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Abstract

Leucine Rich Repeat Containing 8A (LRRC8A) volume regulated anion channels (VRACS)

are activated by inflammatory and pro-contractile stimuli including tumor necrosis factor alpha
(TNFa), angiotensin Il and stretch. LRRC8A associates with NADPH oxidase 1 (Nox1) and
supports extracellular superoxide production. We tested the hypothesis that VRACs modulate
TNFa signaling and vasomotor function in mice lacking LRRCB8A exclusively in vascular smooth
muscle cells (VSMCs, Sm22a-Cre, Knockout). Knockout (KO) mesenteric vessels contracted
normally but relaxation to acetylcholine (ACh) and sodium nitroprusside (SNP) was enhanced
compared to wild type (WT). 48 hours of ex vivo exposure to TNFa (10ng/ml) enhanced
contraction to norepinephrine (NE) and markedly impaired dilation to ACh and SNP in WT but
not KO vessels. VRAC blockade (carbenoxolone, CBX, 100 uM, 20 min) enhanced dilation of
control rings and restored impaired dilation following TNFa exposure. Myogenic tone was absent
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in KO rings. LRRC8A immunoprecipitation followed by mass spectroscopy identified 33 proteins
that interacted with LRRC8A. Among them, the Myaosin Phosphatase Rho-Interacting protein
(MPRIP) links RhoA, MYPT1 and actin. LRRC8A-MPRIP co-localization was confirmed by
confocal imaging of tagged proteins, Proximity Ligation Assays, and IP/western blots. sSiLRRC8A
or CBX treatment decreased RhoA activity in VSMCs, and MYPT1 phosphorylation was reduced
in KO mesenteries suggesting that reduced ROCK activity contributes to enhanced relaxation.
MPRIP was a target of redox modification, becoming oxidized (sulfenylated) after TNFa
exposure. Interaction of LRRC8A with MPRIP may allow redox regulation of the cytoskeleton

by linking Nox1 activation to impaired vasodilation. This identifies VRACS as potential targets for
treatment or prevention of vascular disease.

Graphical Abstract
Smooth Muscle LRRC8A KO Mouse

o WT

- WT+TNFa

O LRRCBA KO

- LRRC8A KO+TNFa

% Relaxation (PE)

log[SNP] (M)
Enhanced Vasodilation, TNFa Resistance

TNFa $

TNFR1| Nox1

LRRC8A-MPRIP
Association

Keywords

Vasodilation; Inflammation; LRRC8A anion channel; Myosin Phosphatase Rho-Interacting
protein; Vascular smooth muscle cell

FASEB J. Author manuscript; available in PMC 2023 October 23.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Choi et al.

Page 3

Introduction

Chronic vascular inflammatory condition induces cardiovascular diseases. Serum levels

of tumor necrosis factor alpha (TNFa)(1), interleukin 1-beta (IL-1p)(2) and the pro-
inflammatory vasoconstrictor angiotensin Il (Angll)(3) are chronically elevated and
inflammation correlates with severity of disease(4). In vascular smooth muscle cells
(VSMCs) these signaling pathways all depend upon activation of the Nox1 NADPH
oxidase(5, 6). As blood pressure rises, increased wall tension promotes further
inflammation(7) in a reactive oxygen species (ROS)-dependent manner(8). In resistance
vessels, stretch activates the autoregulatory “myogenic” contractile response of VSMCs that
helps to normalize local blood flow. This response is also Nox1(9) and ROS-dependent(10).
While acutely adaptive, myogenic tone can drive further increases in vascular resistance
and support a positive feedback loop of inflammation and hypertension that drives disease
progression(11). Thus, ROS that originate as Nox1-derived superoxide (O,™") are critical
mediators of both inflammatory and bio-mechanical signaling in VSMCs.

O, can increase vascular tone by inactivation of nitric oxide (NO®). It has also been

linked to activation of the RhoA small GTPase, the primary regulator of Rho-associated
kinase (ROCK) which is hyperactivated in multiple forms of experimental hypertension(12).
ROCK regulates the calcium sensitivity of VSMC contraction by phosphorylating and
inhibiting Myosin Phosphatase Target Subunit 1 (MYPT1), the regulatory component of

the myosin light chain phosphatase (MLCP) complex. This increases MLC phosphorylation
and promotes crossbridge cycling with actin.

Volume-regulated anion channels (VRACS) are composed of Leucine Rich Repeat
Containing 8 (LRRCS8) family proteins and are essential elements of a multi-protein
signaling complex that also includes the type 1 TNFa receptor (TNFR1)(13), Nox1 and the
redox-sensitive MAPKKKS5, also known as Apoptosis Signaling-related Kinase 1 (ASK1)
(14). Loss of either LRRC8A, the LRRC8 isoform that is required for all VRACs(15)

or its LRRCB8C partner(16) impaired Nox1 activation by TNFa. This disrupted multiple
endpoints of downstream signaling in VSMCs including TNFa receptor endocytosis and
Mitogen-Activated Protein Kinase (MAPK) and NF-xB activation. The basis for functional
dependence of Nox1 on anion current is unknown. Extracellular scavenging of O,™" by
superoxide dismutase (SOD) interfered with TNFa signaling, while catalase was without
effect(15). Thus, O,™* from Nox1 clearly plays a role beyond serving as a substrate for
conversion to H,0,.

Since loss or block of LRRC8A channels so effectively protected cultured VSMCs from
TNFa-induced inflammation(15) we wanted to study this effect in intact blood vessels

and created VSMC-specific LRRC8A knockout mice. KO mesenteric blood vessels had
normal contractile responses but displayed remarkably enhanced vasodilation via multiple
mechanisms, and completely lacked myogenic tone. TNFa signaling was completely
abrogated. Immunoprecipitation of LRRC8A and mass spectroscopy identified Myosin
Phosphatase Rho-Interacting Protein (MPRIP, a.k.a. M-RIP or p116Rip) as a binding partner
for LRRC8A. MPRIP is a scaffolding protein that also binds to RhoA, MYPT1 and

actin and is essential for regulation of the MLCP complex. Reduction of RhoA activity
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and ROCK-dependent MYPT1 phosphorylation in VSMCs with reduced LRRCS8A protein
levels or VRAC inhibition suggests that LRRCB8A colocalizes TNFR1/Nox1-dependent O,~*
production with the regulatory machinery controlling MLCP activity. This supports the
novel concept that inflammatory signaling impacts VSMC contractility via redox signaling
that depends upon LRRCB8A anion channels.

Floxed LRRC8A mice (C57B6/129 mixed background) were provided by the Dr. Rajan
Sah lab (Washington University, St. Louis, MO). VSMC-specific LRRC8A knockout (KO)
mice were created by crossing these animals with SM22a.-Cre mice (Jackson Laboratory,
Bar Harbor, ME). Wild Type (WT) and KO littermates underwent experimentation at 12-17
weeks of age. For studies involving pharmacologic inhibition of VRAC, 12-15 week-old
male C57BL/6 mice were obtained from Jackson Labs. All procedures were performed

in accordance with the Guiding Principles in the Care and Use of Animals, approved by

the Vanderbilt University Institutional Animal Care and Use Committee. The animals were
housed on a 12-hour light/dark cycle and fed a standard chow diet with water ad /ibitum.
Prior to blood vessel harvesting, mice were euthanized by placement in a sealed chamber
with 100% CO,, provided at a flow rate of 2 L/min for 3 min. At that time, mice were
monitored till they had > 1 min of respiratory cessation after which they underwent cervical
dislocation. PCR analysis of tail-tip DNA was used to identify WT and LRRC8A KO mice.

Functional evaluation of mesenteric arteries

First- or second-order branches of the superior mesenteric arteries (~100 uM inner diameter)
were excised, cleaned of fat and connective tissue and cut into 1 to 2 mm length-rings in

an ice-cold physiological salt solution (PSS) consisting of 130 mmol/L NaCl, 4.7 mmol/L
KCI, 1.18 mmol/L KH,POy, 1.18 mmol/L MgSO4 7H,0, 1.56 mmol/L CaCl, 2H,0, 14.9
mmol/L NaHCO3, 5.6 mmol/L glucose, and 0.03 mmol/L EDTA. Mesenteric rings were
either immediately mounted in wire myographs (Danish Myo Technology A/S, Aarhus,
Denmark) or incubated in Dulbecco’s Modified Eagle Medium (DMEM; Life Technologies,
Grand Island, NY) containing 0.5 % fetal bovine serum (FBS; Corning) with or without
TNFa (10 ng/L) for 2 days. Incubated rings were subsequently mounted in wire myographs
containing warmed (37°C), oxygenated (95% 04/5% CO5) PSS and allowed to equilibrate
for 45 min under a passive force of 2 — 2.5 mN. Arterial viability was assessed by
stimulation with 120 mmol/L KCI. After washing, rings were stimulated with phenylephrine
(PE, 1076 mol/L), followed by exposure to acetylcholine (ACh, 10~° mol/L). A more than
80% relaxation response to ACh was taken as evidence of an intact endothelial layer.
Contractile responses were then assessed by cumulative exposure to KCI (20-120 mM),

PE (1072 to 1075 mol/L) or NE (109 to 107 mol/L). Endothelium-dependent relaxation
was assessed on PE-contracted (1078 mol/L) rings by cumulative addition of ACh (1078

to 3x107° mol/L), while endothelium-independent relaxation was tested using sodium
nitroprusside (SNP, 102 to 1075 mol/L). Other vasodilators evaluated included BAY 60—
2770 (1079 to 1078 mol/L), Forskolin (1072 to 1076 mol/L), and Y-27632 (1078 to 107>
mol/L). Contractions were recorded as changes in tension (mN) from baseline, expressed as
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a percentage of the response to 120mM KCI. Relaxation was expressed as a percentage of
the stable contraction produced by PE in each ring immediately prior to the first dose of
vasodilator. Return to the tension recorded before addition of PE was considered to be 100%
relaxation.

For quantitation of myogenic tone, dissected mesenteric artery rings were placed in ice-cold
physiologic salt solution (PSS) consisting of 109 mmol/L NaCl, 34 mmol/L NaHCOs3, 4.7
mmol/L KCI, 0.9 mmol/L MgSQy, 1.0 mmol/L KH,POy4, 11.1 mmol/L dextrose, and 2.5
mmol/L CaCl, and bubbled with 95% O,/5% CO,. The vessels were then transferred to
custom microvessel perfusion chambers (Instrumentation and Model Facility, The University
of Vermont, Burlington, VVT) filled with 4 ml of chilled, preoxygenated PSS. The excised
vessel preparation was positioned and secured on ~120 pm pipette tips. The perfusion
chamber was placed on an inverted microscope equipped with a video camera and an
image-capture system (lonOptix, Milton, MA) to continuously record intraluminal diameter.
Optical markers used to detect the lumen diameter were positioned at the narrowest point of
the mounted vessel. Bath temperature was held constant at 36.5-37.5 °C as monitored by a
thermal microprobe tip placed adjacent to the mounted vessel. Chambers were perfused
with warmed oxygenated PSS at 6 ml/minute. Vessels were allowed to equilibrate at

~37°C for 50 min, then exposed to 50 mM KCI (x1) to verify vessel reactivity, washed,

and then pressurized in a stepwise manner from 20 to 140 mm Hg in 20mm increments

and diameter recorded. Vessels were then returned to baseline pressure (20mm) in three
steps and switched to calcium-free PSS containing the vasodilator papaverine (1074 M,
Sigma-Aldrich) for 60 min. Pressure ramps from 20-140 mmHg were then repeated under
calcium-free conditions. Vessels were held at each pressure until a stable baseline diameter
was reached (typically 10-15 min).

Primary mesenteric or aortic VSMCs were isolated from mouse mesenteric arteries or

aortas by the explant method. Briefly, first- and second-order mesenteric artery branches or
thoracic aortas were excised and cleaned of adherent fat. The endothelial layer was removed
by passing a wire or a pin through the lumen and the arteries were cut into 2-4 mm segments
or square sections in ice-cold PSS. The segments were then placed in a culture dish and
maintained in DMEM containing 30% FBS and 1% penicillin/streptomycin in a humidified
incubator at 37°C, 5% CO, atmosphere. After a week, the segments were removed and cells
that had the migrated onto the dish were maintained in DMEM supplemented with 10%
FBS, 1% penicillin/streptomycin, 1X minimum essential medium non-essential amino acids,
1X vitamins, and 20 mM HEPES. Cells were confirmed to be VSMCs by immunostaining
for smooth muscle a-actin.

HEK?293T cells were obtained from the American Tissue Culture Collection and maintained
at 37° C in 5% CO» in DMEM, supplemented with 10% fetal bovine serum (FBS, Hyclone)
and 0.1% Pen/Strep (25U/ml, Life Technologies).
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Mass Spectroscopy

Protein from cultured aortic VSMCs from WT and LRRC8A KO mice was
immunoprecipitated with LRRC8A antibody (#A304-175A, Bethyl Laboratories) cross
linked to Dynabeads™ Protein G (#10003D, ThermoFisher Scientific). Anti-LRRC8A
antibody was immaobilized on protein G beads in phosphate buffer (pH 8.0) for 30

min at 4°C on a nutator, cross-linked with 25mM dimethyl pimelimidate (#150945, MP
Biomedicals) in 200mM triethanolamine (Alfa Aesar), pH 8.2 for 30min, followed by
blocking with 100mM ethanolamine (Acros Organics), pH 8.2, both at room temperature.
The beads were washed with phosphate buffered saline (PBS, pH 7.4) then resuspended

in PBS + 0.1% Tween 20, 5mM NaN3. LRRC8A WT and KO VSMCs were lysed in

PPLB, nutated at 4°C for 30min, and centrifuged for 30 min at 20,000 x g. Supernatants
were incubated with antibody-conjugated beads for 1.5 hrs at 4°C on a nutator. Beads were
then washed with PPLB and proteins eluted into 1X Laemmli buffer with 5% SDS. Mass
Spectroscopy was performed on two independent sets of protein isolates by the Vanderbilt
Mass Spectroscopy Core Lab. Candidate proteins were sorted for those that were identified 4
or more times in WT but never appeared in samples from LRRC8A KO cells. Proteins were
also considered to be of interest if the frequency of reads in WT cells was greater than 4x
higher than that seen in KO cells. Functional connections between the 35 proteins identified
were assessed using string-db.org.

Western blot analysis

Intact mesenteric artery and venous beds including omentum and fat were dissected free
from the bowel and incubated in 5ml chambers containing PSS (95% O,/5% CO,, 37°C)
for 30-40 min. Tissues were then exposed to PE (2 x 1075M) for 3 min followed by SNP

(3 x 1078 M) for 3 min before being flash frozen in liquid nitrogen and stored at =80 °C.
They were subsequently ground in a liquid nitrogen-chilled mortar and pestle, and proteins
extracted in phosphoprotecting lysis buffer PPLB (50mM Tris base, 150mM NaCl, 1mM
EDTA, 10% glycerol, ImM DTT, 1% Triton X-100, 0.1% Na-DOC, 0.1% SDS, 10mM
B-glycerophosphate, 20mM para-nitrophenyl phosphate, 2mM sodium pyrophosphate, ImM
NazVOy, 5mM NaF, 10 pg/ml aprotinin, and 1 mM phenylmethylsulfonyl fluoride (PMSF)
at pH 7.4), centrifuged for 20 min at 20,000g. Protein extracts (60 — 80 pg) were

separated by electrophoresis on a polyacrylamide gel and transferred to nitrocellulose
membranes. Nonspecific binding was inhibited by blocking buffer (LI-COR) for 1 hour at
room-temperature. Membranes were then incubated with primary antibodies in Tris-buffered
saline solution with Tween 20 (0.1%) overnight at 4 °C. Antibodies were as follows:
LRRCS8A (#A304-175A, Bethyl Laboratories, Montgomery, TX), p-MYPT1 (#4563),
MYPT1 (#2634) from Cell Signaling Technology (Danvers, MA), alpha smooth muscle
(sm)-actin (#ab8211, Abcam, Waltham, MA). After incubation with fluorescent secondary
antibodies for 2 hours in room-temperature, signals were developed using the Odyssey
Imaging System and Image Studio software (LI-COR Biosciences, Lincoln, NE).

Immunoprecipitation mapping of MPRIP-LRRCS8A interaction

A C-terminal tagged clone of human MPRIP (DDK (Flag), Genscript, Cat # OHu00028D)
was truncated by insertion of an additional Flag tag followed by a premature stop codon
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using the QuickChange site-directed mutagenesis kit (Agilent). Internal regions of the
protein (aa213-545, aa389-545) were PCR amplified using primers flanked by Hindlll and
DDK-Stop-EcoR1 sites and inserted into pcDNA3.1+ by restriction digestion and ligation.
These clones were co-expressed with full length LRRC8A (Myc-DDK, Origene, Cat #
RC508632 or an untagged version in which the Flag tag was removed by insertion of a
premature stop) in HEK293 cells following transfection using Lipofectamine 2000 (Life
Technologies). After 24 hours cells were lysed in PPLB, nutated at 4°C for 30min, and
centrifuged for 30 min at 20,000 x g. Supernatants were incubated with antibody (2 ug)

for 1.5 hrs at 4°C then incubated with protein-G sepharose on a nutator for 1 hr. Beads
were washed with PPLB, resuspended in SDS sample buffer and boiled. The associated
proteins were analyzed by western blotting. Antibodies for IP were; anti-Myc (Clone 9¢e10,
Vanderbilt Antibody Core) or anti-LRRC8A (#A304-175A, Bethyl Laboratories). Western
blotting was performed using anti-MPRIP (#14396, Cell Signaling Technology) or anti-Flag
(F1804, Sigma).

Proximity ligation assay (PLA)

PLA were performed using a commercially available kit according to the manufacturer’s
instructions (Duolink PLA, MilliporeSigma, St. Louis, MO). 96-well glass bottom plates
were coated with poly-L-lysine (2x) for 20 min then washed with Dulbecco’s phosphate-
buffered saline (D-PBS). The plates were then treated with glutaraldehyde 50% (1000x)
for 15 min, washed with D-PBS, and lastly coated with gelatin (40x), then washed again
with D-PBS. Afterwards, 70% ethanol was applied for 30 min followed by a 30 min
wash in medium. Cells were seeded in the plate and allowed to grow over 24 hrs. The
cells were exposed to 4% formaldehyde in PBS for 15 min, permeabilized with 0.1%
TritonX-100 in PBS for 15 min, and then incubated with 40 uL of Duolink blocking
solution (MilliporeSigma) at 37 °C for 1 h. Primary antibodies were applied in Duolink
antibody diluent at a 1:100 dilution: LRRC8A mouse mAb (clone #8H9, Abnova, Taipei
City, Taiwan), MPRIP rabbit mAb (#14396, Cell Signaling Technology). Plates were then
sealed and incubated overnight at 4 °C prior to development per the Duolink manufacturer’s
directions. Signal was imaged for both the Duolink Orange fluorescent probe (ex 554/em
576) and BioTracker 488 (ex 500/em 515, MilliporeSigma) in Live Cell Imaging Solution
(Thermo Fischer Scientific) using an inverted confocal microscope (Zeiss LSM 880, Carl
Zeiss AG, Oberkochen, Germany). Fluorescent reactions and cell number were counted by
averaging two random fields per well using ImageJ software (National Institutes of Health,
Bethesda, MD, USA).

Tagged Protein Imaging

HEK293T cells were grown on glass coverslips and transfected with C-terminal meGFP-

tagged LRRCB8A and C-terminal mCherry-tagged MPRIP using Lipofectamine 2000 (Life
Technologies). After 24 hours live images were captured using a Zeiss LSM880 Airyscan
confocal microscope.

siRNA transfection and RhoA activation

VSMCs were grown on 6-well plates and transfected with either scrambled siRNA or
SiLRRCB8A (Dharmacon, Lafayette, CO, 100 nM) incubated with Lipofectamine 2000
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(Life Technologies) in serum-free medium for 15 min. The resultant complex of SIRNA-
Lipofectamine 2000 was added to cells in DMEM containing 5% FBS and then maintained
for 3 days. Cells were stimulated by PE (2 x 1076 M) for 3 min followed by SNP (3

x 1078 M) for 3 min before the assay. RhoA activity was assessed using the G-LISA
RhoA activation assay kit (#BK124, Cytoskeleton, Inc., Denver, CO) according to the
manufacturer’s specifications.

MPRIP Sulfenylation

A cell permeable, biotin-labeled Cys-OH trapping probe (3-(2,4-dioxocyclohexyl) propyl,
DCP-Biol; MilliporeSigma) was used to quantify MPRIP sulfenylation. Live LRRC8A WT
and KO VSMCs were incubated with 125 pM DCP-Biol for 1 hour in DMEM containing
0.5% FBS before exposure to TNFa (10ng/ml) for 3 min. Cells were then lysed (50 mM
Tris, pH 7.0, 50 MM NaCl, 2 mM EDTA, 1 mM NaF, 1mM NagVOy, 2.5 mM Sodium
pyrophosphate, 1% Triton-X, 100 UM NEM, 100 uM IAA, protease inhibitor, 100 uM
PMSF). DCP-biotin labelled proteins were pull-downed with streptavidin beads overnight,
washed, and analyzed by western blot with anti-MPRIP.

Statistical analysis

Results

Values are mean + standard error of the mean (SEM), and ‘n’ represent the number

of animals used in the experiments, or of independently performed experiments in

cultured cells. Concentration-response curves were fitted using a nonlinear interactive
fitting program (Graph Pad Prism 9; GraphPad Software, San Diego, CA), and two
pharmacological parameters were obtained: the maximal effect generated by the agonist (or
Emax) and ECsg (molar concentration of agonist producing 50% of the maximum response).
Statistical differences were calculated by #test or one-way ANOVA. Post hoc testing was
performed using Newman-Keuls analysis to compare all groups. Two-way ANOVA was
used to compare pressure-response curves under normal versus calcium-free conditions and
Bonferroni post-hoc analysis was performed when significant differences were found. A P
value less than 0.05 was considered statistically significant.

Vasomotor function in LRRCB8A null vessels.

Freshly isolated mesenteric vessel segments from WT and VSMC-specific LRRC8A KO
male mice were studied by wire myography. Compared to WT, KO vessels displayed
indistinguishable contractile responses to depolarization by KCI or adrenergic receptor
activation by phenylephrine (PE, Fig. 1A and B). Sustained contractile responses to KCI
and PE are almost completely dependent on influx of extracellular calcium(17). Following
contraction with PE (106 M) KO vessels were more responsive to relaxation induced by
acetylcholine (ACh, LogECsg, WT -6.2 £ 0.11 vs. KO -6.7 + 0.07, p < 0.05) which elicits
an endothelium-dependent relaxation response that is multi-factorial (Fig. 1C). An important
component of the response is production of nitric oxide (NO®) by endothelial cells. To
selectively evaluate responsiveness to NO®, relaxation in response to sodium nitroprusside
(SNP) was evaluated (Fig. 1D). Relaxation to SNP was also enhanced in KO vessels
(LogECs5p, WT —8.1 £ 0.11 vs. KO -8.6 £ 0.13, p< 0.05).
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To determine if potentiation of vasodilation in LRRC8A KO vessels was related to loss of
ion channel function, these experiments were repeated in WT vessel segments exposed to
the VRAC inhibitor, carbenoxolone (CBX, 1074 M) or vehicle (water) for 15 minutes prior
to assessment of vasodilator function. As with KO vessels, CBX enhanced dilation to ACh
(Fig. 2A and Suppl. Table S1). Because the response to ACh in mesenteric vessels reflects
a summation of signaling via multiple dilator mechanisms, pharmacological tools were used
to isolate those components (Fig. 2B and C and Suppl. Table S1). In control vessels (Fig.
2B) blocking prostaglandin production with indomethacin (5 uM) did not alter relaxation

to ACh. Endothelium-dependent VSMC hyperpolarization can be inhibited by blockade of
potassium channels with a mixture of apamin (50 nM) and charybdotoxin (ChTX, 50 nM).
This combination decreased ACh sensitivity in control rings, making them approximately
as sensitive as CBX-treated rings. NO* production was inhibited using L-NAME (100 pM)
and this profoundly impaired relaxation in control vessels where the maximal relaxation
was significantly reduced. The response of CBX-treated rings to ACh (Fig. 2C) was also
insensitive to indomethacin while apamin + ChTX caused a small rightward shift in the D/R
curve but preserved a higher sensitivity compared to control. The most remarkable effect

of CBX was on relaxation responses in L-NAME-treated rings. NO synthase inhibition still
caused a small decrease in ACh sensitivity, but the ability of ACh to cause a full relaxation
response was preserved. In summary, CBX-treated vessels relaxed significantly better than
control under all conditions tested.

To assess the impact of VSMC LRRCB8A KO on TNFa signaling, male mice mesenteric
vessel segments were incubated in tissue culture for 48hrs in the presence of TNFa
(10ng/ml) or vehicle. In contrast to PE responsiveness in freshly isolated tissue, KO

rings incubated in tissue culture for 48hrs displayed a slightly but significantly decreased
maximal contractile response to norepinephrine (NE) compared to WT rings, Fig. 3A).
Vehicle-exposed cultured vessels from KO mice were also more sensitive to both ACh
(Fig. 3B) and SNP (Fig. 3C). TNFa markedly enhanced contractile responses to NE but
this effect was less pronounced in KO vessels. TNFa significantly impaired relaxation

of WT tissues in response to both ACh and SNP but had no effect on the responses of

KO vessels. Impaired relaxation of WT rings following TNFa exposure could result from
impaired endothelial dilator production and/or reduced VSMC responsiveness. Vessels from
both groups would be expected to have intact endothelial cell responsiveness to TNFa and
therefore should display a similar degree of endothelial dysfunction. The degree to which
endothelial dysfunction contributes to this in vitro model of TNFa-induced inflammation
is not discernable by these experiments. However, the clear lack of detrimental impact of
TNFa on the response of KO vessels to SNP likely reflects a combination of impaired
VSMC TNFa signaling and enhanced baseline vasodilator function in KO VSMCs.

TNFa-induced VSMC dysfunction after 48hrs could be related to VSMC “damage”, such as
protein or lipid oxidation, or to changes in gene expression. Alternatively, TNFa could drive
ongoing inactivation of NO* by O, or persistently stimulate O,~*-dependent signaling. The
latter mechanisms might be rapidly reversible. We addressed this question by applying CBX
treatment for only 20 min in the muscle bath following 48 hours of TNFa exposure. This
brief period of VRAC inhibition by CBX provided protection from the adverse effects of
cytokine exposure (Fig. 3D, E and F) that was very similar to that provided by LRRC8A
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KO. CBX-mediated rescue of enhanced vasoconstriction to NE and impaired vasodilation in
response to both ACh and SNP suggests that VRAC inhibition disrupts an ongoing signal
that interferes with normal VSMC function.

Relaxation of LRRC8A KO vessels might be enhanced by protection from NO® inactivation.
This would be consistent with our previous demonstration of reduced O,~° production(15).
We reasoned that if this was the case, relaxation in response to vasodilator mechanisms

that are downstream of, or unrelated to NO*, would be unaltered. We therefore assessed
vasodilator responsiveness to agents that alter the function of three different kinases that
phosphorylate MYPT1 and regulate MLCP activity. Following contraction with PE, WT and
KO vessels were exposed to; 1) BAY60-2770, which directly activates soluble guanylyl
cyclase, increases intracellular cyclic GMP, and activates protein kinase G (PKG), 2)
Forskolin, which activates adenylyl cyclase, increases cyclic AMP levels and activates
protein kinase A (PKA), or 3) Y-27632, which inhibits Rho-associated coiled-coil kinase
(ROCK, Fig. 4). All three agents were fully effective vasodilators (~100% relaxation), and
responsiveness was unaffected by TNFa exposure in either WT or KO tissues. This suggests
that the mechanism(s) by which TNFa impairs vasodilation are upstream of MLCP and

the contractile proteins. In contrast, the EDsgq for all three drugs was significantly lower in
KO compared to WT vessels. Thus, the mechanism of enhanced relaxation in LRRC8A KO
vessels is downstream of PKG, PKA and ROCK. This strongly implicated a fundamental
change in MYPT1 regulation of MLCP.

Myogenic tone is an innate response of VSMCs to physical stretch. Both Nox1 and ROS
have been implicated in its regulation(9, 18). In addition, this response is associated with
activation of RhoA/ROCK which enhances calcium sensitivity of the contractile process(19).
We reasoned that if loss of LRRC8A impacts vasodilation at the level of MLCP then
myogenic tone might also be affected. Pressure myography was used to quantify the
response of mesenteric vessel segments to increasing intraluminal pressure (20 — 140
mmHg) in WT (Fig. 5A) and LRRC8A KO (Fig. 5B). A myogenic response was triggered
in WT vessels beginning at ~80mmHg as demonstrated by differences in the diameter of
vessels tested in normal vs. calcium-free buffer containing a potent vasodilator (papaverine,
10~* M). The response of WT segments was comparable in magnitude to that previously
reported in murine mesenteric vessels(20) but no myogenic tone developed in KO vessels,
which displayed exclusively passive dilation in response to increasing luminal pressure.

Identification of LRRC8A-associated proteins.

LRRCS8 proteins have cytoplasmic C-terminal LRR domains that are involved in protein-
protein interaction(21) and seem likely to confer specific function to VRACs. To explore the
mechanism by which LRRC8A impacts vasomotor function we immunoprecipitated proteins
from WT and KO VSMCs with an anti-LRRCB8A antibody and used mass spectroscopy to
identify potential binding partners. Proteins pulled down in KO cells were used to control
for non-specific binding. Over two combined experiments (Suppl. Table S2), 33 proteins
(Fig 6A, columns 1 and 2) met our initial criteria for LRRC8A-association; at least 5 total
reads, = 4 reads in the WT precipitate while either never being identified in the KO, or =

4X as many reads in WT cells. The most frequently identified proteins were LRRC8A and
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LRRC8C, and LRRC8D was also only found in WT cells, confirming that the pulldown
was selective. Analysis of the interrelationship between the proteins was performed using
STRING (Fig. 6C). The most associated biological process was “actin filament-based
process” (red), the top molecular function was “actin binding” (blue), and the top cellular
component was the “actin cytoskeleton” (green, Fig 6B). To further validate the comparison
of WT and KO samples we analyzed the frequency of reads for proteins that are highly
unlikely to be associated with a plasma membrane protein. This provided a control group of
“background” reads that included annexins, collagens, histones, keratins, elongation factors,
mitochondrial ATPase subunits, and heat shock, ribonuclear, RNA-binding and ribosomal
proteins. Collectively, these reads were present in very similar abundance (WT 584, KO
597, Suppl. Table S2). This suggests a similar degree of non-specific pulldown from the two
types of cells. We therefore added to our analysis proteins that had reads in high abundance,
such as actin and myosin isoforms, but were identified more than twice as frequently in the
WT. These proteins are listed in Fig. 6A, column 3. Including them significantly decreased
the estimated false discovery rate for all 3 pathway categories (Fig. 6B, shaded data). The
resulting protein-protein interaction network is shown in Fig. 6C and is color coded for
pathways of interest.

MPRIP links LRRCB8A with the cytoskeleton.

Among the proteins that were uniquely pulled down in WT cells was MPRIP, a scaffolding
protein known to associate with stress fibers and colocalize the RhoA small GTPase with
the MYPT1 regulatory subunit of MLCP and actin(22-24). Knockdown of MPRIP disrupts
RhoA regulation of MLCP(25). We therefore sought to confirm association of LRRC8A
with MPRIP and identify the site of LRRC8A binding. Western blotting of the WT and

KO LRRCB8A immunoprecipitates confirmed the presence of MPRIP in the WT but not

the KO pulldown (Fig. 7A). Proximity Ligation Assays (PLA) were employed to further
establish colocalization of the two proteins. A clear PLA signal was present in cultured
WT but not KO VSMCs. PLA spots were primarily localized to the base of cells where
they interacted with the underlying substrate (Fig. 7B and Suppl Fig. 1). Finally, full

length MPRIP tagged with C-terminal mCherry was co-expressed with LRRC8A-meGFP
in HEK293T cells (Fig. 7C). As previously demonstrated, LRRCB8A localizes to the plasma
membrane and to prominent intracellular vesicles(26). MPRIP co-localizes with LRRC8A
at the plasma membrane in areas where membrane extensions are forming, which appear
as linear structures along the cell surface. MPRIP was not associated with LRRC8A that
localized to intracellular vesicles. Further demonstration of these relationships is provided
by Supplemental videos 1 and 2. Collectively, these data confirm physical interaction
between LRRC8A and MPRIP.

The regions of MPRIP that bind its other partners have been previously identified. Actin
associates with a Pleckstrin Homology (PH) domain in the N-terminal region (aa 1-
213)(24), RhoA binds to a region between aa 545 and 823(23) and MYPT1 binding

occurs adjacent to that (aa 824-879)(27) as outlined in Fig. 7D. We created DDK-tagged
C-terminal mutants of MPRIP and co-expressed these with full length myc-tagged LRRC8A
in HEK293T cells. Immunoprecipitation with anti-Myc and western blotting with a-MPRIP
revealed that LRRCB8A associates with the region of MPRIP between the end of the actin

FASEB J. Author manuscript; available in PMC 2023 October 23.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Choi et al.

Page 12

binding region and the start of the RhoA binding sequence (aa 213-545). Full length MPRIP
also associated with a peptide containing only aa 213-545, as well as a smaller subclone
expressing only the region containing the second PH domain (aa 389-545) (Fig. 7E). These
experiments define the region of MPRIP interaction with LRRC8A between aa389 and 545
that corresponds to a second PH domain.

LRRC8A modulates RhoA/ROCK/MYPT1 function.

The RhoA small GTPase is regulated by Nox1(28) and by O,™* (29). RhoA activates ROCK
which phosphorylates MYPT1, inhibits phosphatase activity, and increases the calcium
sensitivity the myosin light chain. MYPT1 phosphorylation by ROCK also impairs the
ability of protein kinase A (PKA) and protein kinase G (PKG) to phosphorylate MYPT1 at
adjacent sites which activates MLCP and triggers vasodilation. We compared RhoA activity
in cultured WT VSMCs treated with scrambled or LRRC8A-targeted siRNA or exposed to
CBX (100 pM) for 20 min (Fig. 8A). siLRRCB8A significantly reduced LRRCB8A protein
abundance to 71 + 3.2% of control (n = 6). To mimic conditions in our ring experiments,
cells were exposed to PE (2 x 1076 M) for 3 min followed by SNP (3 x 1078 M) for

an additional 3 min before lysis and assay of RhoA activity. LRRC8A knockdown was
associated with significantly lower RhoA activity (siControl: 100 + 2.0%, siLRRC8A: 89

+ 2.1% of control) as was CBX (Control: 100 * 3.0%, CBX: 88 + 4.2% of control). To
determine if ROCK activity was affected, we assayed MYPT1 phosphorylation at T853 in
acutely isolated, intact mesenteric beds. Mesenteries were exposed to the same conditions
utilized for RhoA activity assays (PE followed by SNP), flash frozen and protein isolated
for western blotting. Total MYPT1 abundance was similar between WT and KO, but
phosphorylation at T853 was significantly reduced in KO mesenteries (Fig. 8B), consistent
with diminished activity of RhoA/ROCK. Thus, consistent with the phenotypes of enhanced
relaxation and impaired myogenic tone, loss of LRRCB8A protein or function impaired Rho/
ROCK activity.

To further investigate a role for MPRIP in LRRC8A-dependent signaling we utilized
siMPRIP to reduce the abundance of the protein in cultured mesenteric and aortic VSMCs
(Fig. 9A). MPRIP knockdown was significant in both cell types and was associated with a
significant increase in the abundance of LRRCB8A protein. This may represent an attempt
by the cells to compensate for loss of a downstream signaling partner. In contrast, MPRIP
expression was not altered in LRRC8A null VSMCs (Fig. 9B).

The Oxymouse database provides quantitative mapping of the mouse cysteine redox
proteome (https://oximouse.hms.harvard.edu). It defines 8 redox-susceptible cysteines in
murine MPRIP, including sites within the binding regions for all 4 of its partner

proteins (Fig 7D). We hypothesized that association with LRRC8A places of MPRIP in

a nanodomain that undergoes significant redox shifts in response to TNFa.. We assessed
the redox status of MPRIP in live cells by quantification of cysteine sulfenylation with
DCP-Biol under control conditions and after exposure to TNFa. for 3 min. MPRIP was
sulfenylated at rest and this increased significantly after TNFa exposure in WT, but not

in KO VSMCs (Fig. 9B). Thus, TNFa causes MPRIP oxidation in an LRRC8A-dependent
manner. Sulfenylation can alter protein structure and may affect the ability of MPRIP to
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associate with its binding partners. This may be an important link in the chain of redox-
driven events that link TNFa receptor occupation to changes in VSMC contractility.

Discussion

We previously demonstrated that LRRC8A VRACs are required for Nox1 activation by
TNFa(15). Here we identify LRRC8A channels as membrane-spanning links in a multi-
protein complex that connects Nox1 to the actin cytoskeleton. While VSMC-specific
LRRCB8A knockout vessels displayed normal contractile responsiveness to depolarization
(KCI) or alpha-adrenergic receptor activation (PE), they completely lacked myogenic

tone. Vasodilation to ACh and SNP was augmented, and consistent with the requirement

of LRRC8A for signaling, KO vessels were protected from TNFa-induced changes in
vasomotor function. Identification of cytoplasmic proteins that associate with LRRC8A
revealed association with the actin cytoskeleton. Association of LRRC8A with MPRIP

at the plasma membrane places it in proximity to RhoA, the MLCP complex and actin,
critical regulators of contraction. RhoA activity was reduced by knockdown (siLRRC8A)

or inhibition (CBX) of VRACs, as was ROCK-dependent phosphorylation of MYPTL1 in
KO mesenteric vessels. Collectively, these data suggest that decreased RhoA/ROCK activity
contributes to enhanced relaxation and loss of myogenic tone. Importantly, MPRIP becomes
oxidized following TNFa exposure, raising the possibility of another level of regulation;
dynamic changes in MPRIP association with its partner proteins. While the details of how
this multi-protein complex is assembled and regulated remain to be determined, we propose
that association of Nox1/LRRC8A with MPRIP colocalizes ROS production with RhoA/
ROCK and MYPT1, providing a mechanism by which Nox1-derived superoxide modulates
calcium sensitivity.

Nox1 plays a critical role in inflammatory vasculopathy based on the ability of Nox1
knockout to rescue vascular dysfunction in multiple disease states (reviewed in(30)).
VRACs support Nox1 activation, as evidenced by the fact that knockdown of LRRC8A or
LRRC8C reduced Nox1-dependent extracellular O,™* production and multiple downstream
effects of TNFa (15, 16). LRRC8 channels share significant structural similarity with
connexins and both channels are inhibited by CBX(31, 32). Connexins provide a pathway
for conducted hyperpolarization from endothelial cells to VSMCs(33) and blocking them
impairs endothelium dependent VSMC hyperpolarization in response to ACh(31). The
concentration of CBX used (100 uM) was shown by others to produce ~75% block of
VRAC(30). In endothelium-intact rat hepatic and mesenteric arteries stimulated with 1

UM PE, this concentration of CBX caused a small depolarization of VSMCs but had

no effect on ACh-induced hyperpolarization in the hepatic artery and caused only very
mild inhibition in the mesenteric(31). This suggests that the majority of voltage-dependent
relaxation in these vessels is mediated by activation of K* channels by endothelial-

derived factors(34), rather than by conducted hyperpolarization from the endothelium. This
contribution is demonstrated by the partial inhibition of ACh-induced relaxation by apamin
+ charybdotoxin. However, control and CBX-treated vessels were similarly impacted based
on similar degrees of rightward shift in the dose-response relationship (Fig. 2). This suggests
that the ability of LRRC8A KO and CBX to enhance relaxation is related to a mechanism
that is independent of changes in membrane voltage and calcium influx.
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As hypothesized, KO vessels were protected from TNFa-induced injury, but the degree

of protection observed was unanticipated as TNFa in known to cause both VSMC and
endothelial dysfunction(6). These data suggest that endothelial injury induced by TNFa

in this /in vitro model was minimal and enhanced contraction and impaired relaxation was
almost completely a function of VSMC dysfunction. This interpretation is supported by
the fact that responses to ACh and SNP were similarly affected. The ability of short-term
exposure to CBX to partially protect hyperresponsiveness to NE and to fully restore both
ACh and SNP responsiveness following a 48hr exposure to TNFa was remarkable (Fig. 3).
The similarity between the impact of LRRC8A KO and VRAC inhibition suggests that the
changes in contractility induced by TNFa are dependent upon VRAC function and caused
by a sustained process that does not occur in the KO vessels.

Increased relaxation to ACh and SNP could be related to enhanced NO® responsiveness,
and/or to an increase in NO® bioavailability. The latter might be the result of a decrease in
O,™* production by Nox1 when LRRC8A is absent or VRACS are blocked(15). However,
this mechanism was not supported by the persistence of enhanced vasodilation when
proximal steps in NO* signaling were bypassed and PKG was directly activated by BAY 60—
2770. Enhanced dilation was also not uniquely a property of PKG-dependent signaling as
relaxation in response to PKA stimulation with forskolin, or ROCK inhibition by Y-27632
were also potentiated (Fig. 4). These data point to an impact of VRAC on a process that is
downstream of PKA, PKG and RhoA/ROCK. These kinases all control MLCP activity via
phosphorylation of MYPTL.

NADPH oxidases play critical roles in vascular contraction and mechanosensing(35).
Nox-dependent O,~* production is activated in VSMCs by catecholamines(36) and RhoA-
dependent calcium sensitization contributes to vasoconstriction in response to both KCI(37)
and PE(38). However, in freshly isolated rings (Fig. 1) contractile responses to these

agents were unaltered in KO vessels. A change in maximal catecholamine responsiveness
was revealed after 2 days in tissue culture and accentuated when this included TNFa
exposure (Fig. 3A). Spontaneous tone in rat cremasteric and cerebral is Nox1-dependent(18)
and pressure-induced renal afferent arteriolar tone is associated with a burst of oxidant
production that is NADPH oxidase-dependent. This response was inhibited by disruption

of O, (apocynin, diphenylene iodonium, PEG-Superoxide Dismutase, Tempol) but

not H,O, (PEG-catalase) bioavailability(39). Pressurization of mouse mesenteric arteries
induced MYPT1 phosphorylation at T853, and myogenic tone was completely blocked by
Y-27632(40). Thus, reduced contraction to NE and loss of myogenic tone in LRRC8A

KO mesenteric arteries (Fig. 5) is consistent with disruption of a Nox1/LRRC8A/O,™*/
RhoA/ROCK signaling axis. In endothelial cells, loss of LRRC8A impaired Akt-dependent
eNOS activation by stretch and disrupted the ability of cells to orient to shear stress(41).
Importantly, O,™* produced by endothelial Nox2 activates Akt in response to shear stress(42)
and Nox2 also physically associates with LRRC8A(43). Future work will be required to sort
out the relative contribution of VRACSs to endothelial and VSMC dysfunction in pathologic
states.

The proteins pulled down by LRRC8A strongly support an association with the actin
cytoskeleton. MPRIP was chosen for further investigation as a direct binding partner due
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to its established connection with proteins that are critical to the regulation of contractility,
including actin. The two proteins share a similar pattern of plasma membrane distribution
with a particularly strong association in regions of membrane ruffling (Fig. 7C). Importantly,
this is where the highest levels of H,O, were detected by a dynamic, actin-associated
sensor(44). Colocalization of proteins with Nox1/LRRC8A may therefore facilitate redox
regulation. Actin itself met our second order criteria for pulldown and is known to be redox-
regulated, including by Nox-derived ROS(45). Myosin-9 was also detected and has been
shown to undergo oxidation during cell adherence and spreading(46). Two unconventional
myosins (Myolc and Myold) also associated with LRRC8A. Myold binds to and

localizes epidermal growth factor receptors (EGFRS) to the plasma membrane(47). EGFR
transactivation occurs in response to Angll in an NADPH oxidase and ROS-dependent
manner and inhibition of Nox oxidases normalized increased EGFR phosphorylation in
spontaneously hypertensive rats(48).

RhoA activation regulates cytosolic calcium concentration by multiple mechanisms
including regulation of calcium and potassium channels(10). Reduced RhoA activity
induced by siLRRCB8A or CBX (Fig. 8A) is consistent with enhanced relaxation. The
relatively modest degree of impairment may be due to the fact that RhoA fulfills other
roles beyond regulation of ROCK and is also regulated by additional mechanisms. RhoA
activity is enhanced by oxidation of specific cysteine residues in its active site which
enhances the dissociation rate of GDP(49). In contrast, over-oxidation of these residues can
cause formation of an intramolecular disulfide that inhibits RhoA activity(50). In isolated
vascular rings, extracellular generation of O, using a mixture of xanthine and xanthine
oxidase induced vasoconstriction that was blocked by the SOD mimetic tempol, but not by
catalase. These responses were associated with an increase in MYPT1 phosphorylation by
ROCK(51). This suggests that RhoA can be activated by extracellular O, which supports
the concept of O, influx but does not preclude a role for cytoplasmic H,O5 that is formed
after O,7" enters the cell.

MYPTL, the regulatory subunit of MLCP, is the master regulator of calcium sensitivity. It
controls activity of the PP1C subunit of the MLCP complex. This phosphatase functions

in parallel with the MLC kinase (MLCK), which mediates calcium-calmodulin dependent
phosphorylation of the 20kD subunit of MLC. The ratio of kinase to phosphatase activity
determines the number of phosphorylated myosin light chains and therefore the contractile
state of VSMCs. MYPTL1 can thereby modulate the rate of actin-myosin crossbridge cycling
at a constant cytoplasmic calcium concentration. MYPTL1 is regulated by multiple kinases.
ROCK inhibits MYPT1 by phosphorylation at both T696 and T853. Directly adjacent to
these sites are serine residues (5695, S852) that are targets for activation by PKA and PKG.
Phosphorylation at the ROCK sites is inhibited by the presence of a phosphate at the PKG
and PKA sites and vice versa, creating interdependence of MLCP activation and inhibition.
Reduced MYPT1 phosphorylation at T853 in LRRC8A KO mesenteries is consistent with a
phenotype of enhanced vasodilation, but this may not provide a complete explanation for the
functional changes observed when LRRC8A is absent.

MPRIP targets RhoA to stress fibers and facilitates dephosphorylation of myosin by MLCP.
Silencing of MPRIP prevented RhoA/ROCK-dependent phosphorylation of MYPT1 but
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did not interfere with activation of RhoA and ROCK in A7r5 VSMCs(25). Association

of MPRIP with MYPT1 enhances phosphatase activity(52) while binding to RhoA is
inhibitory(53). These findings point to an important role for MPRIP in complex assembly.
Enhanced dilation of KO vessels is likely to be related to reduced RhoA activity but altered
association of proteins with MPRIP cannot be ruled out. MPRIP oxidation in response to
TNFa (Fig. 9B) adds functional evidence of association with Nox1/LRRCB8A and raises that
possibility that MPRIP binding to its scaffolded partners may be oxidation-dependent. A
contribution of complex assembly could explain why relaxation to SNP was augmented in
LRRCS8A null mice but was not altered in vessels from Nox1 null mice(54). Future work
will be required to determine how redox signals impact MPRIP complex assembly and
vasomotor function.

When LRRCB8A is missing or VRACs are blocked, extracellular O,™* production by Nox1

in response to TNFa is reduced(15). We have proposed that anion flux through LRRC8A
provides charge compensation for electron flow through Nox1 and speculated that VRACs
may also serve as a O, conductance allowing extracellular O,™* to come back across the
plasma membrane(6). While it is not possible to accurately quantify the forces acting on
O, immediately following its creation, the initial essentially infinite concentration gradient
clearly favors O,™" influx, but the concentration of O,™* is very low. However, current flow
through NADPH oxidases produces significant membrane depolarization(55). This local
event decrements at increasing distance from the oxidase but its potential to impact O™
influx is maximized by physical association of LRRC8A with Nox1. The concept of a O,™*
flux through an anion channel is supported by detection of O, efflux from endosomes

that is sensitive to anion channel blockers(56). Cytoplasmic dihydroethidium oxidation by
extracellular O, was measured and inhibited by anion channel blockade or knockdown

of Chloride Channel three (CIC-3) expression(57). We recently demonstrated that CIC-3
influences membrane trafficking of LRRCB8A, raising the possibility that this effect of CIC-3
was indirect(26).

Summary and significance

Loss of LRRC8A in VSMCs has profound effects on vasomotor function that seem to

be dependent on anion channel function, as blockade of LRRCB8A channels with CBX
recapitulates the effect of removing the protein. We propose that association of LRRC8A
with MPRIP provides a critical, membrane-spanning link in redox signaling. A model of
Nox1-dependent redox signaling to the cytoskeleton is provided that incorporates MPRIP
interaction with all four of its partner proteins (Fig. 10). Extracellular O,™" is created in
proximity to LRRC8A VRACSs. Local depolarization both activates LRRC8A and drives
O," influx. Of note, VRACS are also regulated by oxidation(16, 58) which may add an
extra layer of regulation to the system. In the cytoplasm, O, ™" is deposited into a H*

rich cytoplasmic nanodomain created by Nox1-dependent NADPH metabolism(59). These
protons could support local creation of H,O5, as O,* dismutation is favored by acidic
conditions (pKa of H,0, = 11.75). Association with LRRC8A places MPRIP and RhoA in
this oxidized nanodomain. ROCK activity is reduced when LRRCB8A is absent or blocked.
This reduces MLCP inhibition by ROCK and favors MYPT1 phosphorylation by PKG or
PKA which limits contraction and potentiates relaxation. MPRIP is oxidized in response to
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TNFa which might affect its scaffolding function, thereby impacting MYPT1 and MLCP
activity. This suggests that other redox-sensitive proteins within this domain (actin, atypical
myosin etc.) may also be subject to Nox1/LRRC8A-dependent oxidation. Localization of
LRRC8A-MPRIP is limited to the vicinity of the plasma membrane, particularly in areas
of membrane ruffling. It remains to be determined how this influences cell movement.
The broad influence of this localized interaction may derive from the fact that this is
where receptor-dependent signaling occurs and redox-dependent secondary messages may
profoundly impact distant events. In addition, this where the more active “plus” ends of
actin filaments link to the focal adhesions that control cytoskeletal shape and membrane
extension. This work provides a novel framework for Nox1-dependent inflammatory
signaling whereby targeted cytoplasmic delivery of ROS can alter vasomotor function and
contribute to vascular disease. Anion channel inhibition may provide a novel approach to
treatment of vascular inflammation.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. LRRC8A KO augmentsvasodilation in mesenteric arteries.
In freshly isolated mesenteric arteries, contractile responses to A) KCI (n = 3) and B)

phenylephrine (PE, n = 4) were unaltered. Relaxation in response to C) acetylcholine (ACh,
WT n =6, KO n =8) and D) sodium nitroprusside (SNP, WT n =6, KO n = 5) was
significantly augmented in KO compared to WT vessels. * Indicates p < 0.05 for ECg.
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Figure 2. carbenoxolone (CBX) increases vasodilation in male mesenteric arteries.
A) 15 min incubation in CBX (100 uM) significantly enhanced relaxation responses to ACh.

* Indicates p < 0.05 for ECsgg. B) Effect of inhibiting; NO synthase with L-NAME (100 pM,
30 min), prostaglandin synthesis with indomethacin (5 uM, 20 min), or potassium channels
with Apamin (50 nM, 20 min) + Charybdotoxin (ChTX; 50 nM, 20 min), on ACh-induced
relaxation under control conditions in WT vessels. C) Effect of the same drugs on the

ACh response in WT vessels treated with CBX for 15 minutes. CBX-treatment enhances
relaxation compared to untreated controls under all conditions tested. Black* indicates p

< 0.05 Apamin/ChTX vs. Control (B) or CBX (C) for ECsg. Gray* indicates p < 0.05
L-NAME vs. Control for Epax (n =4 to 5).
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Figure 3. Disruption of LRRCB8A function protects against TNFa-induced vascular dysfunction.
WT and LRRC8A KO male mesenteric vessels were incubated in tissue culture for 48 hrs

in media + TNFa (10ng/ml). Contractile responses to A) NE and relaxation to B) ACh and
C) SNP were assessed. A) The maximal response to NE was significantly greater in control
WT rings than in KO. TNFa increased the maximum response to NE in rings from both
groups but accentuated the difference between WT and KO. C and D) KO vessels relaxed
significantly better than WT and were completely protected from impairment following
TNFa exposure as seen in WT vessels (n = 6 — 8). D) Contractile responses to NE in WT
vessels were increased by TNFa exposure and this difference was abrogated by CBX which
modestly but significantly reduced contraction of all vessels. E) and F) Vessel segments
from WT mice were exposed to TNFa. for 48hrs and then following mounting for tension
recording to CBX (100uM, 20min) or vehicle. CBX effectively reversed impaired dilation
after TNFa exposure (n = 5). A) * Indicates p < 0.05 for WT vs. WT+TNFa (black*) or
KO vs. KO+TNFa (red*) for Eqax. T Indicates p < 0.05 for Eqax. B) * Indicates p< 0.05
for WT vs. WT + TNFa (black*) for EC5q and Ejax, WT + TNFa vs. KO + TNFa (red*)
for ECsp and Eppax, or WT vs. KO (gray*) for ECsg. C) * Indicates p < 0.05 for WT vs.
WT + TNFa (black*) for ECsp, WT + TNFa vs. KO + TNFa (red*) for ECsg, or WT

vs. KO (gray*) for ECgq. D) * Indicates p < 0.05 for Control vs. TNFa (black*) for Epax.

T Indicates p < 0.05 for Eqnax. E) * Indicates p< 0.05 for Control vs. TNFa (black*) for
ECs0 and Ejax, TNFa vs. CBX+TNFa (blue*) for ECgg and Eqax, or Control vs. CBX

(gray*) for ECsq. F) * Indicates p < 0.05 for Control vs. TNFa (black*) for ECgg, TNFa vs.

CBX+TNFa (blue*) for ECsg, or Control vs. CBX (gray*) for ECs.
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Figure 4. Loss of LRRCB8A enhances relaxation by multiple mechanisms.
Relaxation responses to activation of A) soluble guanylyl cyclase (BAY60-2770,n =6 —

7), B) adenylate cyclase (Forskolin, n =5 - 6) or C) inhibition of Rho kinase (Y-27632, n
=5-6). Knockout of LRRC8A in VSMC:s significantly enhanced relaxation to all three
agents. None of these responses were affected by TNFa exposure in WT or KO vessels.
Red* indicates p < 0.05 for WT vs. KO.
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Figure 5. Myogenic toneisabsent in LRRC8A KO mesenteric arteries.
Pressure-induced constriction (the difference in diameter in normal vs. Ca**-free buffer +

papaverine) was absent in mesenteric segments from LRRC8A VSMC KO mice. *p < 0.05
by 2-way ANOVA across all pressures (WT n =11 and KO n = 12).
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Figure 6. I dentification of LRRC8A-associated proteins.
A) Columns 1 and 2 list proteins that met initial criteria for selective immunoprecipitation

by anti-LRRCB8A as identified by mass spectroscopy (see Suppl. Table S2 for details).
Column 3 proteins (blue highlight) met secondary criteria. B) Top result of pathway analysis
for three categories of function, associated number of proteins detected for each pathway,
and the false discovery rate for each observation. The last 2 columns provide data from a
secondary analysis that incorporated the highlighted proteins in column 3. C) Association
network generated by string-db.org. Proteins are color coded for their inclusion in the
pathways listed in B). The thickness of connecting lines reflects the confidence of the
association between proteins. A connection between MPRIP and LRRC8A has been added
(red, lower right) to reflect the association demonstrated by the current work.
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Figure 7. Association of LRRC8A and MPRIP.
A) Immunoprecipitation (IP) of endogenous LRRC8A from VSMCs confirms the presence

of LRRCB8A in the whole cell (WC) lysate and precipitated protein from WT but not
LRRCB8A KO cells. MPRIP is present in the WC lysate from both genotypes but is only
pulled down in LRRCBA WT cells. B) Proximity Ligation Assay (PLA) signal from
a-MPRIP/a-LRRCB8A in WT VSMCs. Small white spots represent PLA signal, the larger
spots are nuclei. Counts of spots/nucleus from multiple fields of confluent WT and LRRC8A
KO VSMCs (20x). PLA spots were smaller and significantly less numerous in KO cells. The
bottom image shows red PLA spots with green nuclei as a side-view of cells. C) Confocal
images of HEK293T cells co-expressing LRRC8A-meGFP and MPRIP-mCherry. Note
co-localization at the plasma membrane, particularly at ruffled borders but not in LRRC8A-
containing intracellular vesicles. D) Sites of protein binding to MPRIP. The first Plextrin
Homology (PH) domain (aa 44-152) binds actin. C-terminal coiled-coil domains mediate
interaction with RhoA and MYPT1 (M). Below the map are the constructs utilized to
determine the site of MPRIP binding to LRRC8A (8A) was localized to aa 389-545. Vertical
grey lines represent specific cysteines that can be oxidized based upon the Oxymouse
database (Cys103, 120, 235, 361, 506, 571, 723, 830). Susceptible cysteines are present

in the binding regions for all 4 protein partners. E) Immunoprecipitation of MPRIP-DDK
fragments by full length LRRC8A-Myc in HEK293T cells expressing these constructs.
Arrows identify overexpressed proteins, or the site where they would be expected to run (see
IP: a-Myc) in whole cell lysates (WCL, left) and in immunoprecipitated protein (IP, right).
All C-terminal MPRIP deletion mutants associate with LRRC8A, but the C-terminal MPRIP
fragment 879-1038 does not associate with LRRC8A. The 213-545 peptide associated with
LRRCB8A as did the region between 389 and 545 which contains PH2 (see IP: a-LRRC8A).
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Figure 8. RhoA-signaling is LRRC8A-dependent.
A) LRRCS8A protein was significantly reduced in cultured mesenteric VSMCs by treatment

with siLRRC8A. LRRRC8A knockdown and CBX treatment were associated with similar
significant decreases in RhoA activity (n = 6). B) LRRC8A protein abundance is reduced
but still detectable in intact mesenteries (fat, vessels and connective tissue) from KO mice
(male n = 3, female n = 4). Total MYPT1 protein is unaltered but phosphorylation at T853
(p-MYPT1T853) is significantly reduced in mesenteries from VSMC-specific LRRC8A KO
mice. *p < 0.05 compared to siControl or WT.
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Figure 9. MPRIP knockdown increases LRRCB8A expression and MPRIP issulfenylated in
responseto TNFa.

A) siRNA knockdown of MPRIP in cultured mesenteric (Mes) or aortic VSMCs resulted in
a significant decrement in the abundance of MPRIP protein. In both cells this was associated
with a significant increase in LRRC8A protein. B) A 3 min exposure to TNFa induced
sulfenylation of MPRIP (MPRIP-SOH) in WT but not KO VSMCs. The top panels provide
representative blots, bar graphs summarize the results of 3 — 6 independent experiments.
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Figure 10. TNFR1/Nox1-dependent regulation of VSMC contractility.
TNFR1 associates with Nox1 and LRRCB8A at the plasma membrane. TNFa activates Nox1,

resulting in NADPH conversion to NADP* + H* and 2 electrons are passed across the
membrane and donated to O, to produce extracellular O,™". Local membrane depolarization
by Nox1 facilitates O, influx through LRRCB8A into a proton rich environment which may
facilitate localized H,O5 production, contributing to creation of an oxidized nanodomain.
These oxidants promote redox cycling of RhoA, causing ROCK activation and inhibitory
phosphorylation of MYPT1. This reduces myosin light chain phosphatase (MLCP = MYPT1
+ PP1C + M20) activity, increasing phosphorylation of the 20kD subunit of MLC and
enhancing the calcium sensitivity of MLC which promotes contraction. MPRIP is also
oxidized which may impact complex assembly. Loss or inhibition of VRACs inhibits

Nox1 activity and prevents O, influx, reducing cytoplasmic oxidation, RhoA activation
and ROCK phosphorylation of MYPT1. This enhances the ability of PKA and PKG to
phosphorylate MYPT1, activate MLCP, and dephosphorylate MLC, thus reducing calcium
sensitivity and potentiating VSMC relaxation.
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