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Abstract

Inhibitor kappa B kinase 2 (IKK?2) plays an essential role in the activation of nuclear factor kappa B (NF-kB). Recently, it has
been suggested that IKK?2 acts as a myosin light chain kinase (MLCK) and contributes to vasoconstriction in mouse aorta.
However, the underlying mechanisms are still unknown. Therefore, we investigated whether IKK2 acts as a MLCK or
regulates the activity of myosin light chain phosphatase (MLCP). Pressure myograph was used to measure vascular tone in rat
mesenteric arteries. Immunofluorescence staining was performed to identify phosphorylation levels of MLC (ser19), MYPT]1
(thr853 and thr696) and CPI-17 (thr38). SC-514 (IKK2 inhibitor, 50 uM) induced relaxation in the mesenteric arteries
pre-contracted with 70 mM high K* solution or U-46619 (thromboxane analog, 5 uM). The relaxation induced by SC-514
was increased in the arteries pre-contracted with U-46619 compared to arteries pre-contracted with 70 mM high K™ solution.
U-46619-induced contraction was decreased by treatment of SC-514 in the presence of MLCK inhibitor, ML-7 (10 uM). In
the absence of intracellular Ca’>*, U-46619 still induced contraction, which was decreased by treatment of SC-514.
Furthermore, phosphorylation levels of MLC (ser19) and MYPT1 (thr853) were decreased by treatment of SC-514. IKK?2 is
involved in the vascular contraction through regulation of MLCP activity by phosphorylating MYPT1 at thr853 in rat
mesenteric arteries. These findings suggest IKK2 could be a new pharmacological target for specific therapies of various
vascular diseases.

Introduction

Blood circulation plays an important role in supplying
oxygen and nutrients to tissues [1]. Microvessels contribute
to the maintenance and regulation of blood flow and
peripheral resistance [2]. Resistance arteries, which have
small diameter (<400 uM in lumen diameter), contribute the
generation of the peripheral resistance and thus regulate
blood flow [3].

Contractile status of smooth muscle is determined by
phosphorylation of 20 kDa myosin regulatory light chain
(MLC) [4, 5]. The MLC phosphorylation is dependent on

These authors contributed equally: Youngin Kwon, Soo-Kyoung Choi.

< Young-Ho Lee
yhlee@yuhs.ac

Department of Physiology, College of Medicine, Brain Korea 21
Plus Project for Medical Sciences, Yonsei University,
Seoul, Korea

the balance between myosin light chain kinase (MLCK) and
myosin light chain phosphatase (MLCP) activity. The
activity of MLCK is dependent on cytosolic Ca*" levels.
The MLCP dephosphorylates MLC, resulting in smooth
muscle relaxation. Therefore, without change of cytosolic
Ca®" levels, inhibition of MLCP causes smooth muscle
contraction which is called Ca®" sensitization [6, 7]. It has
been reported that several resistance arteries such as
mesenteric, coronary, and cerebral arteries exhibit
augmented Ca’" sensitization [8—11].

The MLCP is an enzyme composed of three subunits,
110-130 kDa myosin-binding subunit (non-catalytic myosin
phosphatase target subunit, MYPT1), 38kDa -catalytic
subunit (protein phosphatase 1, pplcd), and 20kDa
unknown subunit (M,g) [12, 13]. The MYPT1 has crucial
role in targeting myosin filament. The enzyme activity of
MLCP is regulated by MYPT1 phosphorylation at thr696 or
thr853. There are two major pathways of Ca>" sensitization
mechanisms in smooth muscle. One is RhoA and Rho kinase
signaling through G,/3 heteromeric G proteins. Activated
Rho kinase directly inhibits MLCP [14]. The other
mechanism is phosphorylation of CPI-17 (at thr38), which is
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a potent inhibitor of MLCP. It inhibits MLCP when phos-
phorylated by Rho kinase or protein kinase C [15].

Inhibitor kappa B kinase 2 (IKK2) plays an essential role
in the activation of nuclear factor kappa B (NF-xB) [16].
The IKK2 phosphorylates IkBa (inhibitor of kappa B)
protein, which is an inhibitory protein of NF-kB signaling.
Phosphorylated IxkBa is degraded by the ubiquitin-
proteasome pathway. As the result, free NF-kB/Rel family
activates transcription of various genes, which participate in
the immune and inflammatory response, cell adhesion,
growth control, and protection against apoptosis [17-19].
The IKK2 is well known to mediate the innate and adaptive
immune response in various cells such as monocyte-derived
antigen-presenting cells, bone-marrow-derived dendritic
cells, natural killer-like T (NKT) cells, and T lymphocytes
[20-23]. In addition, IKK2 is known to be involved in
inflammatory responses in human airway smooth muscle
[24, 25]. Recently, it has been suggested that IKK?2 acts as
another MLCK and contributes to vasoconstriction in rat
and mouse aorta [26, 27]. However, the underlying
mechanisms are not still well understood. Thus, the purpose
of this study is to investigate whether IKK2 acts as another
MLCK or regulates the activity of MLCP.

Materials and methods

All experiments were performed according to the Guide for
the Care and Use of Laboratory Animals published by US
National Institutes of Health (NIH publication no. 85-23,
2011) and were approved by the Ethics Committee and the
Institutional Animal Care and Use Committee of Yonsei
University, College of Medicine.

Animal models and tissue preparation

In this experiments, we used 12-week-old male Sprague
Dawley rats. After killed, the mesenteric arteries were dis-
sected and immediately placed in chilled Krebs-Henseleit
(KH) solution (composed of (in mmol/L) NaCl, 119; KCl,
4.6; CaCl,, 2.5; MgSO,, 1.2; KH,PO,, 1.2; NaHCO;, 25;
glucose, 11.1). A 95% O, + 5% CO, gas aerated the KH
solution continuously. Adipose and connective tissues were
removed under an optical microscope (model SZ-40,
Olympus, Japan). Third-order mesenteric arteries were cut
~3—4 mm long.

Measurement of the vessel diameter
A mesenteric artery segment (200-275uM in inner dia-
meter) was cannulated on a glass micropipette in a pressure

myograph (model PS-200-P, Living Systems Instrumenta-
tion, Burlington, VT, USA). The heated KH solution was

SPRINGER NATURE

superfused continuously to keep 37 °C. During equilibration
period (for 30 min), the pressure was maintained at
40 mmHg using pressure-servo control perfusion systems.
The lumen diameter was measured using the Soft Edge
Acquisition Subsystem (IonOptix, Milton, MA, USA).
To contract mesenteric arteries, we used 1uM
phenylephrine (PE; Sigma-Adrich, St. Louis, MO, USA), 5
uM U-46619 (Cayman chemicals, Ann Arbor, MI, USA),
and high K" solution (70mM KCI in KH solution).
Inhibitors of IKK2, 4-amino-[2,3’-bithiophene]-5-carbox-
amide (SC-514) and [5-(p-Fluorophenyl)-2-ureido]thio-
phene-3-carboxamide (TPCA-1) were purchased from
Selleckchem, (Houston, TX, USA) and Apexbio (Houston,
TX, USA), respectively. A MLCK inhititor, hexahydro-1-
[(5-iodo-1-naphthalenyl)sulfonyl]-1H-1,4-diazepine hydro-
chloride (ML-7) (Tocris Bioscience, bristol, UK), was used
to exclude possible involvement of classical MLCK.
Ca**-free KH solution consists of no Ca*", 1mM
ethylene glycol-bis(2-aminoethylether)-N,N,N' N’ -tetra-
acetic acid (EGTA; Sigma-Adrich) and 5 uM cyclopiazonic
acid (CPA; Cayman chemicals) to exclude intra and
extracellular Ca’".

Immunofluorescence

The expression and phosphorylation of proteins in
mesenteric arteries were measured by immunofluorescence
staining as previously described [28]. The vessels were
immediately frozen when contractile and relaxing response
became stable at resting state, resting state treated with SC-
514, treatment of U-46619, and co-treatment of U-46619
and SC-514. The frozen sections (5 uM) were serially col-
lected. Sections were blocked by PBS containing 3% bovine
serum albumin. The specific primary antibodies used are as
follows: p-MLC (1:50; catalog no. 3671, Cell Signaling
Technology, Danvers, MA, USA), total MLC (1:100; cata-
log no. AM09080PU-N, Acris, Herford, Germany), p-CPI17
(1:50; catalog no. SC-17560P, Santa Cruz, Dallas, TX,
USA), smooth muscle actin (1:100; catalog no. ab7817,
Abcam, Cambridge, MA, USA), p-MYPT1 thr853 (1:100;
catalog no. bs-328812, Bioss, Woburn, MA, USA),
p-MYPT]1 thr696 (1:100; catalog no. bs-3287R, Bioss) and
total-MYPT1 (1:100; catalog no. 612164, BD Transduction
Laboratories, San Jose, CA, USA). The secondary anti-
bodies used streptavidin conjugated-Alexa Fluor 488 and
Alexa Fluor 594 (1:100; catalog nos. A21202 and A21207,
Invitrogen, Carlsbad, CA, USA). DAPI was used for
nuclear staining (Vector Laboratories, Burlingame,
CA, USA). Immunofluorescence images were obtained
using an Olympus BX51 microscope (model BXSITF,
Olympus, Japan). Immunofluorescence intensity was
quantified with Image J (National Institutes of Health,
Bethesda, MD, USA).
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Western blot

The isolated mesenteric arteries at resting state or resting
state with SC-514 or after the treatments of U-46619 with or
without SC-514 were frozen in liquid nitrogen and then
homogenized in ice-cold lysis buffer, as previously
described [29]. Western blot analysis was performed for
phosphorylated MLC (p-MLC; 1:500, catalog no. 3671s,
Cell Signaling, Boston, MA, USA), total MLC
(t-MLC; 1:1000 dilution; catalog no. 3672s, Cell
Signaling), and p-actin (1:2000 dilution; catalog no.
ab8226, Abcam). Each lane were loaded with 150 ug of
protein sample. Western blot results were quantified
by densitometric measurement using Image J (National
Institutes of Health).

Data and statistical analysis

Results are expressed as mean+ SEM. Comparisons
between groups were performed with r-tests. Values
of P<0.05 were considered significant. The
concentration—response curve was fitted to sigmoidal
curve with a variable slope using four parameters logistic
equation in GraphPad Prism (Version 7, GraphPad soft-
ware, La Jolla, CA, USA). For all experiments measuring

diameter, the n-values mean number of vessels derived
from each different animals. Accordingly, n-values also
mean number of animals.

Materials

The general laboratory reagents were purchased from
Sigma-Aldrich unless otherwise stated. The SC-514,
TPCA-1, ML-7, and CPA were prepared as stock
solutions in DMSO (dimethyl sulfoxide, Sigma-Aldrich).
The PE was dissolved in distilled water as a stock
solution. U-46619 was dissolved in methyl acetate.
All the stock solutions were aliquoted and stored at —20 °C
until use.

Results

Effect of SC-514 in mesenteric arteries
pre-contracted with PE

We used SC-514, an IKK2 inhibitor, to identify the
involvement of IKK2 in vasoconstriction induced by PE
(ol-adrenergic receptor agonist, 1 uM). The SC-514 was
treated in dose-dependent manner in the mesenteric arteries
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Fig. 1 Dose-response curve for SC-514 in the mesenteric arteries pre-
treated with PE. a; Representative recording of relaxing responses to
SC-514 in mesenteric arteries. The insets display PE-control trace and

log[SC-514], M

DMSO-control trace. a, Cumulative dose-response curve for SC-514
in the mesenteric arteries pre-treated with 1 uM PE (n =5)
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Fig. 2 Effect of SC-514 on high K*- or U-46619-induced contraction
in the mesenteric arteries. Representative recordings of vascular
responses induced by pre- or post-treatment of 50 uM SC-514 in 70
mM KCl-induced contraction (a) and 5uM U-46619-induced
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Fig. 3 Effect of SC-514 on high K*- or U-46619-induced contraction
in the presence of ML-7. Representative recordings of vascular
responses induced by treatment of 50 uM SC-514 in 70 mM KCI-
induced contraction (a) and 5 uM U-46619-induced contraction (b) in
the presence of 10 uM ML-7. ¢ Percent inhibition of high K*- and
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contraction (b). The insets of (a and b) display DMSO-control trace. ¢
Mean data for the inhibition by SC-514 in high K*- and U-46619-
induced contraction (n=4-5 for each experiments). *p <0.05 for
U-46619-induced contraction vs high K*-induced contraction
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U-46619-induced contraction by ML-7 in mesenteric arteries (n = 5-6
for each experiments). d In the presence of ML-7, percent inhibition of
high K*- and U-46619-induced contraction by SC-514 in mesenteric
arteries (n = 5-6 for each experiments)
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pre-contracted with PE. The SC-514 dose-dependently
increased the diameter of mesenteric arteries (Fig. 1). Based
on dose-response curve, the dose (50uM) that causes
maximal response (95.3 + 1.8%) was used for the following
experiments.

Involvement of IKK2 on the contractile responses in
mesenteric arteries

To inspect involvement of IKK?2 on the vasoconstriction,
we examined the effect of SC-514 on high K- and
U-46619-induced contraction. Figure 2 shows that
SC-514 caused relaxation in mesenteric arteries
pre-contracted with 70mM high K or U-46619 (a
thromboxane A2 receptor agonist, 5 uM). Interestingly,
U-46619-induced contraction was significantly decreased
by SC-514 compared to high K'-induced contraction
(Fig. 2¢). In accordance with these data, when pre-treated
with SC-514, U-46619-induced contraction was blocked
by SC-514. On the other hand, high KT'-induced
contraction was not significantly inhibited by pre-
treatment of SC-514.

Involvement of IKK2 on the contraction, which is
not regulated by classic MLCK

To exclude the relevance of classic MLCK, we used a
MLCK inhibitor, ML-7 (Fig. 3). Both U-46619- and high K
*.induced contraction were inhibited by 10uM ML-7.
However, high K™-induced contraction was more reduced
by ML-7 compared with U-46619-induced contraction
(Fig. 3c). When pre-treated with ML-7, ML-7 blocked both
of high K*- and U-46619-induced contraction. The amount
of blockage by ML-7 was higher in the high K -induced
contraction than U-46619-induced contraction. In the pre-
sence of ML-7, both of these high K- and U-46619-
induced contraction were significantly inhibited by SC-514
(Fig. 3d).

Involvement of IKK2 on the Ca?"-independent
contraction

To completely block the activation of classic MLCK, we
tested the effect of SC-514 on U-46619-induced contraction

in 0-Ca>* KH solution. Vessels were incubated with 0-Ca>"
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Fig. 5 Dose-response curve for TPCA-1 in the mesenteric arteries pre-
treated with PE (a; and a;). a; Representative recording of relaxing
responses to TPCA-1 in mesenteric arteries. a, Cumulative
dose-response curve for TPCA-1 in the mesenteric arteries pre-treated
with 1 pM PE (n =4). Effect of TPCA-1 on U-46619-induced con-
traction in 0-Ca®>* condition (b; and b,). b, Representative recording
of relaxing effect of TPCA-1 on U-46619-induced contraction in

KH solution containing 1 mM EGTA and 5uM CPA to
eliminate intra and extracellular Ca*". Under these experi-
mental conditions, U-46619 still induced contraction, which
was dilated in response to SC-514 (Fig. 4). To confirm the
implication of IKK2, another inhibitor of IKK2 (TPCA-1)
was used (Fig. 5). The TPCA-1 was treated in dose-
dependent manner in the mesenteric arteries pre-contracted
with PE. The TPCA-1 dose-dependently increased the
diameter of mesenteric arteries (Fig. 5a;). Based on
dose-response curve, the concentration (20 uM) caused
maximal response (100.3 +0.7%), which was decided to be
used for the following experiments (Fig. 5a,). Under 0-Ca>"
conditions, U-46619 still induced contraction, which was
dilated in response to TPCA-1 (Fig. 5by, b,).

The effect of SC-514 on phosphorylation of MLC,
CPI-17, and MYPT1 in the mesenteric arteries

To investigate whether SC-514 affects phosphorylation
levels of MLC, MYPTI1, and CPI-17, we performed
immunofluorescence staining. We found that phosphory-
lated MLC (p-MLC, ser19) and phosphorylated MYPT1
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normal and 0-Ca** KH condition. b, Percent relative contraction
induced by U-46619 in mesenteric arteries (n=15). *p<0.05 for
U-46619-induced contraction vs U-46619-induced contraction with
TPCA-1 treatment, #p<0.05 for U-46619-induced contraction in
0-Ca®* condition vs U-46619-induced contraction with TPCA-1
treatment in 0-Ca>" condition

(p-MYPT1, thr853) were reduced by co-treatment of U-
46619 and SC-514 compared with treatment of U-46619
(Fig. 6). In contrast, phosphorylation levels of CPI17
(thr38) and MYPT1 (thr696) were not changed by treatment
of SC-514. To confirm the immunofluorescence staining
results, we performed western blot analysis for phosphor-
ylation level of MLC. In accordance with the immuno-
fluorescence data, phosphorylation level MLC was
significantly increased in the mesenteric arteries treated with
U-46619. Interestingly, treatment of SC-514 significantly
reduced MLC phosphorylation level (Fig. 6ey, e;).

Discussion

The major finding of this study is that IKK2 is involved in
the vascular smooth muscle contractility through inhibition
of MLCP activity. The SC-514, an IKK2 inhibitor,
decreased 70 mM K-, PE- and U-46619-induced contrac-
tion (Figs. 1, 2). When ML-7 was pre-treated, U-46619-
induced contraction was reduced by treatment of SC-514
(Fig. 3). Moreover, U-46619-induced vasoconstriction was
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Fig. 6 Effect of SC-514 on the
phosphorylation levels of MLC,
MYPTI, and CPI-17 in
mesenteric arteries. a—d
Immunofluorescence of
phosphorylated MLC, MYPT1,
and CPI-17 in mesenteric
arteries. a; Sections of resting
state, resting state treated with
SC-514, treatment of U-46619
and co-treatment of U-46619
and SC-514 stained for p-MLC
(ser19, red) and t-MLC (green).
a, Mean data for p-MLC/t-MLC
expression (n =15). b; Sections
of resting state, resting state
treated with SC-514, treatment
of U-46619 and co-treatment of
U-46619 and SC-514 stained for
p-MYPT1 (thr853, red) and
t-MYPT1 (green). b, Mean data
for p-MYPT]1 (thr853)/t-
MYPT1 expression (n =4). ¢,
Sections of resting state, resting
state treated with SC-514,
treatment of U-46619 and co-
treatment of U-46619 and SC-
514 stained for p-MYPT1
(thr696, red) and t-MYPT1
(green). ¢, Mean data for p-
MYPTI (thr696)/t-MYPT1
expression (n =4). d; Sections
of resting state, resting state
treated with SC-514, treatment
of U-46619 and co-treatment of
U-46619 and SC-514 stained for
p-CPI17 (thr38, red) and smooth
muscle actin (SMA, green). d,
Mean data for p-CPI17/SMA
expression (n =4). DAPI (blue)
was used for nuclear staining. e
Western blot analysis for MLC.
e; Representative western blot
data. e, Quantitative data for
t-MLC and p-MLC (n = 3).
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relaxed by treatment of SC-514 in the 0-Ca>" KH solution  (Fig. 5). We also revealed that SC-514 decreases phos-
(Fig. 4). Similar results were obtained in the mesenteric =~ phorylation level of MYPT1 at thr853 (Fig. 6). Our results
arteries treated with another inhibitor of IKK2, TPCA-1  implicate that IKK2 has an important role in the regulation
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of arterial tone through regulating MYPTI1 activity in
mesenteric arteries.

Recently, several studies reported that IKK2 acts as
another MLCK and contributes to vessel contraction in rat
and mouse aorta [26, 27]. In addition, it has been also
reported that tumor necrosis factor-a, the well-known reg-
ulator of IKK2, is involved in MLC phosphorylation in
human vascular smooth muscle cells [27]. In the present
study, we focused on investigating another role of IKK?2 in
MLCP regulation.

To investigate whether IKK?2 acts as another MLCK or
regulates the activity of MLCP, we compared the effect of
SC-514 on high K™ and U-46619-induced contractions.
High K'-induced contraction is mainly caused by an
increase in intracellular Ca®>" level [30]. On the other hand,
agonists such as angiotensin, epinephrine, endothelin-1 (ET-
1), and thromboxane A2 (TXA2) induce contraction through
two parallel signaling pathways: an increase of cytosolic
Ca’" level and activation of the RhoA/Rho-associated
kinase (ROCK) pathway, which is known as Ca’' sensiti-
zation [31, 32]. In the present study, we found that relaxation
induced by SC-514 was significantly increased in the con-
tractile response to U-46619 compared with the contractile
response to high K™ (Fig. 2). These data indicate that IKK2
is more involved in U-46619-induced contraction, which is
associated with Ca’'-dependent and Ca’'-sensitization
mechanism. Therefore, we considered that IKK2 might
regulate the activity of MLCP. To further identify this
hypothesis, we performed the study on the Ca®*-indepen-
dent contraction. We used ML-7, a selective MLCK inhi-
bitor, which inhibits MLCK via acting on the adenosine
triphosphate (ATP)-binding site of MLCK [33]. The con-
centration of ML-7 used in the present study was determined
with reference to previous studies done by other research
groups [34, 35]. The SC-514 inhibited U-46619-induced
contraction when classic MLCK was inhibited by ML-7
(Fig. 3). In addition, we confirmed that Ca2+-independent,
U-46619-induced contraction was inhibited by SC-514 and
TPCA-1 (Figs. 4 and 5). To strengthen these data, we
measured the phosphorylation level of MLC using immu-
nofluorescence staining and western blot analysis. Phos-
phorylated MLC (at serl9) was increased in U-46619-
induced contraction and significantly decreased by SC-514
(Fig. 6a;, e). Furthermore, we also found that p-MYPT1
(thr853) was increased in U-46619-induced contraction and
significantly decreased by SC-514 in the
fluorescence staining data. However, levels of p-MYPT]I
(thr696) and p-CPI17 (thr38) were not altered by treatment
of SC-514 (Fig. 6). Our study revealed that IKK?2 regulates
the activity of MLCP through phosphorylation of MYPT1 at
thr853 in mesenteric arteries.

We identified IKK?2 is involved in the Ca®" sensitization
mechanism of vascular smooth muscle contraction.

immuno-
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Fig. 7 Involvement of IKK2 in the MLC phosphorylation. IKK2
inhibits MLCP through phosphorylation of MYPT1 at thr853, which
results in increase of MLC phosphorylation

However, there is no relationship with CPI-17 phosphor-
ylation. Our results suggested that IKK2 regulates activity
of MLCP through MYPT1 phosphorylation.

In this study, we propose another role of IKK2 in rat
mesenteric arteries. Our results indicate that IKK2 involves
smooth muscle contraction through regulating the activity
of MLCP in rat mesenteric arteries. It has been well known
that MYPT1 contributes to vascular contractile response
and changes blood pressure in vivo [36]. Thus, we suggest
IKK2 could be a new pharmacological target for specific
therapies of various vascular diseases (Fig. 7).
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