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Abstract

Objective: IL-33 has been shown to play a role in endothelial dysfunction but its role in
atherosclerosis is controversial. Therefore, the purpose of this study is to examine its role in
vascular wall remodeling following injury.

Approach and Results: Thrombin induced IL-33 expression in a time dependent manner in
human aortic smooth muscle cells (HASMCs) and inhibition of its activity by its neutralizing
antibody suppressed thrombin-induced HASMC migration but not DNA synthesis. In exploring
the mechanisms, we found that Parl, Gag/11, PLCB3, NFATc1, E2F1 and LMCD1 are involved in
thrombin-induced IL-33 expression and migration. Furthermore, we identified a NFAT binding site
at —100 nt that mediates thrombin-induced IL-33 promoter activity. Interestingly, we observed that
NFATc1, E2F1 and LMCD1 bind to NFAT site in response to thrombin and found that LMCD1,
while alone has no significant effect, enhanced either NFATc1 or E2F1-dependent IL-33 promoter
activity. In addition, we found that guide wire injury induces 1L-33 expression in SMC and its
neutralizing antibodies substantially reduce SMC migration and neointimal growth /n vivo.
Increased expression of IL-33 was also observed in human atherosclerotic lesions as compared to
arteries without any lesions.

Conclusions: The above findings reveal for the first time that thrombin-induced HASMC
migration and injury-induced neointimal growth require 1L-33 expression. In addition, thrombin-
induced IL-33 expression requires LMCD1 enhanced combinatorial activation of NFTAc1 and
E2F1.
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INTRODUCTION

Vascular smooth muscle cell (VSMC) migration and proliferation are important factors in
neointima formation and during early stages of atherogenesis [1]. As VSMCs exhibit both
phenotypic and functional plasticity, they are able to switch from the quiescent ‘contractile’
state to the ‘proinflammatory’ synthetic state during vascular injury [2, 3]. Although several
theories have been proposed to explain the abnormal migration and proliferation of VSMCs
[4], the exact cause still remains elusive. Vascular injury elicits production of a wide variety
of molecules, which appear to be involved in the modulation of VSMC migration and
proliferation [3, 4]. IL-33 is the most recently discovered member of the IL-1 family of
cytokines and is secreted from various types of cells during necrotic cell death due to tissue
damage, infection, or trauma, but remains intra cellular during apoptosis [5]. Thus, IL-33
functions as “alarmin’ to alert immune system after infection or injury [6]. IL-33 can also act
as an intracellular transcriptional regulator and extracellular traditional cytokine [6].
Extracellular IL-33 exerts its functions by binding to its transmembrane receptor ST2 and
activating ST2-dependent signaling molecules including nuclear factor-xB (NF-xB) [7].
Earlier studies have reported that 1L-33 promotes both Th1 and Th2-mediated immunity and
thus has a role in a wide variety of inflammatory diseases [6, 8].

Both IL-33 and ST2 are highly expressed in human atherosclerotic plaques [9].
Accumulating evidence suggests that 1L-33 also promotes angiogenesis [10] and stimulates
vascular endothelial cells towards an inflammatory phenotype by upregulation of
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inflammatory cytokines like IL-6 and IL-8 [11, 12], adhesion molecules like intercellular
adhesion molecule (ICAM) 1 and vascular cell adhesion molecule (VCAM) 1, endothelial
(E)-selectin [9], proteolytic factors like urokinase-type plasminogen activator (uPA) and
plasminogen activator inhibitor type-1 (PAI-1) [13], chemokines like monocyte
chemoattractant protein-1 (MCP-1) [13, 14], growth response genes like growth-regulated
oncogene-a (GRO-a) [14], and coagulation factors like tissue factor [15]. Although, IL-33
effects on vascular endothelial cells were well studied, it is not clear whether 1L-33 affects
VSMCs during vascular wall remodeling. Previously, we have shown that thrombin induces
IL-33 in HASMC [16]. We have also shown that thrombin plays a role in neointima
formation [17, 18]. Based on these findings, we asked the question whether IL-33 has any
role in thrombin-induced neointima formation. In the present study we show that IL-33 was
induced by thrombin mediating HASMC migration and involved in injury-induced
neointimal growth.

MATERIALS AND METHODS

Reagents:

Anti-B-Actin (SC-47778), anti-E2F1 (SC-251) and anti-PLCB3 (SC-403) antibodies were
obtained from Santa Cruz Biotechnology (Santa Cruz, CA). Anti-Gaq (ab210004), anti-
Gall (ab153951), anti-LMCD1 (ab179454) and anti-rabbit SMCa-actin (ab5694)
antibodies were bought from Abcam (Cambridge, MA). Monoclonal anti-SMCa-actin
antibodies (A2547) obtained from Sigma-Aldrich (St. Louis, MO). SCH79797 was obtained
from TOCRIS Biosciences (Bristol, UK). pGL3 basic vector and Luciferase assay system
(E4530) and PCR Master Mix (M750B) were purchased from Promega (Madison, WI).
Human Gaq siRNA (ON-TARGETplus SMARTpool J-008562), human Ga11 siRNA (ON-
TARGETplus SMARTpool J-010860), and control nontargeting siRNA (D-001810-10)
were purchased from Dharmacon RNAI Technologies (Chicago, IL). Anti-IL33
(MBLPMO033), anti-NFATc1 (MA3-024), goat anti-rabbit HRP (31460) and goat anti-mouse
HRP (31437) antibodies, human E2F1 siRNA (s4405), human LMCD1 siRNA (s26868),
human NFATc1 siRNA (s9470), and mouse NFATc1 siRNA (MSS275980), Quickchange
Lightning Site-Directed Mutagenesis kit (210518-5), Biotin 3”-end DNA labeling kit
(89818) and light-shift chemiluminescent EMSA kit (20148), Ibidi USA CULTURE-
INSERTS (50305762), One Shot™ TOP10 Chemically Competent E. coli (C404003),
Lipofectamine 3000 transfection reagent (L3000-015), medium 231 (M231-500), smooth
muscle growth supplements (S-007-25), and gentamicin/amphotericin solution (R-015-10)
were obtained from Thermo Fisher Scientific (Waltham, MA). ECL Western blotting
detection reagents (RPN2106) were purchased from GE Healthcare (Pittsburg, PA). Quick
Ligation Kit (M2200S) was bought from New England Biolabs (Ipswich, MA). Neutralizing
human IL-33 antibody (AF3625) and neutralizing mouse IL-33 antibody (AF3626) were
obtained from R&D Systems (Minneapolis, MN). All the primers used for RT-PCR, cloning,
site-directed mutagenesis and EMSA were synthesized by IDT (Coralville, IA) and listed in
Table 1.
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HASMCs were obtained from Invitrogen and subcultured in medium 231 containing smooth
muscle cell growth supplements and gentamicin/amphotericin. Cultures were maintained in
a humidified 95% air and 5% CO, atmosphere at 37°C. HASMCs between 4-10 passages
were growth-arrested overnight in medium 231 without any growth supplements and used
for the experiments unless otherwise indicated.

C57BL/6 mice were obtained from Charles River Laboratories (Wilmington, MA) and
maintained at the University of Tennessee Health Science Center’s animal facilities. The
UTHSC LACU facility maintains a 12/12 hours light/dark cycle and the animals have ad
libitum access to food and water. Furthermore, the animals were maintained on Teklad
Irradiated LM-485 mouse/rat diet (Envigo, Cat # 7912) and Shepherd’s Cob + Plus bedding.
Both male and female mice were used. All the experiments involving animals were
performed according to protocols approved by the Institutional Animal Care and Use
Committee of the University of Tennessee Health Science Center (Memphis, TN).

Cell migration:

Cell migration was measured by wound closure assay as described previously [19]. Briefly,
80 pul of medium 231 containing 2 x 10° cells was added in each chamber of ibidi culture
inserts and grown to confluence. After overnight growth-arrest in medium 231, cells were
treated with and without thrombin (0.5 U/ml) in the presence of 5 mM hydroxyurea for 24
hrs. In the case of transfections, cells were transfected with non-targeted or on-targeted
SiRNA, and then plated in ibidi chambers before growing to confluence and growth-arrest.
Cells were observed under Nikon Eclipse TS100 microscope before and after the
experimental period with 10X/0.25 magnification and images were captured with CCD color
camera (KP-D20AU) by using Apple iMovie 7.1.4 software. HASMC migration was
expressed as percentage of wound closure (total wound area at 0 hr — wound area at 24 hrs/
total area at O hr x 100).

DNA synthesis:

RT-PCR:

HASMC DNA synthesis was measured by [3H]-thymidine incorporation as described
previously and expressed as counts/min/dish [16].

Total cellular RNA was isolated from HASMCs using TRIzol reagent as per the
manufacturer’s instructions. Complementary DNA (cDNA) was prepared using a High
Capacity cDNA Reverse Transcription Kit (Applied Biosystems). IL-33 and B-actin mRNAS
were amplified with their specific primers (Table 1) using cDNA as a template. The
amplified PCR products were separated on 1.5% agarose gels, stained with ethidium
bromide, and the pictures were captured using a Kodak In-Vivo Imaging System (New
Haven, CT).
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Western blotting:

Cell or tissue extracts containing equal amounts of protein from control and treatments were
resolved by electrophoresis on 0.1% (w/v) SDS and 12% (w/v) polyacrylamide gels. The
proteins were transferred electrophoretically onto a nitrocellulose membrane. After blocking
in 5% (w/v) non-fat dry milk, the membrane was incubated with the appropriate primary
antibodies, followed by incubation with horseradish peroxidase-conjugated secondary
antibodies. The antigen-antibody complexes were detected with the enhanced
chemiluminescence detection reagent kit and the band intensities were quantified by
densitometry using NIH ImageJ software.

Coimmunoprecipitation:

After rinsing with cold PBS, cells were lysed in 400 pl of lysis buffer (PBS, 1% Nonidet
P40, 0.5% sodium deoxycholate, 0.1% SDS, 100 pg/ml PMSF, 100 pg/ml aprotinin, 1 pg/ml
leupeptin, and 1 mM sodium orthovanadate) for 20 min on ice. The cell extracts were cleared
by centrifugation at 12,000 rpm for 20 min at 4°C. The cleared cell extracts containing an
equal amount of protein from control and the indicated treatments were incubated with the
indicated antibodies overnight at 4°C, followed by incubation with protein A/G-Sepharose
CL4B beads for 3 hrs with gentle rocking. The beads were collected by centrifugation at
1000 rpm for 2 min at 4°C and washed four times with lysis buffer and once with PBS. The
immunocomplexes were released by heating the beads in 40 pl of Laemmli sample buffer
and analyzed by Western blotting for the indicated molecules using their specific antibodies.

PLCB activity assay:
PLCglow (WH-15) fluorescent substrate (KXTbio Inc.) was used to measure PLCB1
activities as described in the manufacturer’s instructions. Briefly, cell extracts containing an
equal amount of protein from control and various treatments were immunoprecipitated with
anti-PLCPB3 antibody. The immunocomplexes were suspended in 50 pl of reaction buffer (50
mM HEPES pH 7.2, 250 mM KCI, 1 mM CaCl,, 2 mM DTT, 50 pg/ml BSA and 0.5%
sodium cholate) containing 10 uM WH-15 and incubated for 90 min at room temperature
with gentle rocking. The reaction was quenched with the addition of 5 volumes of 10 mM
EGTA. After centrifugation at 2000 rpm for 5 min, the supernatant was transferred to 96-
well plate and the fluorescence intensity was measured using SpectraMax Gemini XPS
spectrofluorometer (Molecular Devices) at 344 nm excitation and 530 nm emission.

Transfections:

HASMCs were transfected with scrambled or specific sSiRNA at a final concentration of 100
nM using Lipofectamine 3000 transfection reagent as per the manufacturer’s instructions.
Wherever plasmid vectors were used, cells were transfected with plasmid DNAs at a final
concentration of 2.5 ug/60 mm dish or 5 ug/100 mm dish. After 6 hrs of transfection, cells
were recovered in complete medium for 24 hrs and then growth-arrested overnight in serum-
free medium and used as required.

Arterioscler Thromb Vasc Biol. Author manuscript; available in PMC 2020 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Govatati et al.

Page 6

Cloning and site-directed mutagenesis:

The human IL-33 promoter encompassing —1771 to +77 nt relative to the transcription start
site was amplified from human genomic DNA using forward primer h1L33p(1.8 kb) F
incorporating a Mlul restriction site at the 5" end and a reverse primer hl1L33p(1.8 kb) R
incorporating a Bglll restriction site at the 5" end. The PCR product was digested with Mlul
and Bglll and the released fragment was cloned into Mlul and Bglll sites of the pGL3 basic
vector (Promega) to yield pGL3-h1L33p(1.8 kb)-Luc construct. Various truncations of
human IL-33 promoter were cloned into pGL3 basic vector using the primers listed in Table
1. Mutations were introduced using QuikChange Lightning Site-Directed Mutagenesis Kit.
Plasmid DNAs were purified using the EndoFree plasmid maxi kit (Qiagen, Catalog #
12362) and used in the transfection experiments.

Luciferase assay:

EMSA:

HASMCs or HEK293T cells were transfected with pGL3 basic vector or the indicated IL-33
promoter-luciferase constructs using Lipofectamine 3000 transfection reagent for 6 hrs.
Cells after 24 hrs of recovery in complete medium were growth-arrested in serum-free
medium overnight. Cells were then treated with and without thrombin (0.5 U/ml) for 6 hrs,
washed with cold PBS, and lysed in 200 pl of lysis buffer. The cell extracts were cleared by
centrifugation at 12,000 rpm for 2 min at 4°C. The supernatants were assayed for luciferase
activity using luciferase assay system (Promega) and a single tube luminometer (TD20/20;
Turner Designs, Sunnyvale, CA). The values are expressed as relative luciferase units.

HASMC nuclear extracts were prepared using NE-PER nuclear and cytoplasmic extraction
kit (Catalog # 78833, Thermo Fisher Scientific) according to the manufacturer’s protocol.
The protein content of the nuclear extracts was determined using a micro-BCA method
(Pierce Biotechnology). Double stranded oligonucleotides encompassing intact and mutated
NFAT binding element located at —100 nt of human IL-33 promoter were used as biotin-
labeled probes (Table 1) to measure protein-DNA binding activity. Briefly, 5 pg of nuclear
extract was incubated in a binding buffer (10 mM Tris-HCI, pH 7.5, 50 mM KCI, 1 mM
DTT, 2.5% glycerol) with 5 nM of biotin-labeled probe and 1 ug of poly(dl-dC) for 30 min
at room temperature in a total volume of 20 pl on ice, and the protein-DNA complexes were
resolved by electrophoresis on a 6% polyacrylamide gel using Tris borate-EDTA buffer
(44.5 mM Tris-HCI, 44.5 mM borate, and 20 mM EDTA, pH 8.0). After separation, the
protein-DNA complexes were transferred to nylon membrane using Tris borate-EDTA
buffer, UV cross-linked, and visualized by chemiluminescence. To perform a supershift
EMSA, the complete reaction mix was incubated with 2 ug of the indicated antibody for 1 hr
on ice before separating it by electrophoresis. Normal serum was used as a negative control.

Guide wire injury (GI):

Mice were anesthetized using ketamine/xylazine and subjected to Gl as described previously
[20]. The left femoral artery was exposed by blunted dissection. Both the vein and artery
were looped together proximally and distally with 4-0 silk sutures for blood flow control
during the procedure. A small muscular branch of the femoral artery was isolated and a
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small incision was made on this exposed muscular branch and a straight spring wire (0.38
mm in diameter, No. C-SF-15-15, COOK, Bloomington, IN) was inserted into the lumen of
the femoral artery. The wire was moved back and forth two times to denude the artery. After
removal of the spring wire, the muscular branch of the artery was ligated. The blood flow in
the injured femoral artery was restored by releasing the sutures that were placed in the
proximal and distal femoral portions. Whenever siRNA was used, the siRNA was premixed
with Invivofectamine 3.0. After injury the indicated siRNA-Invivofectamine 3.0 mix was
suspended in 30% Pluronic gel (10 pg in 100 pl) and was applied perivascularly around the
injured artery and the skin incision was closed using sutures. The Pluronic gel solidifies
upon contact with tissue and forms a gel, which ensures sustained release of sSiRNA. At the
indicated time periods of post GlI, the animals were sacrificed with over dose of ketamine/
xylazine, and femoral arteries were carefully harvested and either tissue extracts were
prepared or fixed overnight in 4% PFA in PBS at 4°C. After fixing in PFA, the arteries were
incubated overnight in 30% sucrose at 4°C, then embedded in OCT compound and 5-7 pym
thick sections were cut in the middle of the artery. The sections were stained with H&E to
quantify intimal hyperplasia or co-immuostained for SMCa.-actin and IL-33. The intimal (1)
and medial (M) areas were measured using NIH ImageJ software and the I/M ratios were
calculated.

Injection of antibodies into mice:

One day prior to Gl, mice were injected with normal 1gG or neutralizing mouse IL-33
antibodies (2 pg/mouse by IP) and thereafter every 3 days for 3 weeks. For /in vivo SMC
migration assay, mice received a total of 2 injections of neutralizing mouse IL-33 antibodies.

In vivo SMC migration assay:

In vivo SMC migration was measured as described by Bendeck et al with minor
modifications [21]. Briefly, 5 days after GI, the femoral arteries were dissected out and fixed
in 4% PFA overnight at 4°C. The middle of the injured femoral arteries was cut and fixed
again in cold acetone for 10 min. The artery was then opened longitudinally and pinned
down onto an agar plate with the luminal surface facing up. The arteries were rinsed with
PBS and treated with 3% H,0, for 15 min to block the endogenous peroxidase activity.
After blocking in 5% goat serum in PBS for 30 min, the arteries were incubated with anti-
rabbit SMCa-actin antibody (1:300) overnight at 4°C, followed by incubation with
biotinylated goat anti-rabbit 1gG for 30 min. After rinsing with PBS for 5 min, peroxidase
labelling was carried out using an ABC Kit, and coveslips were placed. The luminal surface
of the artery was examined under Nikon Eclipse 50i microscope with 40X/0.25
magnification and images were captured with Nikon Digital Sight DS-L3 color camera and
the SMCa-actin-positive cells were counted.

Immunofluorescence:

The human normal and atherosclerotic artery sections were deparaffinized with xylene and
then treated with antigen-unmasking solution for 15 min at 95°C [16]. The sections were
permeabilized with 0.5% Triton X-100 for 15 min, and after blocking in normal goat serum,
the sections were probed with mouse anti-mouse SMCa.-actin with rabbit anti-human IL-33
combination (1:100 dilution), followed by incubation with Alexa Fluor 488-conjugated goat
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anti-mouse or Alexa Fluor 568-conjugated goat anti-rabbit secondary antibodies (1:300
dilution). In case of mouse femoral artery cryosections, after incubation with 5% normal
goat serum for 1 hr the sections were incubated with mouse anti-mouse SMCa-actin and
goat anti-mouse IL-33 antibodies (1:100 dilution) overnight followed by incubation with
Alexa Fluor 488-conjugated goat anti-mouse or Alexa Fluor 568-conjugated donky anti-goat
secondary antibodies (1:300 dilution). The sections were observed under a Zeiss Inverted
Microscope (Zeiss AxioObserver Z1; Magnification at 10X/0.25 NA or 40X/0.6 NA), and
the fluorescence images were captured with a Zeiss AxioCam MRm camera using the
microscope operating software and Image Analysis Software AxioVision 4.7.2 (Carl Zeiss
Imaging Solutions).

All the experiments were repeated three times, and the data are presented as Mean + S.D.
The data set was initially analyzed for normality and variance using Minitab 18 software.
The normally distributed data with similar variance were then analyzed by one-way ANOVA
followed by Tukey’s post hoc test and the p values < 0.05 were considered statistically
significant. In the case of EMSA, Western blotting and immunofluorescence, one set of the
representative data is presented.

Thrombin induces IL-33 expression in mediating HASMCs migration:

Thrombin generated at the site of vascular injury can induce the expression of several genes
and act as a mitogen and chemotactic factor to a variety of cell types, including peripheral
blood monocytes and VSMCs [22, 23]. Because increased expression of IL-33 was observed
in human atherosclerotic plaques [9, 14, 15] and thrombin-Par1 signaling has been shown to
be involved both in neointimal development and atherosclerosis [17, 18, 24], we asked the
question whether 1L-33 has any role in thrombin-induced vascular wall remodeling. To
address this, first we studied a time course effect of thrombin on IL-33 expression in
HASMCs. Thrombin (0.5 units/ml) induced IL-33 expression in a time dependent manner
both at MRNA and protein levels (Figure 1A & B). Based on these observations, we next
examined the functional significance of IL-33 in thrombin-induced HASMC DNA synthesis
and migration. Inhibition of IL-33 activity by its neutralizing antibodies without having any
effect on DNA synthesis abolished thrombin-induced HASMC migration (Figure 1C & D).

Thrombin-induced IL-33 expression requires NFAT-binding element:

To understand the molecular mechanisms involved in thrombin-induced IL-33 expression,
we have analyzed human IL-33 promoter sequence for transcription factor binding elements
using TRANSFAC [25]. We identified four binding sites for nuclear factor of activated T
cells (NFAT) (at —49 nt; =100 nt; —1039 nt and —1245 nt); two binding sites for E2F (at
—853 nt and —1672 nt) and one binding site for GATA (=253 nt) in 1L-33 promoter (Figure
2A). We next cloned 1.8 kb human IL-33 promoter into pGL3 basic vector (pGL3-
hIL33p(1.8 kb)-Luc) and studied its activity. We observed a 2-fold increase in 1L-33
promoter activity in response to thrombin as compared with vehicle control (Figure 2B).
This finding suggests a role for transcriptional mechanisms in the regulation of 1L-33
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expression by thrombin. To identify the minimal 1L-33 promoter region required for
thrombin-induced IL-33 promoter activity, we performed serial promoter deletion analysis
by subcloning the truncated regions —1384 to +77 nt (1.5 kb), —1194 to +77 nt (1.3 kb),
—-991 to +77 nt (1.0 kb), =384 to +77 nt (0.5 kb), —183 to +77 nt (0.3 kb), and —98 to +77 nt
(0.2 kb) of 1L-33 promoter into pGL3 basic vector. The constructs were named as pGL3-
hIL33p(1.5 kb)-Luc, pGL3-hIL33p(1.3 kb)-Luc, pGL3-hIL33p(1.0 kb)-Luc, pGL3-
hIL33p(0.5 kb)-Luc, pGL3-hIL33p(0.3 kb)-Luc, and pGL3-hlL33p(0.2 kb)-Luc,
respectively. HASMCs were transfected with these constructs and their responsiveness to
thrombin was measured. Our findings show that thrombin induces IL-33 promoter activity
with all the constructs except with pGL3-hI1L33p-(0.2 kb)-Luc construct suggesting the
presence of thrombin-responsive element(s) between —183 nt to —98 nt of 1L-33 promoter
from the transcriptional start site (Figure 2B). As the IL-33 promoter region from —183 nt to
-98 nt contains only one potential NFAT-binding site at —100 nt, we mutated this site by
site-directed mutagenesis and tested its responsiveness to thrombin. Our results reveled that
disruption of NFAT-binding element at —100 nt significantly attenuates thrombin-induced
IL-33 promoter activity (Figure 2C).

NFATc1, E2F1 and LMCD1 bind to IL-33 promoter and regulate its promoter activity:

To gain mechanistic insights into the role of the NFAT-binding site at —100 nt in thrombin-
induced IL-33 promoter activity, we next studied a time course effect of thrombin on NFAT
binding to IL-33 promoter by electrophoretic mobility shift assay (EMSA) using the NFAT-
binding element at =100 nt as a biotin-labeled double-stranded oligonucleotide probe.
Thrombin induced NFAT-DNA binding activity in a time dependent manner with maximum
effect at 4 hrs (Figure 2D). To confirm thrombin-induced protein-DNA binding activity with
NFAT-binding element as a probe, we mutated this site and used it as a probe for EMSA.
Our results showed no protein-DNA binding activity in response to thrombin (Figure 2D).
Next to identify which NFAT binds to this site, we performed supershift EMSA using
NFATc1 antibodies. Our results show the presence of NFATc1 in thrombin-induced protein-
DNA complexes (Figure 2E). As LIM and cysteine-rich domains 1 (LMCD1), a novel
member of the LIM protein family, has been shown to play a critical role in the development
of cardiac hypertrophy via activation of calcineurin/NFAT signaling pathway [26] and
thrombin induced LMCD1 expression in HASMCs [16], we asked the question whether
LMCD1 has any role in thrombin-induced NFATc1-DNA binding activity. To test this
possibility, we performed supershift EMSA using anti-LMCD. antibodies and found the
presence of LMCD1 in thrombin-induced protein-DNA-complexes (Figure 2E). Since our
recent study revealed that LMCD1 acts as a transcriptional co-activator for E2F1 in the
modulation of thrombin-induced CDC6 expression in HASMCs [16], we explored whether
E2F1 also interacts with LMCDZ1 in thrombin-induced IL-33 promoter activity. Supershift
EMSA using anti-E2F1 antibodies showed the presence of E2F1 in thrombin-induced
protein-DNA complexes as well (Figure 2E). Based on these observations, it may be
suggested that NFATc1 may interact with both E2F1 and LMCD1 in thrombin-induced
IL-33 promoter activity in HASMCs.
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LMCDL1 acts as co-activator for NFATc1 and E2F1 in thrombin-induced IL-33 promoter

activity:

To understand the relative importance of NFATc1, E2F1 and LMCDL1 in thrombin-induced
IL-33 promoter activity, we co-expressed NFATc1, E2F1 and LMCD1 along with 1L-33
promoter in various combinations in HEK293T cells or HASMCs and examined IL-33
promoter activity. While overexpression of NFATc1, E2F1 or LMCDL1 alone induced I1L-33
promoter activity by 2- to 3-fold (Figure 2F). In addition, coexpression of NFATc1, E2F1
and LMCD1 in various combinations or all together further enhanced the IL-33 promoter
activity (Figure 2F). To find whether LMCD1 acts as a co-activator of NFATc1 or E2F1 in
thrombin-induced IL-33 promoter activity, we depleted the cellular levels of these factors
one at a time along with coexpression of other factors and studied their subsequent effects on
IL-33 promoter activity. Our results showed that when cellular NFATc1 or E2F1 levels were
depleted, overexpression of LMCD1 had no effect on IL-33 promoter activity, but when
cellular LMCD1 levels were depleted, overexpression of NFATc1 but not E2F1 resulted in
an increase in IL-33 promoter activity (Figure 2G). These results collectively infer that
LMCD1 acts as a co-activator for E2F1 in the regulation of NFTAc1-mediated thrombin-
induced IL-33 promoter activity.

NFATc1, E2F1 and LMCD1 regulate thrombin-induced IL-33 expression and HASMCs

migration:

In understanding the role of NFATc1 in thrombin-induced IL-33 expression, we found that
depletion of NFATc1 attenuates thrombin-induced 1L-33 expression at mRNA and protein
levels (Figure 3A & B). In addition, NFATc1 knockdown blocked thrombin-induced
HASMC migration (Figure 3C). In line with its role in IL-33 promoter activity, depletion of
E2F1 levels by its siRNA attenuated thrombin-induced I1L-33 expression at mRNA and
protein levels (Figure 3D & E). E2F1 depletion also reduced thrombin-induced HASMC
migration (Figure 3F). Similarly, knockdown of LMCD1 also inhibited thrombin-induced
IL-33 expression and HASMC migration (Figure 4A-C). These findings collectively infer
that NFATc1 along with E2F1 and LMCDL1 are essential for thrombin-induced 1L-33
expression and HASMC migration.

Par1-Gaq/11-PLCB3 signaling is required for thrombin-induced IL-33 expression and
HASMCs migration:

Previously we have reported that thrombin-induced HASMC proliferation requires Parl-
Gag/11-PLCB3-mediated CDC6 expression [16]. Therefore, to characterize the upstream
signaling mechanisms involved in thrombin-induced NFATc1-E2F1-LMCD1-mediated
IL-33 expression, we studied the role of Parl and its downstream effectors Ga.g/11 and
PLCPR3. Our results showed that blocking of Parl with its antagonist SCH79797
substantially diminished thrombin-induced Ga.g/11 and PLCR3 activation, IL-33 expression
and HASMC migration (Figure 4D-H). Similarly, siRNA-mediated depletion of Gag/11
levels diminished thrombin-induced PLCPB3 activation, 1L-33 expression and HASMC
migration (Figure 5A-G). In line with these observations, downregulation of PLCB3 levels
by its siRNA also reduced thrombin-induced IL-33 expression and HASMC migration
(Figure 6A-C). In addition, blockade of Parl or depletion of Ga.g/11 or PLCPB3 levels
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attenuated thrombin-induced translocation of NFATc1 from cytoplasm to nucleus (Figure
6D). Besides, thrombin induced complex formation of NFATc1 with E2F1 and LMCD1
(Figure 6E). Together, these observations imply that Par1-Gag/11-PLCR3 act upstream to
NFATc1-E2F1-LMCD1 in thrombin-induced IL-33 expression and HASMC migration.
Previously we have demonstrated that Pyk2 via p115 RhoGEF, Racl, RhoA and Pakl
mediates thrombin-induced neointima formation [27]. Therefore, we asked whether Pyk2 is
linked to thrombin-induced IL-33 expression. Depletion of Pyk2 levels had no effect on
thrombin-induced IL-33 expression (Figure 6F). These observations infer that thrombin
triggers activation of both these signaling events most likely in parallel in the modulation of
vascular wall remodeling.

IL-33 mediates neointimal development:

To understand the role of 1L-33 in neointimal growth, we used mouse femoral artery guide
wire injury (GI) model. Western blot analysis showed increased expression of 1L-33 in
injured femoral artery as compared to uninjured artery (Figure 7A). In addition, SiRNA-
mediated knockdown of NFATc1 or E2F1 levels inhibited Gl-induced IL-33 expression
(Figure 7B). Double immunofluorescence staining of femoral artery cross sections exhibited
a robust 1L-33 expression in SMC of injured arteries as compared to uninjured arteries
(Figure 7C). H&E staining of the femoral artery further revealed a significant increase in
neointimal growth after 3 wks of Gl (Figure 7D). In addition, nIL-33 Ab significantly
reduced neointimal growth (Figure 7D). Migration of SMC from media to intima is a
pathological manifestation of restenosis after angioplasty. As IL-33 has no influence on
HASMC proliferation, we tested its role in SMC migration in vivo. Femoral arteries from
mice with and without nIL-33 Ab treatment were collected at day 5 after Gl, opened
longitudinally and stained for SMCa-actin. We noted a significantly reduced SMC on the
luminal surface of injured femoral arteries that received nlL-33 Ab as compared with injured
arteries that received control IgG (Figure 7E). These observations clearly demonstrate a role
for IL-33 in SMC migration during neointimal development. Since SMC migration is a
common phenomenon in early development of atherosclerosis, we examined human normal
and atherosclerotic coronary artery sections for 1L-33. We observed increased colocalization
of IL-33 with SMC in human atherosclerotic lesions as compared arteries without lesions
(Figure 7F).

DISCUSSION

Some of the earlier studies have reported an atheroprotective role of IL-33 [28, 29].
Administration of murine IL-33 to ApoE™~ mice fed with high-fat diet reduced plaque size
in the aortic sinus via enhancing polarization of the immune response towards the Th2
phenotype, decreased macrophage foam cell formation and increased auto-antibodies
targeting oxidized low density lipoproteins [28, 29]. In contrast, Martin et al have reported
lack of effect of 1L-33/ST2 signaling on the development of atherosclerosis in ApoE ™~ mice
[30]. However, increased IL-33 expression has been reported in human atherosclerotic
plaques [9, 14, 15]. Increased IL-33 expression has also been reported in the atherosclerotic
aorta of ApoE~/~ mice fed with high-fat diet as compared to ApoE ™~ mice fed chow diet or
WT mice [28]. Various clinical studies have further shown correlation between circulating
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IL-33 levels and atherosclerosis [31-33]. Consistent with these observations, our findings
clearly show an increased IL-33 expression in SMC during Gl-induced neointimal
development and human atherosclerotic plaques. More interestingly, neutralizing IL-33
antibodies blunted SMC migration and reduced neointimal development. Since neutralizing
IL-33 antibodies were attenuating SMC migration and neointima formation, it is likely that
these antibodies were blocking extracellular and/or circulating IL-33. Based on these
previous and present findings, it may be suggested that IL-33 by promoting endothelial
dysfunction and VSMC migration might be playing a role in the pathophysiology of
vascular diseases, such as restenosis and atherosclerosis.

In regard to regulation of IL-33 expression, some reports showed that IFN+y induces IL-33 in
cardiac myocytes and fibroblasts [34]. On the other hand, other reports have shown that
IFN-y appears to attenuate IL-33 expression in macrophages and microglial cells [35, 36].
Furthermore, it was demonstrated that IFN regulatory factor-3 (IRF-3) and CREB mediate
IL-33 expression by TLR and non-TLR agonists [37]. Recently, Yamazumi et al have
reported MEX3B-mediated post-transcriptional regulation of 1L-33 during allergic airway
inflammation [38]. Besides, negative regulation of 1L-33 by Rac1 and STAT1 during airway
epithelial cell inflammation and viral infection, respectively, has also been reported [39, 40].
In addition, it was shown that Ras-mediated NIH-3T3 cell transformation requires IL-33
expression [41]. Towards exploring the mechanisms, we found that interactions between
NFATc1, E2F1 and LMCDL1 are required for thrombin-induced IL-33 expression in
HASMCs. Specifically, our promoter reporter gene analysis reveals the presence of
thrombin-responsive regulatory element(s) between —183 nt to —98 nt of 1L-33 promoter. As
this region contains only one potential NFAT-binding site at —100 nt and site-directed
mutagenesis of this site attenuates its responsiveness to thrombin, it can be speculated that
IL-33 expression in HASMCs depends on this regulatory element. NFATs (NFATc1-c4) are
a family of transcription factors that belong to Rel group, mediate cytokine gene expression
in T cells [42]. In addition, NFATc1 has been shown to play a role in cardiovascular
development [43]. NFATc1 has also been shown to be involved in linking CD137 to the
progression of atherosclerotic plaques [44]. Selective inhibition of NFAT suppressed
proliferative SMC phenotype and accelerated atherosclerosis in diabetic mice [45, 46].
Previous studies from our laboratory have revealed the importance of NFTAcL in vascular
wall remodeling and explored the underlying mechanisms [19, 20, 47-49]. The present study
identifies IL-33 as another target of NFATc1 in mediating vascular wall remodeling.

The supershift EMSA results showed the presence of E2F1 and LMCD1 in thrombin-
induced protein and IL-33 promoter DNA complexes, it is likely that E2F1 and LMCD1
interact with NFATc1 in the transcriptional regulation of I1L-33 expression. Furthermore,
while over-expression of NFATc1 or E2F1 alone induced IL-33 promoter activity 4-fold,
LMCD1 enhanced its activity only by 2-fold. In addition, when cellular NFATc1 or E2F1
levels were depleted, overexpression of LMCD1 had no effect on IL-33 promoter activity.
However, when cellular LMCDL1 levels were depleted, overexpression of NFATc1 but not
E2F1 resulted in an increase in 1L-33 promoter activity. These results collectively infer that
LMCD1 acts as a co-activator for E2F1 in the regulation of NFTAc1l-mediated and
thrombin-induced IL-33 expression. These observations are consistent with our recent
findings that LMCD1 acts as a transcriptional co-activator for E2F1 in CDC6 expression by
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thrombin [16]. The proteins containing LIM domains play a key role in diverse cellular
functions such as signal transduction, gene expression, cytoskeleton remodeling and cell
adhesion [50]. Although several LIM proteins have been functionally well studied, little is
known about LMCDL. It has been reported that LMCDL1 plays a role in the development of
cardiac hypertrophy via activation of calcineurin/NFAT signaling pathway [26]. LMCD1
was also shown to act as a repressor for GATAG, a zinc-finger transcription factor, in lung
and cardiac tissues [51]. While our recent findings show that LMCD1 acts as a
transcriptional co-activator for E2F1 in thrombin-induced CDC6 expression mediating
HASMC proliferation [16], the present study explores a novel role of LMCDZ1 in thrombin-
induced IL-33 expression in modulating HASMC migration. In regard to mechanisms of
IL-33 induction by thrombin, our results show that Parl, Ga.g/11 and PLCB3 are involved in
this GPCR agonist-induced NFATc1-E2F1-L MCD1-mediated 1L-33 expression and
HASMC migration. The role of Parl, Gag/11 and PLCB3 in the regulation of HASMC
growth has been reported previously [16, 52, 53]. Based on our previous and present
findings, it may be suggested that thrombin via inducing CDC6 and 1L-33 expression in
parallel downstream to Parl, Gag/11, PLCB3, NFATc1, E2F1 and LMCDL1 signaling
modulates HASMC proliferation and migration, respectively, in enhancing vascular wall
remodeling.
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Nonstandard Abbreviations and Acronyms

EMSA Electrophoretic mobility shift assay
Gag/11 Ga protein g/11

IFNy Interferon -y

IL-33 Interleukin-33

LMCD1 LIM and cysteine-rich domains protein 1
NFATcl Nuclear factor of activated T cells

Parl Protease-activated receptor 1

PLCPB3 Phospholipase Cp3

Racl Ras-related C3 botulinum toxin substrate 1
Ras Rat sarcoma

STAT1 Signal transducer and activator of transcription 1
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VSMC Vascular smooth muscle cells
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HIGHLIGHTS

. Our findings show that IL-33 expression is required thrombin-induced
HASMC migration and vascular wall remodeling following injury.

. Interactions between NFATc1, E2F1 and LMCD1 were required for
thrombin-induced 1L-33 expression.

. LMCD1 acts as a co-activator for E2F1 in the regulation of NFTAc1-
mediated and thrombin-induced IL-33 expression.

. Thrombin-induced IL-33 expression and HASMC migration require Parl-
Gag/11-PLCPB3 signaling.
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Figure 1. IL-33 mediates thrombin-induced HASMC migration.
A & B. RT-PCR and Western blot analysis of I1L-33 and p-actin mRNA and protein levels,

respectively, in control and various time periods of thrombin (0.5 U/ml)-treated HASMCs. C
& D. The effects of normal IgG and neutralizing IL-33 antibody (100 ng/ml) on thrombin
(0.5 U/ml)-induced HASMC migration and DNA synthesis. The bar graphs represent Mean
+ S.D. values of three independent experiments. *, p < 0.05 versus control; **, p < 0.05
versus thrombin.
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Figure 2. LMCD1 acts as co-activator of E2F1 in thrombin-induced IL-33 promoter activity.
A. TRANSFAC analysis of IL-33 promoter sequence encompassing from —1771 to +77 nt

(1.8 kb) for the identification of potential transcriptional factors binding sites. B. IL-33
promoter activity with serial 5'-deletions in response to thrombin in HASMCs. C. Mutation
of NFAT-binding site at =100 nt in pGL3-hIL33p(0.3 kb) promoter construct blunts
thrombin (0.5 U/ml)-induced luciferase activity. D. Time course effect of thrombin on
protein and 1L-33 promoter DNA binding activity by EMSA using intact and mutant NFAT
binding element at =100 nt as a biotin-labeled probe. E. Supershift EMSA analysis of
nuclear extracts of control and thrombin-treated HASMCs for NFATc1, E2F1 and LMCD1
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using NFAT binding element at =100 nt as a biotin-labeled probe. F. HEK293T cells (Upper
panel) or HASMCs (Lower panel) were transfected with pGL3-basic or pGL3-hIL33p (1.8
kb) vector in combination with the indicated expression vectors and 36 hrs later the
luciferase activity was measured. G. HEK293T cells (Upper panel) or HASMCs (Lower
panel) were transfected with pGL3-basic or pGL3-hIL33p (1.8 kb) vector along with the
indicated siRNA in combination with and without the presence of the indicated expression
vector and 36 hrs later luciferase activity was measured. The bar graphs represent Mean +
S.D. values of three independent experiments. *, p < 0.05 versus control or siControl or
pCMV:; # p < 0.05 versus pGL3-hIL33p + thrombin; **, p < 0.05 versus pPCMV-NFATc1 or
pCMV-E2F1 or pPCMV-LMCD1 . RLU, relative luciferase units. FP, free probe.
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Figure 3. NFATc1 and E2F1 mediate thrombin-induced IL-33 expression and HASMC migration
A, B, D & E. HASMCs were transfected with the indicated siRNA (100 nmoles), quiesced,

treated with and without thrombin (0.5 U/ml) for 6 hrs and either RNA was isolated or cell
extracts were prepared. The RNA and cell extracts were analyzed by RT-PCR and Western
blotting, respectively, for IL-33 and B-actin mRNA and protein levels using their specific
primers or antibodies, respectively. Cell extracts were also analyzed by Western blotting for
NFATc1 and E2F1 levels to show the efficacy of their respective siRNA. C & F. HASMCs
were transfected with the indicated siRNA, quiesced and subjected to migration assay. The
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bar graphs represent the Mean + S.D. values of three independent experiments. *, p < 0.05
versus siControl; **, p < 0.05 versus siControl + thrombin.
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Figure 4. LMCD1 and Parl mediate thrombin-induced IL-33 expression and HASMC

migration.

A & B. HASMCs were transfected with the indicated siRNA (100 nmoles), quiesced, treated
with and without thrombin (0.5 U/ml) for 6 hrs and either RNA was isolated or cell extracts
were prepared. The RNA and cell extracts were analyzed by RT-PCR and Western blotting
for IL-33 and B-actin mMRNA and protein levels using their specific primers or antibodies,
respectively. Cell extracts were also analyzed by Western blotting for LMCD1 levels to show
the efficacy of its siRNA. C. HASMCs were transfected with the indicated siRNA, quiesced
and subjected to migration assay. D & E. Quiescent HASMCs were treated with and without

Arterioscler Thromb Vasc Biol. Author manuscript; available in PMC 2020 June 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Govatati et al.

Page 25

thrombin (0.5 U/ml) in the presence and absence of Parl antagonist, SCH79797 (10 uM), for
the indicated times and analyzed for Ga.g/11 activation or 30 min and assayed for PLCP3
activity. F-H. The effect of SCH79797 on thrombin-induced 1L-33 expression at mRNA and
protein levels and HASMC migration. The bar graphs represent Mean £ S.D. values of three
independent experiments. *, p < 0.05 versus Control or siControl; **, p < 0.05 versus
thrombin or siControl + thrombin.
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Figure 5. Gag/11 mediate thrombin-induced IL-33 expression and HASMC migration.
A. HASMCs were transfected with the indicated siRNA (100 nmoles), quiesced, treated

with and without thrombin (0.5 U/ml) for 30 min and cell extracts were prepared and
analyzed for PLCPB3 activity. B, C, E & F. All the conditions were the same as in panel A
except that cells were treated with and without thrombin (0.5 U/ml) for 6 hrs and either RNA
was isolated or cell extracts were prepared. The RNA and cell extracts were analyzed by RT-
PCR and Western blotting, respectively, for IL-33 and B-actin mRNA and protein levels
using their specific primers or antibodies, respectively. Cell extracts were also analyzed by
Western blotting for Gag and Ga 11 levels to show the efficacy of their respective siRNA. D
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& G. HASMCs were transfected with the indicated siRNA, quiesced and subjected to
migration assay. The bar graphs represent the Mean + S.D. values of three independent
experiments. *, p < 0.05 versus siControl; **, p < 0.05 versus siControl + thrombin.
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Figure 6. PLCB3 mediate thrombin-induced IL-33 expression and HASMC migration.
A & B. HASMCs were transfected with the indicated siRNA (100 nmoles), quiesced, treated

with and without thrombin (0.5 U/ml) for 6 hrs and either RNA was isolated or cell extracts
were prepared. The RNA and cell extracts were analyzed by RT-PCR and Western blotting,
respectively, for IL-33 and B-actin mMRNA and protein levels using their specific primers or
antibodies, respectively. Cell extracts were also analyzed by Western blotting for PLCB3
levels to show the efficacy of its sSiRNA. C. HASMCs were transfected with the indicated
SiRNA, quiesced and subjected to migration assay. D. Blockade of Parl by its antagonist
SCH79797 or depletion of Gag/11 or PLCB3 levels attenuate thrombin-induced NFATc1
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translocation from cytoplasm to nucleus. E. Time course effect of thrombin on complex
formation of NFATc1 with E2F1 and LMCDL1. F. All the conditions were the same as in
panel B except that siControl and siPyk2 were tested on thrombin-induced IL-33 levels and
the blot was reprobed for Pyk2 and B-actin levels. The bar graphs represent Mean + S.D.
values of three independent experiments. *, p < 0.05 versus siControl; **, p < 0.05 versus
siControl + thrombin.
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Figure 7. 1L-33 mediates injury-induced neointima formation.
A. Tissue extracts prepared from uninjured and 3 days of post guide wire-injured mouse

femoral arteries were analyzed by Western blotting for IL-33 levels using its specific
antibodies and normalized to a-tubulin levels. B. An equal amount of protein from 3 days of
post guide wire-injured arteries that received either siControl, siNFATc1 or siE2F1 (10 pg/
artery) or uninjured arteries were analyzed by Western blotting for IL-33 using its specific
antibody and the blot was reprobed for NFATc1, E2F1 or a-tubulin to show the efficacy of
the siRNA on its target and off target molecule levels. C. Uninjured and 3 wks of post guide
wire-injured mouse femoral artery cross sections were co-immunostained for IL-33 (red)
and SMC a-actin (green). The sections of injured artery were also stained for control mouse

Normal artery
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and goat 1gG. D. Mice were administered with normal IgG or neutralizing I1L-33 antibodies
and subjected to GI. Femoral arteries from uninjured and 3 wks of post-GI mice were
dissected out, fixed, cross sections were made and stained with H&E. The I/M ratios were
calculated. Representative pictures of GI femoral artery cross-sections that were stained with
H&E are shown and bar graph shows Mean + S.D. values of the I/M ratios of the femoral
arteries from injured and injured + 1L-33 nAb administered mice (n = 6). E. Left panel:
Femoral arteries from 5 days of post-GI mice that were administered with 1L-33 nAb or
normal IgG (2 pg/mouse by IP) were isolated, opened longitudinally and stained for SMCa.-
actin. Right panel: the bar graph shows Mean + S.D. values of the SMCa.-actin-positive cells
from injured and injured + IL-33 nAb administered mice (n = 6). F. Paraffin-embedded
human normal and atherosclerotic artery sections were co-immunostained for IL-33 (reqd)
and SMCa-actin (green). The normal human artery sections were also stained for control
mouse and rabbit IgG. Scale bars are 50 um (panels C, D & F) and 20 um (panel E). *, p <
0.05 versus injured + nIL-33 Ab.
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Table 1.

List of primers used in the study
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Gene

Forward primers (5" — 3")

Primers used for RT-PCR

Reverse primers (5" — 3")

Human IL-33

Human B-actin

CAAAGAAGTTTGCCCCATGT
AGCCATGTACGTTGCTAT

Primers used for 1L-33 promoter cloning

AAGGCAAAGCACTCCACAGT
GATGTCCACGTCACACTTCA

hIL33p(1.8 kb)
hIL33p(L.5 kb)
hIL33p(1.3 kb)
hIL33p(1.0 kb)
hIL33p(0.5 kb)
hIL33p(0.3 kb)
hIL33p(0.2 kb)

ACGAACGCGTACTAAGAAACTAAGATATGGG
ACGAACGCGTTTCATTTGGTCCAGAAAGGTG
ACGAACGCGTGTCAATTCTAATACAGTGG
ACGAACGCGTGTCGTTACTGACCACGAC
ACGAACGCGTTGCATGATTGTATGTGCTATACT
ACGAACGCGTCATTATGCAGTGCAGAGTACCATATC
ACGAACGCGTCTATATGGTTATGTTACCAATTTG

Primers used for site-directed mutagenesis

ATTTAGATCTGCTGTGTTCTTCCACTTTGCTGTG
ATTTAGATCTGCTGTGTTCTTCCACTTTGCTGTG
ATTTAGATCTGCTGTGTTCTTCCACTTTGCTGTG
ATTTAGATCTGCTGTGTTCTTCCACTTTGCTGTG
ATTTAGATCTGCTGTGTTCTTCCACTTTGCTGTG
ATTTAGATCTGCTGTGTTCTTCCACTTTGCTGTG
ATTTAGATCTGCTGTGTTCTTCCACTTTGCTGTG

h1L33p-NFAT-Mut

CAAACTTTACTGAAATAATTATTTAATCTATATGGTTATG

Primers used for EMSA

CATAACCATATAGATTAAATAATTATTTCAGTAAAGTTTG

h1L33p-NFAT-WT
h1L33p-NFAT-Mut

CAAACTTTACTGAAATAATTATTTCCTCTATATGGTTATG
CAAACTTTACTGAAATAATTATGTAATCTATATGGTTATG

CATAACCATATAGAGGAAATAATTATTTCAGTAAAGTTTG
CATAACCATATAGATTACATAATTATTTCAGTAAAGTTTG
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