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SUMMARY

Vascular smooth muscle cells (VSMCs) have been widely recognized as key
players in regulating blood-brain barrier (BBB) function, and their roles are
unclear in ischemic stroke. Myosin phosphatase target subunit 1 (MYPT1) is
essential for VSMC contraction and maintaining healthy vasculature. We gener-
ated VSMC-specific MYPT1 knockout (MYPT1 SMKO) mice and cultured VSMCs in-
fected with Lv-shMYPT1 to explore phenotypic switching of VSMCs and the
accompanied impacts on BBB integrity. We found that MYPT1 deficiency induced
phenotypic switching of synthetic VSMCs, which aggravated BBB disruption.
Proteomic analysis identified evolutionarily conserved signaling intermediates
in Toll pathways (ECSIT) as a downstream molecule that promotes activation of
synthetic VSMCs and contributed to IL-6 expression. Knocking down ECSIT
rescued phenotypic switching of VSMCs and BBB disruption. Additionally, inhibi-
tion of IL-6 decreased BBB permeability. These findings reveal that MYPT1
deficiency activated phenotypic switching of synthetic VSMCs and induced BBB
disruption through ECSIT-IL-6 signaling after ischemic stroke.

INTRODUCTION

Ischemic stroke is one of the leading causes of death worldwide, and survivors often suffer from long-lasting dis-
abilities (Benjamin et al., 2017). The treatment of ischemic stroke remains a clinical challenge; thus, exploration of
novel therapeutic strategies is urgently needed. It is generally accepted that the blood-brain barrier (BBB) plays
an important role in the early development of ischemic stroke and is a potential target for the treatment of
ischemicstroke (Thrippleton et al., 2019). Cerebral vasculature dysfunction, along with extracellular matrix degra-
dation and subsequent inflammatory responses, contributes to driving BBB disruption after ischemic stroke
(Thrippleton et al., 2019; Liebner et al., 2018). However, the mechanisms underlying the changes in BBB integrity
and the effects of these changes on ischemic stroke outcomes remain ill-defined.

Although BBB is mainly composed of endothelial cells, astrocytes, and pericytes, it has been evidenced
that vascular smooth muscle cells (VSMCs) also contribute to the integrity of BBB (Zhao et al., 2015). As
one of the major cell types in the cerebral vasculature, VSMCs help to stabilize the BBB integrity and main-
tain healthy vasculature (Liebner et al., 2018). Dysfunction of VSMCs may induce impairment of the
myogenic response and cerebral autoregulation, which further evokes BBB leakage and causes neuronal
death and synaptic dysfunction, resulting in neurological deficits (Shekhar et al., 2017; Merlini et al.,
2011; Kanekiyo et al., 2012). In many vascular disorders, VSMCs can switch from a quiescent contractile
phenotype to an active synthetic phenotype, and VSMCs with an active synthetic phenotype synthesize
and secret proinflammatory factors and matrix proteins, leading to vascular integrity disruption (Shen
et al., 2019). However, the pathological role and molecular mechanisms of VSMCs in the maintenance of
BBB integrity after ischemic stroke remain elusive and must be further investigated.

Myosin phosphatase target subunit 1 (MYPT1), the regulatory subunit of myosin light chain phosphatase,
plays an essential role in smooth muscle contraction by modulating phosphorylation of the Ca?*-depen-
dent myosin regulatory light chain (Qiao et al., 2014). Accumulating data suggest that MYPT1 plays an
important role in other noncontractile functions, including cell migration or adhesion, cell proliferation,
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epithelial barrier function (Kiss et al., 2019; Eto, 2009). However, little is known about the effects of MYPT1 in
regulating the phenotypic switching of VSMCs and their impacts on BBB integrity and the neurological
outcomes after ischemic stroke.

In the current study, we explored the role of MYPT1 deficiency in the phenotypic switching of VSMCs and it
subsequently influences in modulating BBB integrity after ischemic stroke. Here, we provided evidence
that synthetic VSMCs aggravate BBB disruption in a contact-independent way in acute ischemic stroke.
MYPT1 deficiency promotes the phenotypic switching of synthetic VSMCs accompanied with increased
IL-6 expression and aggravates BBB disruption after ischemic stroke. In addition, we found that evolution-
arily conserved signaling intermediates in Toll pathways (ECSIT) is a downstream molecule of MYPT1 that is
involved in phenotypic switching of VSMCs and contributes to IL-6 expression.

RESULTS

VSMC-specific MYPT1 deficiency increases the brain infarct size and neurological deficits
after ischemic stroke

To determine the role of VSMC-specific MYPT1 in ischemic brain injury, age- and sex-matched MYPT15M<© and

WT mice were subjected to middle cerebral artery occlusion (MCAO) for 60 min followed by reperfusionat 1d, 3
d, and 7 d. Data from laser speckle imaging technology show that there is no significant difference in cerebral
blood flow between MYPT15M<© and WT mice both upon ischemia as well as during reperfusion (Figure S1).
Triphenyl tetrazolium chloride (TTC) staining was performed to evaluate the cerebral infarct volume.
MYPT1MKO mice showed significantly larger infarcts than WT mice 1, 3, and 7 d after MCAO (Figures 1A
and 1B). Consistently, MYPT15M© mice exhibited worse performance than WT mice in the modified neurolog-
ical severity score (MNSS) test, rotarod test, foot fault test, and forelimb grip strength test 1, 3, and 7 d after
MCAQO, indicating severe deficits in motor function, sensorimotor coordination, and muscle strength (Figures
1C-1P). It is worth noting that the neurological deficits of MYPT15MK mice were the worst 1 d after MCAO
and that BBB disruption peaked at 1 d after MCAO, which is consistent with previous reports (Chang et al.,
2017); therefore, 1 d after MCAO was chosen as the main time point in the subsequent experiments.

VSMC-specific MYPT1 deficiency exacerbates ischemia-induced BBB disruption

To test whether VSMC-specific MYPT1 deficiency aggravates the disruption of BBB permeability after ischemic
stroke, we quantified evans blue (EB) extravasation and fluorescein isothiocyanate (FITC)-dextran labeling
in vivo. The results showed increased EB and FITC-dextran leakage in the ischemic hemisphere in MYPT15M<©
mice 1 d after MCAO (Figures 2A-2D). Since tight junction (TJ) proteins in endothelial cells are important for
maintaining BBB function (Kunze and Marti, 2019), we further evaluated the protein expression of ZO-1, occlu-
din, and claudin-5 by immunofluorescence and western blotting. As shown in Figures 2E-2G, compared with
wild type (WT) mice, the alignment of TJs in endothelial cells was severely impaired in the ischemic hemisphere
in MYPT15M<C mice 1 d after MCAQ. Consistently, western blotting analysis confirmed that the protein expres-
sion levels of ZO-1, occludin, and claudin-5 were significantly reduced in the ischemic hemisphere of
MYPT13MKO mice 1 d after MCAO (Figures 21 and 2J). Furthermore, in electron microscopic scanning, endothe-
lial swelling and TJ loss were observed in the cortical arterioles of MYPT15MKC and WT mice 1 d after MCAQ but
not in the two sham groups; in MYPT1 SMKO mice, TJ loss in cortical arterioles was more severe than in WT mice,
and TJs were irregularly distributed (Figure 2H). Notably, the VSMCs of MYPT1°MO mice contained more cell
organelles than those of WT mice 1 d after MCAO, which indicates that VSMCs with MYPT1 deficiency may un-
dergo phenotypic switching during acute ischemic stroke (Figure 2H).

MYPT1 deficiency induces the switching of cerebral VSMCs to the synthetic phenotype after
ischemic stroke

To validate the roles of MYPT1 in modulating the phenotypic switching of VSMCs after ischemia, we silenced
MYPT1 expression in cultured human brain vascular smooth muscle cells (HBVSMCs) transfected with lentivirus
before subjected to OGD/R in vitro. Specific markers of the contractile phenotype of VSMCs, including a-SMA,
SM22a, and calponin, were selected for further validation as reported previously (Zeng et al., 2019; Yang et al.,
2017). The transduction efficiency of Lv-shMYPT1 was determined by immunofluorescence, western blotting,
and Q-PCR (Figures S2A-S2D). Both Lv-shMYPT1-1 and Lv-shMYPT1-2 were effective in silencing MYPT1 expres-
sionin HBYSMCs. Lv-shMYPT1-1, which exhibited higher efficiency, was selected for further experiments. After 4 hr
of oxygen-glucose deprivation (OGD) followed by 24 hr of reoxygenation, both the mRNA and protein levels of
contractile phenotype markers (2-SMA, SM22a, and calponin) and MYPT1 expression were significantly
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Figure 1. VSMC-specific MYPT1 deficiency increases the brain infarct size and neurological deficits after ischemic
stroke

(A and B) Analysis of the infarct volume in WT and MYPT15MKO mice 1 d, 3 d, and 7 d after MCAO by TTC staining and
quantification. n = 4-7.

(C-F) Performance of WT and MYPT15MKO mice in the mNSS test, the rotarod test, foot fault test, and the forelimb grip
strength test 1d, 3d, and 7 d after MCAQ. n = 10. Data are represented as mean + SEM. *p < 0.05, **p < 0.01 and ***p <
0.001. Two-way ANOVA followed by Tukey's test for multiple comparisons was used to analyze the difference between
two groups at more than one time point.

upregulated in HBVSMCs (Figures 3A-3C). However, MYPT1 deficiency decreased the mRNA and protein levels of
these contractile phenotype markers (Figures 3A-3C). Immunofluorescence staining consistently showed that the
expression of a-SMA and SM22a in HBYSMCs was decreased in the MYPT1-deficient HBVSMCs after OGD (Fig-
ure 3D). In addition, the changes in MYPT1, a-SMA, SM22¢., and calponin protein expression were confirmed in
cortical arterioles in MYPT15MKO mice after MCAQ (Figures 3F and 3G). Furthermore, to evaluate the switching
of VSMCs to the synthetic phenotype, we measured the levels of the main cytokines secreted by HBVSMCs,
including IL-8, IL-1B, IL-6, IL-10, TNF-a, and IL-12p70, as reported previously (Shi et al., 2020; Luo et al., 2020). In
the OGD/R models, although the levels of both IL-8 and IL-6 in the supernatant of HBVSMCs were in high levels,
as determined by the CBA Inflammation Kit, IL-6 was the only cytokine secreted by MYPT1-deficient HBVSMCs
that was upregulated (Figure 3E). Taken together, these data demonstrate that MYPT1 contributes to the pheno-
typic switching of VSMCs after ischemia and that depletion of MYPT1 in VSMCs suppresses phenotypic switching
to the contractile phenotype and promotes IL-6 secretion.

MYPT1 deficiency enhances BBB disruption induced by synthetic VSMCs after ischemic
stroke

To explore the effects of MYPT1-deficient synthetic VSMCs on BBB integrity, the supernatant of human
brain microvascular endothelial cells (HBVSMCs) transfected with or without Lv-shMYPT1 was collected
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Figure 2. VSMC-specific MYPT1 deficiency promotes ischemia-induced BBB disruption

(A and B) EB staining and quantification in WT and MYPT15MX© mice from the sham groups and 1 d MCAO groups. n = 3.

(C and D) Representative images and quantification of FITC-dextran (70 kDa) leakage in WT and MYPT13MKO mice from the sham groups and 1 d MCAO
groups. Scale bar: 50 pm. n = 5.

(E-G) Representative double immunofluorescence staining for ZO-1, occludin, and claudin-5 with CD31 in WT and MYPT1 SMKO mice from the sham groups
and 1 d MCAO groups. Scale bar: 50 pm.

(H) Representative scanning electron microscopy images of VSMCs, endothelial cells, and TJs in the cortical arterioles of WT and MYPT1 SMKO mice from the
sham groups and 1 d MCAO groups. Scale bar: 1 um. VSMCs: vascular smooth muscle cells. ECs: endothelial cells. TJ: tight junction. M: mitochondria. N:
nucleus. RER: rough ER. DB: dense body. DP: dense patch. Go: Golgi apparatus.

(I'and J) Western blotting and quantification of MYPT1, ZO-1, occludin, and claudin-5 expression in the cortical arterioles of WT and MYPT15MK© mice from
the sham groups and 1 d MCAO groups. n = 5. Data are represented as mean + SEM. *p < 0.05, **p < 0.01 and ***p < 0.001 by one-way ANOVA and
Bonferroni's post hoc test.

and used to stimulate monolayer HBMECs after OGD/R. In addition to TJs, VE-cadherin plays a central role
in controlling endothelial barrier function, which is transiently disrupted by proinflammatory cytokines after
stroke (Colés-Algora et al., 2020). Immunofluorescence staining for VE-cadherin, ZO-1, and claudin-5
showed that BBB integrity was disrupted when HBMECs were treated with the supernatant of HBVSMCs
after OGD/R, which indicated that synthetic VSMCs were deleterious to BBB integrity. In addition, BBB
integrity was further disrupted when HBMECs were treated with the supernatant of HBVSMCs transfected
with Lv-shMYPT1 (Figure 4A). Consistently, the protein levels of ZO-1, occludin, and claudin-5 in HBMECs
treated with the supernatant of HBVSMCs with transfected Lv-shMYPT1 were significantly downregulated
(Figures 4B and 4C). In addition, FITC-dextran permeability was increased, and the transendothelial elec-
trical resistance (TEER) value was decreased when HBMECs were stimulated with the supernatant of
HBVSMCs with transfected Lv-shMYPT1 (Figures 4D and 4E). Therefore, we concluded that MYPT1 knock-
down in VSMCs exacerbates BBB disruption after ischemic stroke.

ECSIT is involved in MYPT1 signaling in cerebral VSMCs after ischemic stroke

To comprehensively understand the mechanism by which MYPT1 modulates the phenotypic switching of
VSMCs after ischemic stroke, the proteins of cortical small vessel from MYPT15MX© and WT mice subjected
to MCAO or the sham group were collected for proteomic screening. Notably, cortical arterioles were
collected for proteomic analysis instead of cerebral VSMCs because it was difficult to isolate pure cerebral
VSMCs and because data from in vivo tissue samples are more convincing than data from cell lines in vitro.
Protein expression was analyzed with the Human Protein Atlas (http://www.proteinatlas.org/), and further
in vivo and in vitro validation experiments were performed.

In total, 5770 proteins were identified by proteomic screening. Proteins that exhibited a 1.2 times change in
expression and had a t test p value <0.05 were considered as differential expression proteins (DEPs). DEPs
involved in VSMC function were selected and were shown in the corresponding heatmap. ECSIT was one of
the most obviously increased proteins in the MYPT15MX© WT mice 1 d after MCAO and was highly ex-
pressed in VSMCs (Figure 5A). Q-PCR and western blotting further verified that the mRNA and protein
levels of ECSIT were increased in the MYPT13MKC and WT mice 1 d after MCAO (Figures 5B-5D). Changes
in ECSIT expression levels were also validated in the in vitro models. The levels of ECSIT were significantly
increased in MYPT1-deficient HBVSMCs after OGD, as detected by both Q-PCR and western blotting (Fig-
ures 5E-5G). Taken together, these data reveal that ECSIT is involved in MYPT1 signaling in cerebral VSMCs
following ischemic stroke.

ECSIT silencing inhibits switching in MYPT1-deficient VSMCs to the synthetic phenotype and
ameliorates BBB disruption after ischemic stroke

To further explore the role of ECSIT in MYPT1-mediated phenotypic switching of VSMCs after OGD expo-
sure, we subjected Lv-shMYPT1-transfected HBVSMCs to siRNA-mediated ECSIT knockdown. The siRNA
knockdown efficiency was shown in Figures S2E-S2G. Both the mRNA and protein expression levels of
ECSIT were significantly decreased in MYPT1-deficient HBVSMCs, as determined by Q-PCR and western
blotting (Figures 6A-6C). Although the mRNA expression of markers of the contractile phenotype
(a-SMA, SM22¢., and calponin) was decreased in MYPT1-deficient HBVSMCs subjected to OGD, ECSIT
silencing rescued the expression of these genes (Figure 6A). Similar changes in protein levels were found
by western blotting (Figures 6B and 6E-6G). In addition, the IL-6 levels in the supernatant of MYPT1-defi-
cient HBVSMCs were dramatically decreased after ECSIT silencing (Figure 6H). These data demonstrate
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Figure 3. MYPT1 deficiency facilitates the switching of cerebral VSMCs to the synthetic phenotype after ischemic stroke
(A) The mRNA levels of MYPT1, a-SMA, SM22¢, and calponin in HBVSMCs from the control, OGD, OGD+Lv-control, and OGD+Lv-shMYPT1 groups. n = 9.
(B and C) Western blot analysis and quantification of MYPT1, a-SMA, SM22a, and calponin in HBVSMCs from the control, OGD, OGD+Lv-control, and

OGD+Lv-shMYPT1 groups. n = 3.
(D) Representative immunofluorescence staining for a-SMA and SM22a in HBVSMCs from the control, OGD, OGD+Lv-control, and OGD+Lv-shMYPT1
groups. Scale bar: 50 pm.
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Figure 3. Continued

(E) Inflammatory cytokine levels in HBVSMCs from the control, OGD, OGD+Lv-control, and OGD+Lv-shMYPT1 groups. n = 3.

(F-G) Western blot analysis and quantification of a-SMA, SM22a, and calponin expression in the cortical arterioles of WT and MYPT1MKC mice from the
sham groups and 1 d MCAO groups. n = 3. Data are represented as mean + SEM. *p < 0.05, **p < 0.01, and ***p < 0.001 by one-way ANOVA

and Bonferroni’s post hoc test. HBVSMCs: human brain vascular smooth muscle cells. OGD: oxygen-glucose deprivation. Lv-control: control lentivirus.
Lv-shMYPT1: MYPT1-inhibiting lentivirus.

the critical role of ECSIT in phenotypic switching of VSMCs mediated by the MYPT1 pathway after ischemic
stroke.

To determine whether ECSIT-mediated phenotypic switching of VSMCs influences BBB disruption after
ischemic injury, HBMECs were subjected to OGD/R and then treated with the supernatants of HBVSMCs
from different groups. As described above, the supernatant of MYPT1-deficient HBVSMCs aggravated
BBB disruption. However, the protein levels of ZO-1, occludin, and claudin-5 in HBMECs treated with
the supernatant of MYPT1-deficient HBVSMCs were slightly increased after ECSIT silencing (Figures 61—
6L). Additionally, FITC-dextran permeability was decreased, and TEER values were increased when
HBMECs were treated with the supernatant of MYPT1-deficient HBVSMCs after ECSIT silencing (Figures
6M and 6N). These data illustrate that ECSIT might play an important role in the phenotypic switching of
MYPT1-deficient HBVSMCs and that ECSIT silencing could partly rescue the aggravation of BBB disruption
by MYPT1-deficient HBVSMCs subjected to OGD in vitro.

IL-6 plays an important role in BBB disruption mediated by the MYPT1-ECSIT pathway

As mentioned above, IL-6 was the most significantly altered cytokine in the supernatant of MYPT1-deficient
HBVSMCs. Thus, we hypothesized that IL-6 is the key cytokine for modulating BBB function through
MYPT1-ECSIT-mediated phenotypic switching of VSMCs. Firstly, HBMECs were treated with exogenous
IL-6 and with or without tocilizumab, a specific IL-6R-neutralizing antibody, to confirm the direct modula-
tory effect of IL-6 on BBB integrity. As expected, the protein levels of ZO-1, occludin, and claudin-5
were decreased in HBMECs treated with IL-6 compared to control HBMECs but were increased when
IL-6R was blocked with tocilizumab (Figures 7A and 7B). As indicated by FITC-dextran labeling and
TEER analysis, the permeability of HBMECs was increased upon treatment with IL-6 and decreased
when IL-6R was blocked with tocilizumab (Figures 7C and 7D), which indicates that IL-6 can directly disrupt
BBB integrity. Furthermore, we found that when HBVSMCs were treated with tocilizumab, the protein levels
of ZO-1, occludin, and claudin-5 in HBMECs treated with the supernatant of MYPT1-deficient HBVSMCs
subjected to OGD were significantly increased (Figures 7E and 7F). Accordingly, the permeability of
HBMECs treated with the supernatant of MYPT1-deficient HBVSMCs was decreased after treatment with
tocilizumab (Figures 7G and 7H).

To determine whether the results obtained from inhibitory experiments of IL-6 in HBVSMCs in vitro can be
translated into therapy in vivo, tocilizumab and PBS were injected intraperitoneally into MYPT15M<© mjce
1 d after MCAOQ. There was a decrease in EB and FITC-dextran leakage in MYPT15MX© mice injected with
tocilizumab (Figures 71-7L). Consistently, western blotting showed that the protein levels of ZO-1, occludin,
and claudin-5 were slightly increased in the ischemic cortical arterioles of MYPT15MX© mice injected with
tocilizumab (Figures 7M and 7N). These results demonstrated that IL-6 might play an important role in
synthetic VSMC-mediated BBB disruption after ischemic stroke.

DISCUSSION

In this study, we explored the potential role of endogenous MYPT1in VSMCs and the involvement in modu-
lating BBB disruption after ischemic brain injury. We demonstrated that VSMC-specific MYPT1 deficiency
aggravated BBB breakdown in mice after ischemic stroke. We further revealed that MYPT1 deletion pro-
moted the phenotypic switching of synthetic VSMCs and subsequently exerted a detrimental effect on
BBB integrity in contact-independent way. Mechanistically, endogenous MYPT1-ECSIT signaling regulated
phenotypic switching of synthetic VSMCs and the production of IL-6 in VSMCs after ischemic stroke.

MYPT1, which interacts with PP1c to form the MP holoenzyme and modulates Ca®*-dependent phosphor-
ylation of myosin light chain by myosin light-chain kinase, is essential for modulating contraction in VSMCs
and contributes to blood flow maintenance (Al-Shboul et al., 2014). MYPT1 can also binds to certain sub-
strates to bring the substrate and the catalytic subunit together, which effectively dephosphorylates the
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Figure 4. MYPT1 deficiency exacerbates BBB disruption induced by synthetic VSMCs after ischemic stroke
(A) Representative immunofluorescence staining for VE-Cad, ZO-1, and occludin in HBMECs from the control, VSMC-CM, OGD+VSMC-CM, OGD+VSMC-
CM+Lv-control, and OGD+VSMC-CM+Lv-shMYPT1 groups. Scale bar: 50 pm.
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Figure 4. Continued

(B and C) Western blot analysis and quantification of MYPT1, ZO-1, occludin, and claudin-5 in HBMECs from the control, VSMC-CM, OGD+VSMC-CM,
OGD+VSMC-CM+Lv-control, and OGD+VSMC-CM+Lv-shMYPT1 groups. n = 3.

(D) FITC-dextran (70 kDa) permeability of HBMECs from the control, VSMC-CM, OGD+VSMC-CM, OGD+VSMC-CM+Lv-control, and OGD+VSMC-CM+Lv-
shMYPT1 groups. n = 4.

(E) Measurement of TEER in HBMECs from the control, VSMC-CM, OGD+VSMC-CM, OGD+VSMC-CM+Lv-control, and OGD+VSMC-CM+Lv-shMYPT1
groups. n = 6. Data are represented as mean + SEM. *p < 0.05, **p < 0.01, and ***p < 0.001 by one-way ANOVA and Bonferroni’s post hoc test. HBMECs:
human brain microvascular endothelial cells. VSMC-CM: treated with supernatants from VSMCs. TEER: transendothelial electrical resistance.

regulatory light chain of myosin Il phosphorylated by ROCK and controls actomyosin contractility in
VSMCs. Moreover, MYPT1 has also been shown to dephosphorylate other substrates including adducin,
moesin, tau, and MAP2 (Amano et al.,, 2003; Kimura et al., 1998; Kiss et al., 2019), suggesting that
MYPT1 could have broader functions than myosin regulation. As reported, MYPT1 also plays important
roles in the development of pathological processes in many diseases, such as the pathology of Huntington
disease, depression, intestinal inflammation, pulmonary hypertension, asthma, and insulin resistance
(Narayanan et al., 2016; Garcia-Rojo et al., 2017; Al-Shboul et al., 2014; Oka et al., 2007; Yin and Xu,
2018; Taverner et al., 2015). Although many studies have focused on the function of MYPT1 in the regulation
of cerebral blood flow, little is known about its potential role in ischemic stroke. In this study, we
demonstrated that VSMC-specific MYPT 1-deficient mice exhibit larger brain infarctions and more severe
neurologic deficits than WT mice after MCAO (Figure 1), which indicate the potential protective roles of
MYPT1 in VSMCs after ischemic injury.

Cerebral VSMCs play important roles in brain perfusion maintenance and regulation, which are integral
aspects of cerebrovascular autoregulation and homeostasis of the central nervous system (Poittevin
et al.,, 2014). Although VSMCs are not located on the capillaries and do not participate in the component
of BBB formation, they contribute to stabilize the BBB integrity and help maintain healthy vasculature (Lieb-
neretal., 2018). Growing evidence have revealed that VSMC-mediated pathogenic processes contribute to
BBB destruction in some neurological diseases, such as Alzheimer disease, vascular dementia, cerebral
small vessel disease, and arteriovenous malformation (Hainsworth and Markus, 2008; Shekhar et al,,
2017). To date, a few studies have elucidated the effect of endothelial cells on VSMCs during different
stages of ischemic stroke, which is mediated by catecholamine, acetylcholine, and endothelin expressed
by endothelial cells (Poittevin et al., 2014). However, few studies have focused on the influence of VSMCs
on endothelial cells and BBB integrity. In this study, we revealed that VSMC-specific MYPT1 deletion
changed the morphology and cell organelles in VSMCs and also exacerbated the disruption of BBB perme-
ability and TJ loss in endothelial cells 1 d after MCAO (Figure 2), which indicates that VSMCs are involved in
BBB integrity after ischemic stroke.

Considering the physical distance between VSMCs located in cortical arterioles and BBB mainly sited in
small capillary (Attwell et al., 2016; Hill et al., 2015), elucidation of the underlying mechanism of VSMCs
inregulating BBB integrity is necessary. Under physiological conditions, VSMCs are important components
of the vasculature, which are in a state of high differentiation, exhibiting high contractility and low prolif-
eration (Lacolley et al., 2017). Cumulative data have demonstrated that, under pathological conditions,
VSMCs tend to switch from a contractile phenotype to other phenotypes, such as synthetic, osteoblastic,
and macrophage-like phenotypes (Zhou et al., 2019; Yang et al., 2017). Among VSMCs of different pheno-
types, synthetic VSMCs can also be termed inflammatory VSMCs since they can secrete proinflammatory
cytokines and adhesion molecules (Wu et al., 2019b; Schnack et al., 2019). Previous studies have revealed
that phenotypic switching of synthetic VSMCs is detrimental in many diseases, including atherosclerosis,
arterial aneurysm, aortic dissection, and diabetes (Yang et al., 2018; Kono et al., 2018; Shen et al., 2018).
Based on these previous findings, we speculated that phenotype switching of MYPT1-deficient VSMCs is
also responsible for the BBB destruction after focal cerebral ischemia observed in the present study.
Indeed, we revealed that VSMCs switched from a contractile to a synthetic phenotype in both the cortical
arterioles of MYPT1 knockout mice and in vitro cultured VSMCs with MYPT1 knockdown (Figure 3). In addi-
tion, in in vitro BBB models, we observed that the endothelial cells display increased transendothelial
permeability and decreased TJs proteins levels when triggered by medium collected from MYPT1-knock-
down VSMCs (Figure 4), implying that MYPT 1-knockdown VSMCs could significantly exacerbate BBB dam-
age in a contact-independent way by secreting specific cytokines. Therefore, we notably demonstrated
that MYPT1 deletion promoted synthetic VSMC phenotype switching and subsequently exerted a detri-
mental effect on BBB integrity after ischemic stroke.
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Figure 5. ECSIT is involved in MYPT1 signaling in cerebral VSMCs after ischemic stroke

(A) Heatmap showing the levels of DEPs in the indicated groups.

(B) The mRNA level of ECSIT in the cortical arterioles of WT and MYPT15MK© mice from the sham groups and 1 d MCAQO groups. n = 9.

(C and D) Western blot analysis and quantification of ECSIT in the cortical arterioles of WT and MYPT1°MK© mice from the sham groups and 1 d MCAO
groups. n = 4.

(E) The mRNA level of ECSIT in HBVSMCs from the control, OGD, OGD+Lv-control, and OGD+Lv-shMYPT1 groups. n = 9.

(F-G) Western blot analysis and quantification of ECSIT in HBVSMCs from the control, OGD, OGD+Lv-control, and OGD+Lv-shMYPT1 groups. n = 3. Data
are represented as mean + SEM. *p < 0.05, **p < 0.01, and ***p < 0.001 by one-way ANOVA and Bonferroni’s post hoc test.
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Figure 6. ECSIT silencing inhibits the switching of MYPT1-deficient VSMCs to the synthetic phenotype and ameliorates BBB disruption after
ischemic stroke

(A) The mRNA levels of MYPT1, ECSIT, &-SMA, SM22¢., and calponin in HBVSMCs from the control, OGD, OGD+Lv-con+si-control, OGD+Lv-control+
si-ECSIT, OGD+Lv-shMYPT1+si-control, and OGD+Lv-shMYPT1+si-ECSIT groups. n = 9.

(B-G) Western blot analysis and quantification of MYPT1, ECSIT, a-SMA, SM22a, and calponin expression in HBYSMCs from different groups. n = 3.

(H) The secretion of IL-6 by HBVSMCs from different groups. n = 6.

(I-L) Western blot analysis and quantification of ZO-1, occludin, and claudin-5 expression in HBMECs from different groups. n = 3.

(M) FITC-dextran (70 kDa) permeability of HBMECs from different groups. n = 6.

(N) Measurement of TEER in HBMECs from different groups. n = 6. Data are represented as mean + SEM. *p < 0.05, **p < 0.01, and ***p < 0.00 by one-way
ANOVA and Bonferroni's post hoc test. si-con: control siRNA. si-ECSIT: ECSIT-targeting siRNA.

In many vascular disorders, synthetic VSMCs were proven to be detrimental to vascular integrity by synthe-
sizing and secreting proinflammatory factors and matrix proteins, such as IL-6, TNF-q, IL-8, IL-1B, IL-10, and
MCP-1 (Shen et al., 2019). In our study, to evaluate the phenotype switching of synthetic VSMCs and explore
the key cytokines, we measured the levels of the main cytokines as reported previously (Shi et al., 2020; Luo
et al., 2020). In the OGD/R models, we found that in these cytokines, only IL-8 and IL-6 in the supernatant of
HBVSMCs were in high levels. Moreover, IL-6 was the only cytokine secreted by MYPT1-deficient HBVSMCs
that was upregulated (Figure 3E), which inspired us to choose IL-6 for further study. It has been widely re-
ported that IL-6 is associated with BBB disruption in a variety of neurological diseases, such as cerebral
hemorrhage, mental disorders, and degenerative diseases (Jia et al., 2017; Dong et al., 2016; Orlovska-
Waast and Kéhler-Forsberg, 2019; Watson et al., 2017). In these neurological diseases, IL-6 increases the
permeability of the BBB by affecting the adhesion of the endothelium. In HIV-1-associated neurological
diseases, STAT1 signaling is activated and induces IL-6 secretion, which leads to decreased expression
of claudin-5, ZO-1, and ZO-2 (Chaudhuri et al., 2008). IL-6 can reduce the permeability of TEER and endo-
thelial cells to dyes in vitro, while reducing ZO-1 and VE-cadherin immunofluorescence expression, the use
of IL-6 neutralizing antibody in in vitro experiments can reduce the destruction of the BBB (Gril and Para-
njape, 2018). Consistent with the previous studies, in this study, we found that exogenous IL-6 administra-
tion obviously exacerbated the disruption of BBB permeability and TJ loss in vitro (Figure 7). In contrast,
tocilizumab, which inhibits the binding of IL-6 to its receptor, effectively reversed these effects (Figure 7).
Our study extends previous findings and demonstrates that synthetic VSMCs promote BBB destruction via
the production of IL-6 after ischemic stroke.

ECSIT has been identified as a cytosolic protein that is involved in the inflammatory response and embry-
onic development. The ECSIT protein is implicated in mitochondrial respiratory chain assembly and inter-
acts with tumor necrosis factor receptor-associated factor 6 (TRAF6), leading to ECSIT ubiquitination and
enrichment in the mitochondrial periphery and thus resulting in increased mitochondrial and cellular ROS
generation (West et al., 2011). In addition, ECSIT activates the NF-kB pathway and induces a significant in-
crease in the levels of pro-inflammatory cytokines, including TNF-a, IFN-v, IL-1B, and IL-6, in ECSIT-over-
expressing immune cells in vitro and in vivo (Wen et al., 2018). It has been shown that peroxiredoxin-6, pé2,
and peroxiredoxin-1 can decrease the ubiquitination of ECSIT and inhibit TRAFé formation and that IL-6
may be associated with activation of the NF-kB pathway (Min et al., 2017, 2018; Kim et al., 2019), which sug-
gests that ECSIT can promote IL-6 expression by TRAF6 formation and NF-kB pathway activation. In this
study, ECSIT was verified to be the vital molecule that mediated VSMC phenotypic switching and pro-
moted IL-6 secretion (Figures 5 and 6). Our study indicates that MYPT1 deficiency promotes the phenotypic
switching of VSMCs in ischemic stroke and exacerbates BBB disruption by the ECSIT-IL-6 pathway.

Classically, the relaxation of VSMCs around arterioles was thought to be important for cerebral autoregula-
tion and control of brain blood flow (Attwell et al., 2010). Recently, it has been clear that pericytes, as spatially
isolated contractile cells on capillaries and the main cell component involved in the BBB, also play a key role
in regulating cerebral blood flow physiologically, maintaining the integrity of the BBB, regulating immune
inflammatory response, participating in angiogenesis, etc. (Peppiatt et al., 2006; Hall et al., 2014). Growing
evidence revealed that different subclasses of pericyte along the capillary bed exhibit morphological differ-
ences and varied protein expressions play different roles (Attwell et al., 2016): (i) pericytes closer to the arte-
riole end of the capillary bed express more a-SMA and have more circumferential processes and are likely
involved in regulating cerebral blood flow; (i) pericytes in the middle of the capillary bed that express less
a-SMA may be more important for maintaining the BBB function; and (iii) pericytes at the venule end of the
capillary bed may regulate immune cell entry to the brain parenchyma. As mentioned above, the subclass of
pericytes on capillaries near the arteriole end of the capillary bed express some a-SMA and similar
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Figure 7. IL-6 plays an important role in BBB disruption mediated by the MYPT1-ECSIT pathway

(A and B) Western blot analysis and quantification of ZO-1, occludin, and claudin-5 expression in HBMECs from the control, IL-6, and IL-6+tocilizumab
groups. n = 4.

(C) FITC-dextran (70 kDa) permeability of HBMECs from the control, IL-6, and IL-é+tocilizumab groups. n = 6.

(D) Measurement of TEER in HBMECs from the control, IL-6, and IL-6+tocilizumab groups. n = 5.

(E and F) Western blot analysis and quantification of ZO-1, occludin, and claudin-5 expression in HBMECs from the VSMC-CM+Lv-shMYPT1, VSMC-CM+Lv-
shMYPT1+tocilizumab, OGD+VSMC-CM+Lv-shMYPT1, and OGD+VSMC-CM+Lv-shMYPT1+tocilizumab groups. n = 4.

(G) FITC-dextran (70 kDa) permeability of HBMECs from different groups. n = 6.

(H) Measurement of TEER in HBMECs from different groups. n = 5.

(I and J) EB staining and quantification in MYPT15MX© mice treated with PBS and tocilizumab after MCAO. n = 3.

(K and L) Representative images and quantification of FITC-dextran (70 kDa) leakage in MYPT13MKO mice treated with PBS and tocilizumab after MCAO.
Scale bar: 50 pm. n = 5.

(M and N) Western blot analysis and quantification of ZO-1, occludin, and claudin-5 expression in the cortical arterioles of MYPT1SMKO mice treated with
PBS and tocilizumab after MCAO. n = 3. Data are represented as mean + SEM. *p < 0.05, **p < 0.01, and ***p < 0.001 by one-way ANOVA and Bonferroni’s
post hoc test.

morphology to VSMCs (Hill et al., 2015), considering the MYPT1MKO mice used in this study were generated
by crossing with SMA-Cre transgenic mice, we should not ignore effects of this subtype of pericytes in modu-
lating cerebral blood flow and the BBB integrity. Unfortunately, due to lacking the definite protein markers
and time limitation, we could not accurately distinguish VSMCs and pericytes and compare their functional
differences directly in the present study. Interestingly, we compared changes of cerebral blood flow in
MYPT15MKO mice and WT mice using laser speckle imaging technology, and we found no significant differ-
ence between the two kinds of mice in cerebral blood flow both upon ischemia as well as during reperfusion
(Figure S1), which might indicate that MYPT1 deficiency had little impacts in cerebral blood flow modulated
by VSMCs in arterioles and contractile pericytes in capillary. Strictly, although pericytes involved in maintain-
ing the BBB function in the middle of the capillary bed express less a-SMA, we still need to exclude the po-
tential role of these pericytes in the future. Indeed, to avoid confusing in identifying some pericytes and
VSMCs, we should recognize different positions along arterioles and the capillary bed, quantify the differ-
ences in protein expression and function of three (or more) sub-classes of pericyte.

In conclusion, our data clearly show that VSMCs and MYPT1 play important roles in BBB integrity after
ischemia. We also identified MYPT1-mediated phenotypic switching of VSMCs and activation of ECSIT-
IL-6 signaling as major mechanisms responsible for these roles. Elucidating the mechanisms of by which
MYPT1 in VSMCs mediates BBB disruption may be important for uncovering the pathogenesis of ischemic
stroke. Pharmacological modulation of the MYPT1-ECSIT-IL-6 pathway in VSMCs may be a potential
therapeutic strategy for stroke-induced BBB disruption.

Limitations of study

Ischemic brain injury activates a series of time-dependent pathophysiological responses after stroke.
Dysfunction of VSMCs not only aggravates BBB disruption occurring shortly after stroke but also induces
abnormal angiogenesis at the later stage, which are closely related to the prognosis and mortality of pa-
tients with stroke. This study focused on exploring VSMCs with MTPT1 deficiency in modulating BBB integ-
rity at the early phase after ischemia. We demonstrated that MYPT1 deficiency activated synthetic VSMCs
and induced BBB disruption through ECSIT-IL-6 signaling. Future studies will need to focus on studying the
interaction of MYPT1-deficient VSMCs with delayed angiogenesis after ischemic brain injury. Moreover, we
expect additional experiments to distinguish VSMCs and SMA™" pericytes in capillary bed and exclude the
influence of this subclass of pericytes in modulating blood flow and BBB integrity in the present study.
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Antibodies

Rabbit monoclonal anti-MYPT1
Rabbit polyclonal anti-ZO-1
Mouse monoclonal anti-Occludin
Rabbit polyclonal anti-Claudin 5
Mouse monoclonal anti-a-SMA
Rabbit monoclonal anti-Calponin
Rabbit polyclonal anti-SM220.
Rabbit polyclonal anti-ECSIT
Rabbit polyclonal anti-GAPDH
Mouse monoclonal anti-Tubulin-a
Mouse monoclonal anti-CD31
Rat monoclonal anti-CD31

Rabbit polyclonal anti VE-cadherin

Cell Signaling Technology
Thermo Fisher Scientific
Thermo Fisher Scientific
Abcam

R&D Systems

Abcam

Abcam

Abcam

Bioworld Technology
Santa Cruz Biotechnology
Abcam

Santa Cruz Biotechnology

Abcam

Cat#2634; RRID: AB_915965
Cat#402-2200; RRID: AB_2533456
Cat#33-1500; RRID: AB_2533101
Cat#ab15106; RRID: AB_301652
Cat#MAB1420; RRID: AB_262054
Cat#ab46794; RRID: AB_2291941
Cat#ab14106; RRID: AB_443021
Cat#ab21288; RRID: AB_446163
Cat#AP0063; RRID: AB_2651132
Cat#sc-398103; RRID: AB_2832217
Cat#ab24590; RRID: AB_448167
Catitsc-18916; RRID: AB_627028
Cat#ab33168, RRID: AB_870662

Chemicals, peptides, and recombinant proteins

Evans blue Sigma Cat#E2129
FITC-dextran Sigma Cat#46945
Recombinant Human IL-6 Protein R&D Systems Cat#206-IL
Tocilizumab Topscience Cat#T9911
Critical commercial assays

PrimeScript RT reagent Kit Takara Cat #RRO37A
SYBR green Kit Takara Cat #DRR820A
CBA Human Inflammation Kit BD Biosciences Cat #551811

Deposited data

Raw LC-MS/MS data This paper ProteomeXchange Consortium, PRIDE:
PXD0027869

Experimental models: Cell lines

Human brain vascular smooth muscle cells ScienCell Research Laboratories Cat#1100

Human brain microvascular endothelial cells ScienCell Research Laboratories Cat#1000

Experimental models: Organisms/strains

MYPT15MKO mice (He et al., 2013) N/A

Software and algorithms

ImageJ software
FCAP Array software
GraphPad Prism 7 software

NIH
Soft Flow Hungary Ltd
Graphpad

https://imagej.nih.gov/ij/
http://softflow.com

http://www.graphpad.com

RESOURCE AVAILABILITY
Lead contact

Further information and requests for resources and reagents should be directed and will be fulfilled by the
Lead Contact, Yun Xu (xuyun20042001@aliyun.com).
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Materials availability

This study did not generate new unique reagents.

Data and code availability

The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium via
the PRIDE (Perez-Riverol et al., 2019) partner repository with the dataset identifier PXD027869. All original
code is publicly available as of the date of publication. DOls are listed in the key resources table. Any addi-
tional information required to reanalyze the data reported in this paper is available from the lead contact
upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals

Mice were maintained in specific pathogen-free animal facilities at the Affiliated Drum Tower Hospital of
Nanjing University Medical School. All animal experiments were performed in accordance with institutional
guidelines and approved by the Animal Care Committee of Nanjing University. MYPT1%91o* mice were
provided from the Model Animal Research Center of Nanjing University. In brief, the CreloxP system
were used to establish Mypt1-floxed mice, with the promoter region and exon 1 of Mypt1 flanked by 2
loxP sites. These mice were crossed with SMA-Cre transgenic mice to generate mice with smooth
muscle-specific deletion of MYPT1 (MYPT15MKO mice) (He et al., 2013). The littermates of MYPT1%o¥*
SMA-Cre mice were used as controls. Genotypes were determined by PCR. Male mice between
12-14 weeks of age weighing 22-24 g were used indiscriminately.

METHOD DETAILS

Ischemia model in mice

Male mice between 12-14 weeks of age weighing 22-24 g were subjected to middle cerebral artery
occlusion (MCAOQ) by the intraluminal filament technique. After anesthesia, 6/0 sutures (Doccol
Corporation, MA, USA) were inserted into the middle cerebral artery until the ipsilateral blood flow
decreased to below 30% of baseline, as monitored by a laser Doppler flowmetry (Perimed Corporation,
Stockholm, Sweden). The ipsilateral blood flow of the mice was restored after 60 min. The sham mice
underwent the same operation except insertion of the filament into the middle cerebral artery.

Behavior tests

Neurological behavior tests, including the modified neurological severity score (mMNSS) test, rotarod test,
foot fault test and forelimb grip strength test, were used to evaluate the neurological function of the mice
from day 1 to day 7 after MCAO. The mNSS test is a composite test of sensory function, motor function,
reflexes and balance. Scores from 1 to 12, with a higher score indicating more severe disease (Chen
et al., 2001). The rotarod test (IITC Life Science, USA) was used to assess motor deficits and sensorimotor
coordination in the MCAO mice. The mice were subjected to 3-day training sessions, during which they ran
at speeds of 10, 20, 30 and 40 rpm for 5 min at an interval of 30 min. The time that the mice spent on the rod
at a speed of 40 rpm was recorded from day O to day 7 after MCAO (Zhang et al., 2011). The foot fault test is
atool for assessing locomotor and sensory function (Zheng et al., 2020). The error rate was calculated as the
number of times the left forelimb slipped off relative to the total number of steps. The forelimb grip
strength test was performed with a grip strength meter (BIOSEB, USA). The paws of each mouse were
placed on a metal T-bar, the mouse was habituated to hold onto the bar, and the tail was gently pulled
backwards. The maximum strength of the grip prior to release was recorded (Alamri et al., 2018). All neuro-
logical behavior tests were performed by an investigator who was blinded to the experimental groups.

Infarct volume calculation

To evaluate the infarct size of brain tissue, 2% 2,3,5-triphenyltetrazolium chloride (TTC; Sigma-Aldrich)
staining was used. The brains were quickly removed after the mice were anesthetized and cut into six 1-
mm-thick coronal slices, which were then stained with TTC for 20 min at 37°C (Wu et al., 2019a). Images
were taken with a digital camera and analyzed by ImageJ software (National Institutes of Health). The
infarct volume was calculated as a percentage of the volume of the bilateral side.
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Quantitation of BBB permeability

The Evans blue (EB) extravasation assay was performed to assess BBB permeability. Mice were injected with
EB (2% in 0.9% saline; 3 ml/kg, Sigma-Aldrich) via the tail vein. Two hours later, the mice were perfused with
0.9% saline under deep anesthesia, and then the brains were cut into slices for analysis. Each hemisphere
was weighed and homogenized in N, N-dimethyl formamide (Sigma-Aldrich). The samples were
centrifuged and collected. The EB concentration in the supernatant was determined with a microplate
reader (Tecan Trading, AG, Switzerland) at 620 nm. The amount of EB extravasated from each sample
was expressed as micrograms per gram of wet tissue (Sun et al., 2017).

FITC-dextran (70 kDa, Sigma, #46945) was employed to evaluate the change in BBB integrity. Mice were
injected with FITC-dextran (1 mg/kg body weight) in 0.9% saline after anesthesia. After 30 min, the brains
were collected and frozen at -80 °C for 2 h. Then, the brains were cut into 30 um slices with a freezing
microtome (Leica) and visualized directly under a fluorescence microscope. The FITC-dextran leakage
area was determined with ImageJ software (National Institutes of Health).

Electron microscope

Cortical vessels were collected from the ipsilateral and contralateral hemispheres. Approximately 2 mm?®
cubes of representative vessels were obtained and fixed in 2.5% glutaraldehyde (Servicebio) for 2-4 h. After
being washed with PBS 3 times, the vessels were fixed in 1% osmium tetroxide for 2 h, dehydrated and
embedded in 812 embedding medium (SPI). Ultrathin sections were cut with a diamond cutter (Daitome).
Lead citrate and uranyl acetate contrasted ultrathin sections were examined using an electron microscope
(HITACHI).

Cortical small vessel preparation

The brains were quickly removed after the mice were anesthetized and placed in ice-cold PBS at 4 °C. The
cortical arterioles in the right hemisphere were removed by dissecting forceps carefully separate the blood
vessel segments containing MCA branches, LMA and ACA branches in the pia mater under a microscope,
and placed into a 1.5 ml EP tube containing 200 pl ice-cold PBS. The vessels were centrifuged at 1000 rpm
for 5 min at 4 °C. The supernatant was removed and the vessels were collected for the next step.

Western blotting analysis

Cortical arterioles were lysed with RIPA lysis buffer (Thermo Fisher, #89901) and protease inhibitor (Thermo
Fisher, #87785). BCA (Thermo Fisher, #A53226) was used to measure the protein concentration. After the
proteins were prepared and loaded into gels, they were electrophoresed, transferred to PYDF membranes,
and blocked with 5% milk in tris-buffered saline with Tween 20. The blots were then probed with antibodies
against MYPT1(1:1000, CST, #2634), ZO-1(1:1000, Invitrogen, #402-2200), Occludin (1:1000, Invitrogen, #33-
1500), Claudin 5(1:1000, Abcam, #ab15106), a-SMA (1:1000, R&D, MAB1420), Calponin(1:1000, Abcam,
#ab46794), SM22a.(1:1000, Abcam, #ab14106), ECSIT (1:1000, Abcam, #ab21288), glyceraldehyde-3-phos-
phate dehydrogenase (GAPDH) (1:1000, Bioworld, #AP0063), and Tubulin-a (1:1000, Santa Cruz
Biotechnology, sc-398103) and then incubated with horseradish peroxidase (HRP)-conjugated anti-rabbit
(1:2000, CST) and anti-mouse (1:2000, CST). The blots were developed using enhanced chemiluminescence
(Life Technologies) and quantified with ImageJ software.

RNA isolation and quantitative real-time PCR

Cortical arterioles and cell samples were lysed with TRIzol reagent (Invitrogen). Total RNA was isolated
according to the standard protocol provided by Invitrogen and the quality of the RNA was assessed
with a Nanodrop 2100 spectrophotometer (Agilent). Then, the RNA was reverse-transcribed into cDNA
with a PrimeScript RT reagent Kit (Takara, #RR037A). Quantitative real-time PCR was performed on an
ABI 7500 PCR instrument (Applied Biosystems) with a SYBR green Kit (Takara, #DRR820A). The mRNA
expression in each sample was calculated by the 22 method after normalization to the expression of
the internal control GAPDH. The primer sequences are shown in the Table S1.

Immunofluorescence staining

The mice were perfused with 0.9% saline and 4% paraformaldehyde after deep anesthesia. After being
soaked in 4% paraformaldehyde for 24 h, the brains were dehydrated in 15% and 30% glucose solutions
for 24 h (Zhang et al., 2019). After being drying, the brains were frozen at -80°C for at least 48 h and
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then cut into 20 pm slices with a freezing microtome (Leica). The brain slices were incubated at 4°C over-
night with 2% bovine serum albumin, comprising CD31 (1:200, Abcam, #ab24590), CD31 (1:200, Santa Cruz,
#sc-18916), ZO-1(1:1000, Invitrogen, #402-2200), Occludin (1:1000, Invitrogen, #33-1500), Claudin 5 (1:1000,
Abcam, #ab15106), a-SMA (1:1000, R&D, #A5228), SM22a. (1:1000, Abcam, #ab14106) and VE-cadherin
(1:500, Abcam, #ab33168). The slices were incubated with donkey anti-rabbit, donkey anti-mouse and
donkey anti-rat secondary antibodies (1:500, Invitrogen) at room temperature for 2 h after being washed
3 times with PBS. A DAPI staining kit (1:1000, Bioworld) was used to label the nuclei. The slices were
then photographed with a fluorescence microscope (Olympus) and confocal microscope (Olympus).

Proteomic analysis

Proteins of cortical arterioles were prepared immediately after cortical vessel collection (Dongsheng et al.,
2016). After trypsin digestion, the peptides were desalted with a Strata X C18 SPE column (Phenomenex)
and vacuum-dried. The peptides were reconstituted in 0.5 M TEAB and processed according to the
protocol of the TMT kit/iTRAQ kit (Thermo Fisher). The tryptic peptides were fractionated by high pH
reverse-phase HPLC using a Thermo Betasil C18 column (5 um particles, 10 mm ID, 250 mm long). The pep-
tides were subjected to a nanospray ionization (NSI) source followed by tandem mass spectrometry (MS/
MS) with a Q ExactiveTM Plus mass spectrophotometer (Thermo) coupled online to the UPLC. The resulting
MS/MS data were processed using the MaxQuant search engine (v.1.5.2.8). Furthermore, bioinformatics
analysis of overlapping differentially expressed proteins (DEPs) was conducted with InterProScan, the
KEGG database and the STRING database version 10.1. Selected DEPs were validated by Q-PCR and
Western blotting.

Cytometric bead array

The supernatant was collected from treated VSMCs, and the levels of inflammatory cytokines, including
IL-8, IL-1B, IL-6, IL-10, TNF-a and IL-12p70, were measured with a CBA Human Inflammation Kit (BD
Biosciences, #551811). Cytokine standards were prepared according to the manufacturer’s instructions.
Each supernatant sample was mixed with 6 cytokine beads and incubated with PE detection reagent at
room temperature for 3 h away from light. The beads were washed with wash buffer and centrifuged at
200x g for 5 min. After the beads were resuspended in wash buffer, flow cytometry was performed on an
Accuri Cé flow cytometer (BD Biosciences), and the data were analyzed with FCAP Array software
(Soft Flow Hungary Ltd.).

Cell cultures

Human brain vascular smooth muscle cells (HBVSMCs) were purchased from ScienCell Research Labora-
tories. The smooth muscle cell medium was composed of 50 ml basal medium, 1 ml fetal bovine serum,
500 pl smooth muscle cell growth supplement and 500 pl penicillin/streptomycin solution (ScienCell
Research Laboratories). Human brain microvascular endothelial cells (HBMECs) were purchased from
ScienCell Research Laboratories. They were cultured in ECM and RPMI 1640 (HyClone).

Ischemic model in vitro

HBVSMCs and HBMECs were seeded in 24- or 6-well plates, respectively, and subjected to oxygen-
Glucose deprivation/reoxygenation (OGD/R) to mimic ischemic injury. When monolayer cells covered
the entire plate, the culture medium was replaced with glucose-free DMEM. Then, the cells were placed
in a hypoxic chamber (Billups-Rothenberg) containing 95% N, and 5% CO,. After HBVSMCs were cultured
for 6 h or HBMECs were cultured for 4 h, the culture supernatant was collected, and the cells were cultured
with normal medium for another 24 h. Control cells were cultured in normal medium and a normoxic
environment at all times.

Lentivirus transfection

A lentivirus inhibiting MYPT1 (Lv-shMYPT1) and a control lentivirus were purchased from GeneChem
(Shanghai, China). HBVSMCs were cultured and incubated with Lv-shMYPT1 (MOI=50) for 24 h and the
medium was changed, and then the cells were cultured for another 72 h. HBVSMCs transfected with
Lv-shMYPT1 were screened with puromycin to acquire stably transfected cells.
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RNA interference

Small interfering RNAs (siRNAs) targeting human ECSIT were used to silence ECSIT in HBVSMCs trans-
fected with Lv-shMYPT1. siRNA (100 pmol/L) and Lipofectamine RNAIMAX Transfection Reagent (Invitro-
gen) were mixed and incubated at room temperature for 15 min. The mixture was added to HBVSMCs,
and the cells were incubated for 24 h. The sequences of the human ECSIT-targeting siRNAs (designed
and synthesized by RIBOBIO) were 5'-CAG GAA CCT CCA TCT CTC A-3', 5'-GAG GAG TGG AAC CTC
TAC T-3" and 5'-GTT CCT TTG CCC AAA GAC T-3'.

Measurement of TEER

HBMECs were seeded in the upper chamber of Transwell plate. The transendothelial electrical resistance
(TEER) of the HBMEC monolayer was determined with a portable epithelial voltohmmeter (EVOM, World
Precision Instruments). In brief, the 4-pm Transwell inserts containing monolayer HBMECs were placed in
the 24-well plates. An EndOhm cap with two metal caps was then inserted into the medium. The short metal
cap was placed in the upper chamber, and the long metal cap was placed in the lower chamber. The resis-
tance was then measured using an EVOM resistance reader. A Transwell insert containing an equal volume
of medium without HBMECs served as a blank control. All experiments were performed independently in
triplicate.

FITC-dextran permeability assay

HBMECs were seeded in the upper chamber of a Transwell plate. HBMECs were treated with or without the
supernatant of OGD-treated HBVSMCs for 24 h. FITC-dextran (0.1 mg/ml, 70 kDa, Sigma) was added to the
HBMECs in the upper chamber. After incubation for another 20 min, 100 ul of supernatant from the lower
chamber was analyzed with a microplate reader (excitation 490 nm, emission 520 nm). There were at least 6
wells per group, and 3 independent experiments were performed.

IL-6 and tocilizumab application

HBMECs were stimulated with 20 ng/ml recombinant human IL-6 protein (R&D) for 1 d. Then HBMEC
permeability was evaluated by Western blotting, FITC-dextran labeling and TEER measurement.

Tocilizumab (Topscience) is a humanized monoclonal antibody that specifically inhibits the binding of IL-6
to its receptor. The supernatant of MYPT1-deficient HBVSMCs treated with OGD was administered to
HBMECSs treated with or without OGD. In the IL-6 inhibition experiment, HBMECs were treated with excess
tocilizumab (5 pg/ml) for 48 h in parallel. In vivo, 5 mg/kg/d tocilizumab was injected intraperitoneally into
MYPT1SMKC mice for 1 d after MCAO (Shinriki et al., 2009). An equal volume of PBS was used as control.

QUANTIFICATION AND STATISTICAL ANALYSIS

SPSS 15.0 software was used for analysis of the experimental data. One-way ANOVA followed by Bonfer-
roni’'s post hoc test was used when only one factor was involved, and two-way ANOVA followed by Tukey's
test for multiple comparisons was used when two factors were involved. Additionally, Student's t test was
used to compare the differences between two groups. The data are expressed as the mean £ SEM. P<0.05
was considered significant. GraphPad Prism 7 software was used to make graphs.
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