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Abstract

Recently, we characterized blue light-mediated relaxation
(photorelaxation) of airway smooth muscle (ASM) and implicated
the involvement of opsin 3 (OPN3), an atypical opsin. In the present
study, we characterized the cellular signaling mechanisms of
photorelaxation. We confirmed the functional role of OPN3 in blue
light photorelaxation using trachea from OPN3 null mice (maximal
relaxation 52 * 13% compared with wild-type mice 90 * 4.3%,

P < 0.05). We then demonstrated colocalization of OPN3 and G,
using co-IP and proximity ligation assays in primary human ASM
cells, which was further supported by an increase in cAMP in mouse
trachea treated with blue light compared with dark controls (23 = 3.6
vs. 14 = 2.6 pmol cAMP/ring, P < 0.05). Downstream PKA (protein
kinase A) involvement was shown by inhibiting photorelaxation
using Rp-cAMPS (P < 0.0001). Moreover, we observed converging

Over the past decade, there have been a
number of unconventional sensory GPCRs
(G protein—coupled receptors) found to be
endogenously expressed in airway smooth
muscle (ASM) (1, 2). Interestingly, these

atypical sensory GPCRs have been
determined to exert prorelaxant effects. For
example, bitter taste receptors have been
found to be expressed in ASM and their
activation has been shown to mediate

mechanisms of desensitization by chronic [3,-agonist exposure in
mouse trachea and correlated this finding with colocalization of
OPN3 and GRK2 (G protein receptor kinase) in primary human
ASM cells. Finally, an overexpression model of OPN1LW (a red light
photoreceptor in the same opsin family) in human ASM cells
showed an increase in intracellular cAMP levels following red

light exposure compared with nontransfected cells (48 = 13 vs.

13 = 2.1 pmol cAMP/mg protein, P < 0.01), suggesting a conserved
photorelaxation mechanism for wavelengths of light that are more
tissue penetrant. Together, these results demonstrate that blue

light photorelaxation in ASM is mediated by the OPN3 receptor
interacting with G, which increases cAMP levels, activating PKA
and modulated by GRK2.

Keywords: photorelaxation; blue light; OPN3; nonvisual opsin;
OPNILW

potent relaxation (1). Similarly, odorant
receptors were also found to modulate
ASM tone (2). In our recent study, we
demonstrated “photorelaxation” of ASM
by blue wavelength light (3). We also
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determined that this effect is mediated
through the GPCR opsin 3 (OPN3). Opsins
were first observed in smooth muscle more
than a half century ago in rabbit aortic
smooth muscle and have been described in
an increasing number of tissues, such as
brain, skin, and a variety of smooth muscle
beds, including but not limited to those
found in vasculature, the uterus, and the
airway (3-9). In the current study, we
investigate the mechanism of a visual
sensory receptor, specifically OPN3,

which is a light receptor that has been
demonstrated to relax ASM in response to
blue wavelengths of light (3).

Opsins are typically associated with the
retina in mediating vision. A well-studied
opsin is rhodopsin (OPN2), which facilitates
scotopic vision. Photopic vision is mediated
through opsin 1 (OPN1), which are
stratified as red (OPN1LW), green
(OPNIMW), and blue (OPN1SW). Opsins
that mediate dark-light and color vision in
the retina are considered visual opsins. In
contrast, there has been recent interest in
understanding what are called “atypical
opsins,” which are located in extraocular
tissues, many of which are located in deep
tissue beds. The functional role of atypical
opsins in physiology is poorly understood.
A well-studied atypical opsin is melanopsin,
also known as opsin 4 (OPN4). It was
recently determined that blue light exhibits
a relaxation effect in mouse tail artery
through OPN4 (4). The same group
implicated a similar blue light-mediated
vasorelaxation in pulmonary vasculature
that occurs through both OPN4 and OPN3
(5). These photorelaxation effects were also
shown to be regulated by GRK2 (G protein
receptor kinase) activity, which is well
known to phosphorylate and desensitize a
variety of activated GPCRs including the 3,
adrenoceptor (3,AR) (10, 11). We recently
demonstrated in ASM the expression of
OPN3, blue light-mediated relaxation,
and modulation by GRK2. However, the
molecular mechanisms of photorelaxation
in ASM remain unclear.

Unique to opsins is the coactivation of
the receptor by light through an associated
chromophore ligand. Chromophores
associate with the opsin apoprotein
in its binding pocket and mediate
phototransduction typically by the
photoisomerization of the chromophore
from cis to trans upon the absorption of
light energy. The subsequent downstream
signaling occurs through a variety of

G proteins, such as transducin (G,,), which
is well known to mediate visual pigment
phototransduction in the eye. Although we
had initially demonstrated expression of G
mRNA, we and others have been unable
to substantiate protein-level expression
(12). Thus, the classic pathway of
phototransduction is likely not responsible
for ASM photorelaxation by OPN3. OPN3
has been observed to couple with G,; in
melanocytes and G, in jellyfish (7, 13). We
sought to determine the G protein alpha
subunit that associates with OPN3 during
ASM light-mediated relaxation. In ASM,
these signaling pathways are often classified
as procontractile or prorelaxant, depending
on the associated G protein (10). A
canonical prorelaxant GPCR classically
couples to G, which activates adenylyl
cyclase (AC) to synthesize cAMP which in
turn activates PKA (protein kinase A),
exchange proteins activated by cAMP
(EPAC:s), and perhaps additional targets to
facilitate relaxation (14-17).

In the present study, we demonstrate
that blue light photorelaxation is mediated
through OPN3 interactions with G, to
increase cCAMP through AC leading to the
activation of PKA, with OPN3 receptor
regulation by GRK2. Additionally, we
demonstrate conservation of cAMP
synthesis mediated by OPN1LW, a related
opsin with wavelength sensitivities in the
red light spectrum, in human ASM cells.

Methods

Detailed methods are described in the data
supplement.

Reagents and Chemicals

G protein receptor kinase 2 inhibitor
(GRK2i) (Methyl-5-[(E)-2-(5-nitrofuran-
2-yl)ethenyl]furan-2-carboxylate) was
purchased from Santa Cruz. 9-cis retinal was
purchased from Sigma Aldrich. GRK2i
and 9-cis-retinal was used to minimize
receptor desensitization and chromophore
bleaching, respectively, to environmental
light. 9-cis retinal is commonly used
instead of 11-cis retinal, the endogenous
chromophore in the retina, owing to
increased chromophore stability of 9-cis
retinal in presence of ambient light (18, 19).
We have previously demonstrated
significantly enhanced photorelaxation
upon inclusion of GRK2i and 9-cis-retinal
in our previous study (3).

Cell Culture

Primary ASM cells were a kind gift from
Dr. Reynold A. Panettieri, and the
immortalized ASM cells were a kind

gift from Dr. William Gerthoffer. Both
lines were previously characterized (20, 21).
Cells were cultured in 5% CO,/95% O,

at 37°C with 10% FBS, antibiotics, and
Ham’s F12 or M199 basal media,
respectively.

OPN3 Null Mouse Model

OPN3 null mice (OpnlaCZ/ 1) were
established and characterized by Dr.
Richard Lang’s group (22). Excised tracheas
were shipped overnight in media along with
trachea from control wild-type mice for
wire myography and Western blotting.

Tracheal Ring Preparation and Wire
Myography

Animal tissue procedures were approved
by Columbia University Institutional
Animal Care and Use Committee.
C57BL/6 male and female mice were
killed with 50 mg/kg pentobarbital.
Tracheas were excised and prepared for
wire myography as previously described (3).
See data supplement for experimental
details.

Mouse Trachea ASM Lysate
Preparation
See data supplement.

Western Blot
See data supplement.

Proximity Ligation Assay

Primary human ASM cells were grown
to subconfluence. Cells were washed

with PBS, fixed with 4% paraformaldehyde
in PBS for 10 minutes, and washed again.
Cells were permeabilized with 0.1%
Triton-X in PBS for 10 minutes and
washed with PBS. The Duolink proximity
ligation assay (PLA) kit in red with
rabbit/mouse secondary antibodies
(Sigma Aldrich) was used according to
the manufacturer’s instructions, with a
custom 2-hour primary antibody
incubation. Punctate red fluorescence
indicates that the targeted antigens are
within 40 nm. Details of PLA and
imaging are further described in the

data supplement.

Co-IP
See data supplement.
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Cell Transfection
See data supplement.

Statistical Analysis

Student’s two-tailed ¢ test, one-tailed
ANOVA with Bonferroni post hoc test, and
nonlinear curve fitting was performed using
Prism 4 (GraphPad). Data are presented as
mean = SEM with o =0.05.

Results

OPNB3 Expression Is Critical for Blue
Light Photorelaxation in Mouse
Trachea

We previously implicated OPN3 in blue
light-mediated photorelaxation in ASM

(3). Here, we sought to confirm OPN3
involvement using mice with global genetic
deletion of OPN3. Excised tracheal rings from
wild-type and OPN3 null mice were mounted
on a wire myograph, contracted with an ECs,
concentration of acetylcholine, and pretreated
with 9-cis retinal before blue light treatment to
discern function by basal OPN3 expression.
OPNB3 null mice demonstrated a 52 * 13%
relaxation normalized to the maximum
relaxation achieved with isoproterenol in
comparison with tracheal rings from wild-type
mice, which exhibited 90 = 4.3% relaxation
(*P << 0.05) (n=4-5) (Figure 1A). The absence
of the OPN3 protein in trachea from OPN3
null mice was confirmed by Western blot
(Figure 1B), with B-actin used as a protein
loading control, demonstrating equivalent
protein loading. A representative tracing of
photorelaxation attenuation in null mice is
demonstrated in Figure 1C. A representative
tracing of isoproterenol-mediated relaxation
(maximal relaxation) is demonstrated in
Figure 1D. These data reveal the importance of
OPN3 in blue light-mediated relaxation.

Blue Light Photorelaxation Increases
cAMP in Mouse Tracheal ASM

Upon confirming the role of OPN3 in blue
light photorelaxation, we sought to determine
whether these prorelaxant signaling events
involved the classic mediator cAMP. Thus, we
assayed cCAMP levels in tracheal rings removed
from organ baths after blue light-mediated
relaxation and compared them with trachea
from dark-treated controls. All tracheal rings
were contracted with ECs; acetylcholine and
pretreated with GRK2i and 9-cis retinal.
Then, rings were treated with or without blue
light. Those treated with light exhibited
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Figure 1. Mice globally genetically deficient in OPN3 demonstrate significantly reduced blue
light-induced photorelaxation of an acetylcholine-induced contraction in tracheal rings ex vivo.

(A) Muscle force in wire myography demonstrating decreased photorelaxation in tracheal rings
from OPNS null compared with wild-type mice (52 = 13% vs. 90 * 4.3% of maximal isoproterenol
relaxation). *P < 0.05. n=4-5. (B) Immunoblot of OPN3 from null mice confirming absence of OPN3
protein and from wild-type mice demonstrating an immunoreactive band at the predicted molecular
mass. Immunoblot of B-actin as loading control demonstrated equivalent total protein loading. Lysate
of this immunoblot represents tracheal muscle strips from 9 null or wild-type mice. (C) Representative
muscle force tracing of decreased photorelaxation of an acetylcholine-induced contraction in tracheal
rings from OPNS null (gray) compared with wild-type mice (black). Arrowhead indicates the time point
where light was administered. (D) Representative muscle force tracing of comparable maximal
relaxation of an acetylcholine-induced contraction by the B-agonist isoproterenal in tracheal rings
from OPN3 null (gray) and wild-type mice (black). Max = maximum; OPN3 =opsin 3.

maximum contraction, whereas those left in
the dark had a 0.16 = 1.7% change in muscle
force. Tracheas treated with light exhibited
significantly more relaxation (**P <0.001)
(n=11) (Figures 2A and 2B). Rings exposed
to blue light contained 23 = 3.6 pmol
cAMP/ring, whereas the tracheas that were
not exposed to light had significantly less
cAMP, at 14 = 2.6 pmol cAMP/ring
(*P<<0.05) (n=14) (Figure 2C). Figure

2D demonstrates increased relaxation to
isoproterenol when concurrently treated with
blue light in comparison with isoproterenol
alone (*P < 0.05) (n=3). These findings
suggest a role for cAMP in blue light-
mediated relaxation.

PKA Inhibition Attenuates
Photorelaxation Response

To confirm the involvement of PKA, a
downstream target of cCAMP, in blue
light-mediated photorelaxation, we sought
to assess the photorelaxation response with
and without pretreatment with Rp-cAMPS,

Wu, Dan, Zhang, et al.: OPN3-G,s Signaling in Airway Smooth Muscle

a competitive PKA inhibitor, in the
presence of GRK2i, 9-cis retinal, and ECsq
acetylcholine. Inclusion of Rp-cAMPS
during pretreatment significantly
attenuated relaxation induced by an
intensity-dependent blue light exposure
(**P<0.0001) (n=3-4) (Figures 3A and
3B). As a positive control, Rp-cAMPS
pretreatment successfully attenuated a
1-uM forskolin-induced relaxation response
(*P < 0.005) (n=3-4) (Figures 3C and 3D).
A time control demonstrates no significant
change in muscle tension over time in

the presence or absence of Rp-cAMPS

(P> 0.05) (n=3) (Figures 3E and 3F). These
findings implicate a role for PKA in blue
light-mediated relaxation.

Pretreatment with 3, Adrenergic
Receptor Agonist Promotes
Desensitization of the
Photorelaxation Response

Our group previously demonstrated that
GRK?2 inhibition significantly enhanced
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Figure 2. Blue light photorelaxation of an acetylcholine-induced contraction increased CAMP in
mouse trachea. (A) Muscle force in wire myography demonstrating increased relaxation in tracheal
rings treated with blue light compared with tracheas kept in the dark (65 +5.8% vs. 0.16 £1.7%
relaxation of initial contraction). **P < 0.001. n=11. (B) Representative muscle force tracing of
tracheal rings with (gray) and without blue light (black). Arrowhead indicates the time point where light
was administered. (C) Tracheal rings exposed to blue light contained significantly increased levels
of cAMP compared with tracheal rings kept in the dark (23 = 3.6 vs. 14 = 2.6 pmol cAMP/ring).
*P <0.05. n=14. (D) Addition of blue light (gray) significantly left-shifts the isoproterenol dose
response curve to enhance smooth muscle relaxation of an acetylcholine-induced contraction
compared with tracheal rings kept in the dark (black). *P <0.05. n=3.

blue light-mediated relaxation in ASM
(3). This effect of GRK2 inhibition on
photorelaxation has also been previously
observed in the vasculature (3-5). It

is known that a method of ,AR
desensitization is GRK2 activation (11). We
questioned whether increased GRK2
activity due to prolonged B,AR agonism
would be able to heterologously desensitize
opsin-mediated photorelaxation. Tracheal
rings were treated with or without the

1 uM isoproterenol overnight in cell
culture media. On the day of the
experiment, rings were contracted with
ECs5 acetylcholine. We observed
significantly decreased relaxation in
response to blue light with 22 = 3.2%
relaxation normalized to maximum
contraction in isoproterenol-treated
tracheal rings compared with 41 = 3.1%
relaxation in control untreated tracheal
rings (**P < 0.0005) (n=9-10) (Figures 4A
and 4B). As a positive control to confirm

62

successful B,AR desensitization from
overnight isoproterenol exposure, tracheal
rings exposed to chronic isoproterenol
demonstrated reduced relaxation in
response to an acute isoproterenol
treatment compared with control
unexposed tracheal rings (40 = 6.1% vs.
19 = 4.1% relaxation of initial contraction)
(*P < 0.05) (n=9-10) (Figure 4C). These
findings suggest potential 3,AR-OPN3
heterologous receptor desensitization
mediated by GRK2 activity.

Physical Interaction of OPN3 with G
and GRK2 in Primary Human ASM
Cells

We sought to assess the association between
Gy to OPN3 using primary cultures of
human ASM cells. PLAs demonstrated a
<40 nm proximity between OPN3 and G
(n=3) (Figure 5A). Control experiments
were performed by separately omitting the
primary antibodies for OPN3 or G

(mouse) to confirm the specificity of the
fluorescent signal (Figures 5B and 5C).
Next, we sought to assess the interaction
between GRK2 and OPN3. PLAs
demonstrated a <40 nm proximity between
OPN3 and GRK2 (n=3). GRK2-OPN3
colocalization signaling increased

upon overnight desensitization with
isoproterenol in the absence of light.
Primary antibodies were each separately
omitted demonstrating loss of PLA signal
(negative controls) (Figures 5C-5F). As a
positive control, PLAs demonstrated a <40
nm proximity between B,AR and G
(n=3) (Figure 5G). Again, primary
antibodies each incubated alone for

B,AR and G, (rabbit) along with the
respective secondary antibodies resulted in
diminished fluorescent signal (Figures 5H
and 5I). As a negative control, PLAs
demonstrated a >40 nm proximity between
OPN3 and MLCK (Figure 5]). To confirm a
colocalization between G, and OPN3, a
co-IP assay was performed, where sample
lysate from primary cultures of human
ASM cells was subjected to co-IP with a
primary antibody directed against G,s.
Subsequent immunoblot analysis of this
immunoprecipitate using a primary
antibody directed against OPN3
demonstrated the co-IP of G, and OPN3,
and omission of the OPN3 primary
antibody during the Western blot resulted
in no immunoreactive bands detected
(n=3) (Figure 5K). To confirm physical
interaction between OPN3 and GRK2, co-
IP was performed using a primary antibody
against GRK2 followed by a Western blot
using an OPN3 primary antibody (n = 3).
Omission of the OPN3 primary antibody
during the Western blot assay resulted in
no immunoreactive bands detected (n=3)
(Figure 5L). To note, OPN3 antibody
specificity validation was confirmed from
the Western blot depicted in Figure 1 with
OPN3 null and wild-type mouse tracheas.
These data confirm the colocalization and
association of G, and OPN3 as well as
GRK2 and OPN3.

OPN1LW Overexpression in
Immortalized Human ASM Cells
Demonstrate Increased cAMP in
Response to Red Light

Blue light is a relatively short wavelength
of electromagnetic radiation. It is well
established that short wavelengths of light
are less tissue penetrant than longer
wavelengths of electromagnetic radiation,
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Figure 3. PKA inhibition with Rp-cAMPS attenuates photorelaxation of an acetylcholine-induced
contraction in mouse trachea. (A) Muscle force in wire myography demonstrating decreased blue light
photorelaxation (dose response of 1-5%, 20%, 27%, and 100% light intensities) in tracheal rings
pretreated with Rp-cAMPS (circle) compared with control rings (square). **P < 0.0001. n =3-4. Gray
lines indicate SEM. (B) Representative muscle force tracings of tracheal rings with (gray) and without
Rp-cAMPS pretreatment upon a dose response of blue light (1-5%, 20%, 27%, and 100%) (black).
(C) Muscle force in wire myography demonstrating decreased forskolin-mediated relaxation in
tracheal rings pretreated with Rp-cAMPS (circle) compared with control rings (square). *P < 0.005.
n=23-4. Gray lines indicate SEM. (D) Representative wire myography tracing of tracheal rings with
(gray) and without Rp-cAMPS pretreatment upon administration of forskolin (arrowhead) (black).

(E) Muscle force in wire myography demonstrating no significant change in muscle force over time in
tracheal rings pretreated with Rp-cAMPS (circle) compared with control rings (square). n=3. Gray
lines indicate SEM. (F) Representative wire myography tracing of tracheal rings with (gray) and without
Rp-cAMPS pretreatment over time (black). PKA = protein kinase A.

such as wavelengths in the infrared and
red ranges. OPN1LW is typically found

in the retina and is responsible for “red
perception.” Thus, we created an OPN1LW
overexpression model in an immortalized
ASM cell line to determine whether
prorelaxant signaling could be
demonstrated. Figure 6A is a fluorescent
microscope image of the ASM cells on the

first day after transfection with a plasmid
coexpressing OPN1LW and GFP, and
Figure 6B shows nontransfected cells,
which lack green fluorescence. Figure 6C
demonstrates green fluorescence from
successfully transfected cells after antibiotic
selection. RT-PCR of nontransfected cells
confirmed the absence of OPNILW mRNA
(data not shown). Figures 6D-6F are the

Wu, Dan, Zhang, et al.: OPN3-G,s Signaling in Airway Smooth Muscle

corresponding light microscope images to
Figures 6A-6C. Upon exposure to red light,
we observed a significant increase in cAMP
levels in OPN1LW-transfected cells
pretreated with GRK2i and 9-cis retinal
(48 £ 13 pmol cAMP/mg protein)
compared with nontransfected cells
pretreated with GRK2i and 9-cis retinal
(13 = 2.1 pmol cAMP/mg protein)
(**P<0.01) (n=4). OPN1LW-transfected
cells pretreated with GRK2i and 9-cis
retinal and exposed to red light also showed
a significant increase in cAMP levels

(48 = 13 pmol cAMP/mg protein)
compared with OPN1LW-transfected cells
pretreated with GRK2i and 9-cis retinal but
not exposed to red light (kept in dark)

(17 = 5.2 pmol cAMP/mg protein)
(*P<0.05) (n=4) (Figure 6G). This red
light-mediated increase in cAMP in
OPN1LW-transfected cells pretreated with
GRK2i and 9-cis retinal and exposed to red
light (48 = 13 pmol cAMP/mg protein) is
not significantly different from OPNILW-
transfected cells pretreated with GRK2i
and 9-cis retinal and treated with 1 pM
forskolin in the absence of light (24 = 11
pmol cAMP/mg protein) (n=4).

Discussion

In the present study, we sought to determine
the mechanism behind blue light-mediated
photorelaxation in ASM. First, we
specifically implicated OPN3 in mediating
this effect through demonstrating decreased
functional relaxation in an OPN3 null
model. We previously determined BK
channels to be involved in blue light-
mediated photorelaxation in ASM (3).
Because BK channels have been previously
observed to be regulated by PKA, we
suspected a potential G,,-mediated
mechanism (3, 15, 17). In ASM, G-
coupled GPCRs typically increase AC
activity, thus increasing production of
cAMP, which activates PKA. PKA then
promotes downstream prorelaxation
effectors, such as opening of BK channels.
We observed corresponding cAMP increase
in ASM upon blue light treatment,
confirmed G,,~OPN3 interaction,

and demonstrated the involvement

of PKA. Furthermore, we have had
previous success in augmenting this
photorelaxation effect with GRK2
inhibition in ASM (3). The involvement
of GRK2 is additionally suggested by
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Figure 4. B,AR desensitization also attenuates photorelaxation in mouse trachea. (A) Muscle force in
wire myography demonstrating decreased blue light photorelaxation in tracheal rings pretreated with
overnight Iso compared with control rings without overnight Iso (22 + 3.2% vs. 41 + 3.1% relaxation
of initial acetylcholine-induced contraction). **P < 0.0005. n=9-10. (B) Representative muscle force
tracing of tracheal rings with (gray) and without overnight Iso upon blue light treatment (arrowhead)
(black). (C) Muscle force in wire myography demonstrating decreased acute Iso-mediated relaxation
of an acetylcholine-induced contraction (confirming B-AR desensitization) in tracheal rings pretreated
with overnight Iso compared with rings without overnight Iso (19 = 4.1% vs. 40 = 6.1% relaxation of
initial contraction). *P < 0.05. n=9-10. B,AR =8, adrenoceptor; Iso. =isoproterenal.

functional heterodesensitization with
[3-agonist desensitization in conjunction
with observations of increased GRK2-
OPN3 colocalization upon (3-agonist
desensitization (3). Furthermore, we also
demonstrate potential conservation of
relaxation machinery (specifically cAMP)
in an OPNILW overexpression model
that is sensitive to red light. In summary,
we determine a mechanism of blue
light-mediated photorelaxation in ASM to
be through OPN3 association to a classic
G, signaling pathway, potential red-
shifting of photorelaxation wavelength
sensitivity through OPN1LW transfection,
and signal regulation by GRK2.

We established the prorelaxation effect
of blue wavelength light on ASM in our
previous study. There, we implicated
involvement of OPN3 through protein and
mRNA expression in human ASM tissue,
wavelength sensitivity, and relaxation
enhancement upon addition of 9-cis retinal
chromophore and GRK2 inhibition (3).
Exogenous 9-cis retinal is commonly used
as an 11-cis retinal analog to study visual

opsins owing to its increased stability
resulting from decreased steric hindrance
(18, 19). The endogenous chromophore in
the ASM molecular environment remains
unknown. The chromophores found in
retina are unlikely to be found in ASM,
because 11-cis retinal is produced by retinal
epithelium cells and 11-cis retinal is a
highly unstable molecule. GRK2 inhibition
was previously shown to enhance OPN4
and 3 activity in vascular smooth muscle
(5).

First, to confirm functional
involvement of OPN3, we performed studies
with OPN3 null mice. We observed
significant attenuation of blue light
photorelaxation in OPN3 null mouse
trachea in comparison with wild-type
mouse trachea in organ bath. Notably, the
attenuation is not complete in OPN3 null
mice; there was still a degree of relaxation
that occurred without the presence of
OPN3 in ASM. This suggests additional
endogenous light-sensitive systems at
play, such as OPN4. We have previously
demonstrated expression of OPN4 in mouse
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ASM, but not human ASM, whereas

we have observed the presence of OPN3
in both human and mouse ASM (3).

We hypothesize potential additional
prorelaxant signaling of OPN4 in mouse
ASM. However, the relevance of OPN4 in
humans remains unknown and unlikely
owing to lack of expression in human ASM.
Nonetheless, we determine a crucial role in
OPN3 signaling for airway relaxation that is
likely conserved in humans.

Next, we sought to determine the
mechanism by which OPN3 mediates its
prorelaxation effect. In our previous study,
we were able to extinguish photorelaxation
with iberiotoxin, which is an inhibitor
of BK channels (3). Activated BK channels
hyperpolarize smooth muscle cells,
promoting relaxation. It is known that BK
channels are phosphorylated and activated
by PKA, which in turn is well established to
be activated by cAMP in ASM prorelaxant
signaling pathways (15-17). Accordingly,
we measured cAMP in light-relaxed and
control trachea. There was an expected
increase in cAMP levels in light-treated
trachea. Additional studies using inhibitors
against PKA revealed the intermediary role
of PKA between cAMP and photorelaxation.
The observed increase in cAMP suggested a
G,-mediated mechanism. This is similar to
canonical ASM relaxation pathways, such as
that of the BAR receptor, whose activity was
enhanced upon addition of blue light. We
validated a G,,-mediated mechanism
through two modalities. We first confirmed
proximity of OPN3 to G, through a
proximity assay (PLA). Then, co-IP was
used to validate physical association between
OPN3 and G, Thus, we conclude a
prorelaxation signaling from OPN3
association to G, resulting in increased
cAMP, activation of PKA, and hypothesized
phosphorylation and activation of BK
channels, resulting in hyperpolarization
(Figure 7).

The opsin family has been known to
associate with a variety of G proteins,
including Gat, Gags Gaos Gas Gai and Gaifo
(23). Canonically, opsin receptors in the
eye, such as rhodopsin (OPN2) and cone
opsins (OPN1LW, MW, SW), associate
with transducin (Gyy). Briefly, transducin
activates PDE, which decreases cyclic
guanylyl monophosphate levels, thus
closing cyclic nucleotide gated cation
channels and hyperpolarizing the neuron,
which results in visual signal transduction
to the brain. OPN3 is relatively less studied
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Figure 5. OPN3 colocalizes with G,s and GRK2 in human ASM cells. (A) PLA of OPN3-G,¢ indicating that OPN3 and G, are within 40 nm proximity of
one another (representative image from three experiments). (B and C) PLA in which one of the primary antibodies within the OPN3-G,,s binding pair were
individually omitted demonstrating the absence of red punctate signaling (negative control). (D) PLA of OPN3-GRK2 indicating that OPN3 and GRK2 are within
40 nm proximity of one another (representative image from three experiments). (E) OPN3 and GRK2 40 nm proximity is increased upon desensitization with
overnight Iso in the absence of light stimulus. (C and F) PLA in which one of the primary antibodies within the OPN3-GRK2 binding pair was individually omitted
demonstrating the absence of red punctate signaling (negative control). (G) PLA of B,AR-G,s indicating that B.AR and G, are within 40 nm proximity of one
another (positive control) (representative image from three experiments). (H and /) PLA in which one of the primary antibodies within the B,AR-G,s binding pair was
individually omitted demonstrating the absence of red punctate signaling (negative control). (J) PLA of OPN3-MLCK indicating that OPN3 and MLCK are not within
40 nm proximity of one another (negative control). All scale bars represent 100 wm. (K) Co-IP of G, followed by Westemn blot analysis of OPN3 protein indicating a
positive physical association between OPN3 and G,s upon blue light treatment (representative gel image of three independent experiments). (L) Co-IP of GRK2
followed by Western blot analysis of OPN3 protein indicating a positive physical association between OPN3 and G, upon blue light treatment (representative gel

image of three independent experiments). Scale bars, 100 pwm. 1°=primary; 2°=secondary; Ab = antibody; ASM =airway smooth muscle; GRK2 =G protein
receptor kinase; PLA = proximity ligation assay; WB =Westemn blot.

compared with other opsins. Despite this, it
has been determined to be expressed widely
through a diverse number of tissue beds,
warranting its nickname of “panopsin.”
OPN3 is known to associate with more
than one G protein; for example, it has been
seen to associate with G,; in mosquito
OPN3, pufferfish teleost multiple tissue
opsin, and human melanocytes (7, 24).
However, in jellyfish, OPN3 was
determined to associate with G, (13).
OPN3 has also been seen to increase cAMP
levels upon stimulation with blue light in
murine white adipocytes (22). Our group
recently demonstrated OPN3 to physically
associate with G, in uterine smooth
muscle (6). In this present study, we
confirm a classic G,s-mediated relaxation
pathway for OPN3 in ASM; however, we
cannot rule out the possibility of G protein
promiscuity and other pluri-dimensional
signaling pathways (25).

G protein receptors kinases are well
known to phosphorylate the c-terminus of
GPCRs and mediate agonist-bound receptor
desensitization through promoting
B-arrestin binding and G protein
decoupling (26). Effectively, GRKs
terminate GPCR signaling pathways. GRK2
is best known to desensitize the B,AR (11).
GRK2 inhibition has been shown to greatly
enhance photorelaxation in vascular
smooth muscle, uterine smooth muscle,
and ASM (3-6). To further substantiate
potential GRK2 activity on opsin-mediated
photorelaxation in ASM, we pretreated
tracheal rings with a B,AR agonist
(isoproterenol) overnight to increase GRK2
levels within the cell. The tracheas were
then treated with light, and we saw a
significant reduction in relaxation in
comparison with control trachea. We term
this a “heterodesensitization” effect. This
both suggests GRK2 activity on proteins

Wu, Dan, Zhang, et al.: OPN3-G,s Signaling in Airway Smooth Muscle

implicated in photorelaxation in ASM and
further implicates the involvement of
PKA, which is known to activate GRK2
(27). We similarly assayed proximity
between GRK2 and OPN3 through PLA.
This was confirmed positive and increased
colocalization between GRK2 and OPN3
in the absence of light upon overnight
desensitizing treatment with isoproterenol.
We also confirmed physical interaction of
GRK2 and OPN3 through co-IP. We present
multiple layers of evidence that GRK2 likely
mediates desensitization of OPN3. However,
this does not rule out the possibility of
activity of other GRK family proteins, such
as the related GRK3. This would warrant
further survey of association between OPN3
and proteins of the GRK family.
Longer-wavelength (lower-frequency)
electromagnetic radiation is more penetrant
than relatively lower wavelength (higher
frequencies). Blue light is considered
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Figure 6. Human ASM cells stably overexpressing OPN1LW demonstrate increased cAMP upon treatment with red light. (A-F) Representative
microscopic images of GFP expression (A-C) and corresponding light microscopy images after transfection with OPN1LW plasmid coexpressing GFP
and a hygromycin resistance gene for selection of successfully transfected cells. (A and D) ASM cells 1 day after transfection and hygromycin treatment,
(B and E) nontransfected control cells at 1 day, and (C and F) transfected cells at 10 days after transfection. (G) Intracellular cAMP concentrations in
OPN1LW-transfected cells pretreated with GRK2i and 9-cis retinal and treated with red light exhibited a cAMP level of 48 = 13 pmol cAMP/mg. n=4.
The transfection control (Trsfx) (13 = 2.1 pmol cAMP/mg protein). **P < 0.01, dark control (17 = 5.2 pmol cAMP/mg protein). *P < 0.05 and forskolin-
positive control (#NS) (24 = 11 pmol cAMP/mg protein) are also shown, respectively. n =4 independent wells. Scale bars: A, B, D, and E, 25 pm; C and
F, 50 pm. GRK2i=G protein receptor kinase inhibitor; ns =not significant; OPN1LW =Opsin 1 long wavelength; Trnsfx = transfection.

minimally penetrant in biologic tissues,
whereas red light is more penetrant,
especially within the “water window” of
near infrared wavelengths (28). OPN1LW
is the red cone opsin, which is maximally
sensitive to red wavelength light, with peak
absorbances at 559 nm (29). If light were to
be therapeutically functional, it would need
to be able to penetrate into deep smooth
muscle tissues. We sought to determine if
we would be able to change the wavelength
of ASM relaxation. Thus, we overexpressed
OPNI1LW in an immortalized ASM cell
line. Upon absorption of 660 nm red light,
we observed an increase in cAMP. This
suggests that OPNILW in ASM may be
able to recruit G, to promote a similar
G,s-mediated relaxation response like
OPN3. OPNI1LW in the eye natively
couples to G, which transduces down an
entirely different pathway. This suggests
possible promiscuous G protein activity

and changes in signaling pathway between 9-cis retinal and the opsin

dependent on molecular environment and
tissue type. Unexpectedly, we determined
660 nm to increase CAMP the most. This

apoprotein, because the endogenous
chromophore within the eye is 11-cis
retinal. Chromophores endogenous to the

could be due to unexpected interactions ASM microenvironment are currently

2 Light

OPN3 mr _'
ol i3
U )

Relaxation

Figure 7. Summary of signaling pathway. A diagram of the signaling pathway of OPNS through G,s,
which increases cAMP through AC. Increases in cAMP activates PKA, which can promote several
downstream pathways of ASM relaxation. GRK2 is activated through PKA, thereby regulating OPN3
signaling. as=G,s; AC =adenylyl cyclase.
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unknown. 9-cis has a smaller resonant
system than 11-cis, which would result in a
lower energy (higher wavelength) of light to
be absorbed. Wavelength shift by addition
of alternate chromophores has been
determined to be important in red-shifting
salmon vision (30). The addition of
different chromophores and their effects on
functional photorelaxation is an area that
warrants further investigation.

Conclusions

We propose a potent prorelaxant OPN3-G,,
signaling pathway in ASM in accordance
with canonical G, signaling, with
regulation from GRK2 (Figure 7) (31).
Nonetheless, an important biologic

limitation to our study to consider is

light penetrance into tissue, particularly
distal airways, which are important in
determining airway resistance. Visual
wavelengths of light only exhibit
penetrations of less than 5 mm into the
skin. This could potentially be addressed
by the use of new technologies, such as
upconverting nanocrystals, which are
nanoparticles that are able to convert

long wavelengths of light into shorter
wavelengths and have demonstrated
promising biocompatibility profiles (32).
Alternatively, the presence of a canonically
light-sensing receptor in deep tissue beds
suggests the presence of endogenous
ligands that are able to activate the receptor

without light or potential interaction

with other receptors to trigger signaling
cascades. A technical limitation to consider
is the number of protein interactions that
can be observed from antibody-based
assays. The interactome for OPN3 would be
more thoroughly understood with higher-
throughput, less “biased” techniques in
proteomics. Thus, continued assessment of
alternate OPN3 signaling pathways should
still be considered. M
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