 4–5 mice
per group; 4–5 MCA-ACA collaterals were
analyzed per mouse. ****P < 0.0001.
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The primer sequences are as follows:
β-actin-forward: CCTAGGCACCAGGGTGTGAT
Reverse: CTTCTCCATGTCGTCCAGT
SNHG12-forward: TCTGGTGATCGAGGACTTCC
Reverse: ACCTCCTCAGTATCACACACT

Western blot

Western blot analysis was carried out as previously described [11].
RIPA lysis buffer (catalog no.: PM0013B; Beyotime) was used to extract
proteins in a specific proportion from primary VSMCs or brain tissues.
Following centrifugation, the supernatant was collected, and the protein
content was determined with the BCA kit (catalog no.: P0012; Beyotime).
Subsequently loading equal amounts of total protein onto SDS-PAGE gels,
they were transferred to 0.45 μm PVDF membranes (Millipore, Billerica,
MA) and blocked with 5% nonfat milk for 1h. Primary antibodies against
RGMa (1:10,000 dilution; catalog no.: ab169761; abcam), SM22α (1:2000
dilution; catalog no.: ab14106; abcam), α-SMA (1:1000 dilution; catalog
no.: 19245; CST), OPN (1:1000 dilution; catalog no.: 25715-1-AP; Pro-
teintech, China) and MMP9 (1:1000 dilution; catalog no.: 10375-2-AP;
Proteintech, China) were incubated at 4 �C overnight. Goat anti-mouse
(1:5000 dilution; catalog no.: SA00001-1; Proteintech, China) or goat
anti-rabbit (1:5000 dilution; catalog no.: SA00001-2; Proteintech, China)
secondary antibodies were added and incubated for 1 h at room tem-
perature. The images were captured and quantified by the Gel imaging
analyzer system (version GelDoc GO; BIO-RAD, United States).

Statistical analysis

Statistics were performed with GraphPad Prism 9.0 and SPSS 26.0
(IBM). All data are derived from at least three independent experiments.
The student's t-test and one-way repeated-measures ANOVA were used
to compare groups and subgroups. Nonparametric data were analyzed
using the chi-square and Mann-Whitney U tests. A difference was
considered statistically significant at P < 0.05.
5

Results

SNHG12 enhances CBF, neuronal organization, and behavioral recovery
following middle cerebral artery occlusion reperfusion (MCAO/R)

Our initial analysis showed that SNHG12 expression was elevated
after MCAO/R (Fig. 1, A). Then, we used Ad-SNHG12 to induce over-
expression of SNHG12 expression (Supplemental Figure S1). We subse-
quently found that SNHG12 significantly decreased infarct volume versus
controls at 4 days after MCAO/R (20.95 � 5.90 mm3 vs. 38.85 � 4.10
mm3) (Fig. 1B and C). These findings are consistent with the elevated
CBF generated by SNHG12. Laser Doppler was further used to determine
CBF in the ipsilateral cerebral hemisphere before, and 1–4 days after
MCAO/R. The measured perfusion units (PFUs) were then compared
with the baseline pre-injury CBF (Fig. 1D and E). Overall, we discovered a
significant increase in CBF at 1 day (57.66 � 7.11 vs. 24.93 � 10.34), 2
days (73.71 � 5.29 vs. 47.12 � 6.49), 3 days (84.92 � 4.97 vs. 59.39 �
5.39), and 4 days (101.28 � 6.35 vs. 76.99 � 3.46) in the Ad-SNHG12
groups compared with Ad-NC groups. We also observed enhanced
behavioral recovery in the Ad-SNHG12 group. Rotarod testing showed
significant improvements in motor performance in the Ad-SNHG12
group compared to that in the Ad-NC group 4 days after MCAO/R,
with slight gains also observed at 7 days (Fig. 1F). Subsequently, we used
neurological severity scoring to investigate the effect of SNHG12 on
neural functional defects in MCAO/R. We observed a significant differ-
ence in the NSS of mice in Ad-SNHG12 groups compared with the Ad-NC
group at 1 days (6.25 � 0.70 vs. 8.12 � 0.64), 4 days (4.50 � 0.53 vs.
6.50 � 0.53), and 7 days (3.00 � 0.75 vs. 4.75 � 0.70) (Fig. 1G). These
results indicate that SNHG12 plays a role in functional impairment and
brain tissue damage after MCAO/R.
SNHG12 promotes leptomeningeal collaterals remodeling after MCAO/R

To determine whether pial collateral remodeling correlated with CBF
and behavioral recovery, we performed vessel painting 1 and 4 days after



Fig. 4. SNHG12 mediates the dedifferentiation, proliferation, and migration of
VSMCs after OGD/R. (A) The relative SNHG12 mRNA levels in the primary mice
VSMCs treated with gradient OGD/R (0, 2, 4, 6, and 8 h). n ¼ 3. (B–E) Western
blot analysis (B) and quantification of the relative protein expression of OPN (C),
α-SMA (D), and SM22α (E) in primary mice VSMCs cultured with OGD/R. n ¼ 4.
(F) Relative mRNA levels of SNHG12 after adenovirus overexpression in primary
mice VSMCs. n ¼ 3. (L and K) Edu was used to measure VSMC proliferation. The
VSMCs were cultured in different conditions (Ad-NC, Ad-NC þ OGD, Ad-
SNHG12, and Ad-SNHG12 þ OGD) n ¼ 5. (M and N) OGD-induced VSMCs,
treated with Ad-SNHG12 or Ad-NC, underwent wound healing experiments. n
¼ 4–5. (O and P) The same treated VSMCs (Ad-NC, Ad-NC þ OGD, Ad-SNHG12,
and Ad-SNHG12 þ OGD) were submitted to a transwell chamber test to assess
the migration ability of VSMCs. n ¼ 4–5. *P < 0.05, **P < 0.01, ***P < 0.001;
****P < 0.0001; the scale bar represents 100 μm.
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stroke in both the Ad-SNHG12 and Ad-NC groups. Overall, we detected an
increase in the ipsilateral pial collateral diameter compared with the
contralateral diameter in both Ad-SNHG12 (Fig. 2A and B) and Ad-NC
(Fig. 2C and D) mice. However, SNHG12 significantly accelerated the
6

remodeling of MCA-ACA inter-collaterals 1 day (Ad-SNHG12 33.72 �
5.89 μm vs. Ad-NC 19.28 � 2.19 μm) and 4 days (Ad-SNHG12 49.69 �
3.91 μm vs. Ad-NC 31.76 � 2.29 μm) following MCAO/R (Fig. 2E). We
further assessed the intercollaterals because the PCAs could potentially
provide retrograde reperfusion to the area affected by the blocked MCAs.
Measurements of MCA-PCA connected revealed wider collateral di-
ameters in the Ad-SNHG12 versus the Ad-NC group at both 1 day (36.02
� 5.00 μm vs. 20.75 � 1.37 μm, separately) and 4 days (49.09 � 6.48 μm
vs. 31.76 � 2.29 μm, separately) (Fig. 2F). The cumulative diameter of all
inter-collaterals (collaterals connecting the MCA-ACA and MCA-PCA
major branches) was larger in in the Ad-SNHG12 compared to the Ad-
NC group at 1 day (34.87 � 5.34 μm vs. 20.01 � 1.63 μm, respectively)
and 4 days (49.13� 4.83 μm vs. 32.19� 1.69 μm, respectively) (Fig. 2G).
A significant difference in the total number of intercollaterals was further
detected after MCAO/R (Fig. 2H), indicating that SNHG12 not only
improved CBF through side branch remodeling but also by includingmore
side branches, as demonstrated by the total number of side branch gaps.
Furthermore, analysis of the collateral size revealed that the ipsilateral Ad-
SNHG12 group had the largest increase in collateral diameter. At 1 day
after MCAO/R, 84% of collaterals were larger than 31 μm, with this
number increasing to 91% at 4 days. In contrast, less than 10% of col-
laterals on the contralateral side were above 31 μm. However, fewer than
10% of the Ad-NC ipsilateral collaterals measured longer than 31 μm at 1
day, while 83% achieved this at 4 days following MCAO/R. Moreover, a
higher percentage of Ad-SNHG12 collaterals had a size larger than 50 μm:
33% compared to under 10% in Ad-NC groups (Fig. 2I and J).

Early cellular remodeling evidence in vessel-painted collaterals

To investigate whether SNHG12 improved early remodeling of pial
vessels by enhancing SMC growth properties, we performed immuno-
staining for the smooth muscle cell-specific marker (α-SMA) and cell
division marker (PCNA) on Ad-SNHG12 and Ad-NC cortical tissue whole
mounts 1 day following MCAO/R and vessel painting (Fig. 3). Exami-
nation of the maximum intensity z-stack confocal images revealed that
Ad-SNHG12 mice exhibited higher numbers of PCNA cells in the MCA-
ACA pial ipsilateral collateral vessel wall than in the Ad-NC ipsilateral
and Ad-SNHG12 contralateral vessels. Overall, these data indicate that
SNHG12 may facilitate early remodeling by enhancing smooth muscle
cell proliferation in the collateral territory.

SNHG12 upregulation improves the dedifferentiation of contractile VSMCs

SNHG12 exhibited the most notable drop at the 6-h time point
following oxygen-glucose deprivation/reoxygenation (Fig. 4, A). There-
fore, subsequent OGD tests were scheduled for 6 h. Following OGD/R
treatment, cells gradually dedifferentiated into a synthetic phenotype,
characterized by an increase in the proliferative marker CD68 and a
decrease in the expression of the contractile markers SM22α and α-SMA
(Fig. 4, B–E). The expression of SNHG12 in mouse primary VSMCs was
upregulated by Ad-SNHG12, and the expected increase in SNHG12
expression was confirmed using PCR (Fig. 4, F). Western blot examina-
tion revealed further reduced levels of the VSMC contractile markers
SM22α and α-SMA, in addition to elevated levels of the proliferative
marker OPN in the OGD/R-stimulated VSMCs with upregulated SNHG12
(Fig. 4G–J). Wound healing, Transwell, and Edu assays demonstrated
enhanced proliferation and migration in OGD/R-stimulated VSMCs with
elevated SNHG12 levels (Fig. 4, K–P). SNHG12 upregulation further
enhances OGD/R-induced proliferation, migration, and dedifferentiation
of VSMCs.

SNHG12 upregulates MMP9 expression in the dedifferentiation of VSMCs
for lateral vascular remodeling

During vascular remodeling, MMP9 might enhance VSMC migration
by interacting with integrins [12]. The possibility that SNHG12 regulates



Fig. 5. SNHG12 stimulates MMP9 expression in
VSMCs during dedifferentiation for lateral vascular
remodeling. (A–E) Western blot analysis (A) and
quantification for the relative protein expression of
MMP9 (B), OPN (C), α-SMA (D), and SM22α (E) in the
primary mice VSMCs transfected with si-SNHG12 or
si-NC, followed by or not OGD/R. n ¼ 5. (F–J) West-
ern blot analysis (F) from ipsilateral hemisphere ly-
sates 4 days after MCAO/R. There is significantly
elevated MMP9 (G) and OPN (H) protein in
Ad-SNHG12 mice lysates compared with Ad-NC mice.
While Ad-SNHG12 mice have reduced α-SMA (I), and
SM22α (J) expression compared with Ad-NC mice. n
¼ 4. One-way ANOVA with Bonferroni's post hoc test.
*P < 0.05, **P < 0.01, ***P < 0.001.
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MMP9 was therefore investigated. First, the protein expression of MMP9
was found to decrease in OGD/R VSMCs after SNHG12 silencing
(Fig. 5A–C). This was accompained by increased protein levels of VSMCs
contractile indicators and decreased protein levels of proliferative
markers (Fig. 5D–F). Furthermore, Western blot examination revealed
that SNHG12 overexpression in MCAO/R-treated animals enhanced the
dedifferentiation of contractile VSMCs, as demonstrated by elevated
levels of the proliferative marker OPN and reduced levels of the VSMC
contractile markers SM22α and α-SMA. However, the effect was coun-
teracted by SNHG12 knockdown, as evidenced by the decrease in MMP9,
the decrease in proliferation markers, and the increase in contraction
7

markers (Fig. 5L–Q). Therefore, SNHG12 stimulated MMP9 expression
and contractile VSMC dedifferentiation.

SNHG12 enhances MMP9 in the dedifferentiation of VSMCs through RGMa

We observed that OGD/R increased the dedifferentiation of contrac-
tile VSMCs into a synthetic phenotype associated with increased levels of
MMP9 and RGMa (Fig. 6A–F). While protein expression of MMP9
decreased in OGD/R-induced VSMCs when RGMa was silenced
(Fig. 6G–H). Meanwhile, the dedifferentiation of VSMCs treated with
OGD/R was impeded by RGMa silencing, as indicated by the observed



Fig. 6. RGMa overexpression reverses the dedifferentiation of OGD/R-induced
VSMCs promoted by SNHG12 overexpression. (A–F) Western blot analysis (A)
and quantification for the relative protein expression of MMP9 (B), OPN (C),
α-SMA (D), RGMa(E), and SM22α (F) in the primary mice VSMCs treated with or
not OGD/R. n ¼ 4. (G–L) Western blot analysis (G) and quantification for the
relative protein expression of MMP9 (H), OPN (I), α-SMA (J), RGMa (K), and
SM22α (L) in the OGD/R-induced primary mice VSMCs treated with si-RGMa or
si-NC. n ¼ 4. (M–R) Western blot analysis (M) and quantification for the relative
protein expression of MMP9 (N), OPN (O), α-SMA (P), RGMa(Q), and SM22α (R)
in the primary mice VSMCs treated with different conditions (OGD þ Ad-NC,
OGD þ Ad-SNHG12, OGD þ Ad-NC, OGD þ Ad-RGMa, OGD þ Ad-SNHG12 þ
Ad-NC, and OGD þ Ad-SNHG12 þ Ad-RGMa). n ¼ 4. *P < 0.05, **P < 0.01.
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decrease in OPN and the upregulation of SM22α and α-SMA levels
(Fig. 6G–L). Furthermore, to investigate whether RGMa mediates the
regulation of MMP9 by SMHG12, and thus participates in the dediffer-
entiation of contractile VSMCs, we applied Ad-SNHG12 and Ad-RGMa to
overexpress SNHG12 and RGMa in OGD/R-treated VSMCs. Western blot
ananlysis further demonstrated that SNHG12 overexpression upregu-
lated MMP9 expression, and facilitated the dedifferentiation of VSMCs
treated with OGD/R. However, this effect was counteracted by Ad-RGMa
treatment (Fig. 6M–R). These results show that RGMa is involved in the
process by which SNHG12 influences MMP9 to foster the transformation
of contractile VSMCs into a synthetic phenotype.

Discussion

Arterial remodeling, which is induced by modifications in the char-
acteristics of VSMCs, is an essential component of vascular injury.
However, the molecular mechanisms underlying this complex patho-
physiologic process remain unclear. In this study, we show how SNHG12
regulates the dedifferentiation of constricted VSMCs toward the synthetic
phenotype, a process which promotes cerebrovascular collateral
remodeling after cerebral ischemia-reperfusion.

Ischemia-reperfusion disrupts intravascular oxygen balance, trig-
gering the release of reactive oxygen species (ROS) and free radicals. This
drives the overexpression of proinflammatory factors, causing major
damage to vascular endothelial cells and smooth muscle cells [13,14].
VSMCs play a crucial role in vascular remodeling and collateral vessel
maturation. Prior research has shown that SNHG12 is a key regulator of
tumor, cerebrovascular injury, and angiogenesis [15,16]. Although
SNHG12 promotes neovascularization, its role in arterial remodeling
remains unclear. In this study, we found that the expression of SNHG12
increased following cerebral ischemia-reperfusion injury but rather
decreased in primary smooth muscle cells following OGD/R treatment.
Simultaneously, overexpression of SNHG12 reversed the dedifferentia-
tion of contractile VSMCs induced by OGD/R in vitro, thus promoting
proliferative migration and dedifferentiation. In vivo, overexpression of
SNHG12 increased the density and diameter of molluscum contagiosum
arteries. We therefore hypothesized that SNHG12 would be down-
regulated in primary smooth muscle cells cultured alone following
OGD/R treatment in vitro. However, in the mouse model of cerebral
ischemia-reperfusion, we observed a complex pathophysiological pro-
cess, in which multiple cells expressing SNHG12 exerted protective
effects. This triggered an overall increase in SNHG12 levels after stroke.

MMP-9 is a zinc-dependent metalloproteinase involved in extracel-
lular matrix degradation and remodeling, which plays important roles in
angiogenesis and vascular remodeling [17]. Higher MMP-9 concentra-
tions have further been found to be associated with good collateral
status in acute ischemic stroke patients with cerebral large artery
atherosclerosis [18]. For example, Zorina et al. [19] showed that the
effect of MMP-9 deficiency on geometric remodeling was caused by
changes in collagen metabolism and structure. MMPs, especially
MMP-9, are also associated with outward arterial remodeling [12,20].
Marimastat, a broad-spectrum inhibitor, has further been shown to
reduce constrictive arterial remodeling following balloon angioplasty in
a pig model by inhibiting MMP [21]. MMP-9 has also been shown to
bind to fibrin in vitro, and may drive VSMC migration following injury
by releasing chemotactic peptides and localizing MMP9 activity to un-
stable atherosclerotic plaques [22]. MMP9 can also alter cell-matrix
binding properties and enhance cell migration without activation or
proteolysis. By interacting with MMP-9 receptors, such as CD44, MMP-9
can also promote SMC binding to the matrix without destroying type I
collagen [23,24].

RGMa is a glycosylphosphatidylinositol-anchored membrane glyco-
protein involved in atherosclerosis and injury-induced remodeling [25].
Li et al. [26] showed that the role of RGMa in the blood-brain barrier
disruption may be associated with MMP9. Yuan et al. [25] showed that
RGMa facilitated the dedifferentiation of VSMCs into macrophage-like
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cells by improving the function of Slug via the MEK-ERK1/2 signaling
pathway. Zhang et al. [27] also discovered that RGMa reduced the
expression of VEGF and p-FAK (Tyr397) by reducing neopterin and
Unc5b expression in vitro, thereby resulting in the inhibition of endo-
thelial cell proliferation, tube formation, and migration. Wang et al. [28]
also found that RGMa inhibited angiogenesis via VEGF, Ang2, Ang1, and
BDNF following cerebral ischemia/reperfusion injury. In this study we
investigated whether SNHG12 stimulates contractile VSMC dedifferen-
tiation by upregulating MMP9 expression. In vitro, MMP9 expression
was elevated in primary VSMCs treated with OGD/R and reduced in
OGD/R-treated VSMCs following SNHG12 silencing. The reason that
MMP9 was not significantly increased in Fig. 5 may be that SNHG12 was
knocked down using siRNA prior to OGD treatment. The decrease in
SNHG12 expressionmay have led to a decrease in MMP9 that was greater
than the upregulation of MMP9 by OGD treatment alone. We found that
RGMa expression was reduced in VSMCs overexpressing SNHG12
after OGD/R treatment. Indeed, RGMa overexpression reversed the
phenotypic dedifferentiation mediated by SNHG12 overexpression in
OGD/R-treated VSMCs. The current study revealed that OGD/R-induced
VSMCs increased MMP9 expression accompanied by increased RGMa. In
contrast, RGMa overexpression reduced the expression of MMP9 and
VSMCs proliferation markers. Thus, SNHG12 appears to regulate MMP9
during VSMC dedifferentiation from the contractile to the synthetic
phenotype via action on RGMa, enhancing collateral artery remodeling
following ischemia-reperfusion. Indeed, one previous study observed
that reduced RGMa levels decreased the role of MMP9 in the blood-brain
barrier (BBB), thereby attenuating BBB dysfunction [26]. Two possible
explanations have been proposed to explain the different changes in
RGMa levels in the BBB and VSMCs. Second, MMP9 involvement varies
among studies. The blood-brain barrier is broken by the MMP9-mediated
digestion of the basement membrane of cerebral microvascular endo-
thelial cells and alteration of tight junctions, whereas VSMCs are stim-
ulated to interact with newly formed basement membranes, triggering
intracellular signaling via integrins to induce phenotypic switching and
sustained migration.

The current study enriches our understanding of how SNHG12 affects
cellular function, and further reveals the mechanisms that induce specific
adaptive responses in collateral circulation. Why some patients show
more collateral circulation openings than others following stroke still
remains unknown. Understanding the underlying mechanisms is crucial
for developing approaches to predict the collateral involvement and
improve the prognosis of ischemic stroke.
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