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Retinoids, through their activation of retinoic acid receptors (RARs) and retinoid X receptors, regulate diverse cellular
processes, and pharmacological intervention in their actions has been successful in the treatment of skin disorders and
cancers. Despite the many beneficial effects, administration of retinoids causes irritating side effects with unknown
mechanisms. Here, we demonstrate that LE135 [4-(7,8,9,10-tetrahydro-5,7,7,10,10-pentamethyl-5H-benzo[e]naphtho[2,3-b]
[1,4]diazepin-13-yl)benzoic acid], a selective antagonist of RARg, is a potent activator of the capsaicin (TRPV1) and wasabi

(TRPAT) receptors, two critical pain-initiating cation channels.

EXPERIMENTAL APPROACH

We performed to investigate the excitatory effects of LE135 on TRPV1 and TRPA1 channels expressed in HEK293T cells and
in dorsal root ganglia neurons with calcium imaging and patch-clamp recordings. We also used site-directed mutagenesis of
the channels to determine the structural basis of LE135-induced activation of TRPV1 and TRPA1 channels and behavioural
testing to examine if pharmacological inhibition and genetic deletion of the channels affected LE135-evoked pain-related

behaviours.

KEY RESULTS

LE135 activated both the capsaicin receptor (TRPV1) and the allyl isothiocyanate receptor (TRPAT) heterologously expressed
in HEK293T cells and endogenously expressed by sensory nociceptors. Mutations disrupting the capsaicin-binding site
attenuated LE135 activation of TRPV1 channels and a single mutation (K170R) eliminated TRPAT activity evoked by LE135.
Intraplantar injection of LE135 evoked pain-related behaviours. Both TRPV1 and TRPA1 channels were involved in
LE135-elicited pain-related responses, as shown by pharmacological and genetic ablation studies.

CONCLUSIONS AND IMPLICATIONS

This blocker of retinoid acid signalling also exerted non-genomic effects through activating the pain-initiating TRPV1 and

TRPA1 channels.
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Abbreviations

LE135 is an activator of TRPA1 and TRPV1

4-HNE, 4-hydroxynonenal; 4-HPR, 4-hydroxy(phenyl)retinamide; AITC, allyl isothiocyanate; AMS80, 4-[(5,6,7,8-
tetrahydro-5,5,8,8-tetramethyl-2-naphthalenyl)carboxamido]benzoic acid; AMG9810, (2E)-N-(2,3-dihydro-1,4-
benzodioxin-6-yl)-3-[4-(1,1-dimethylethyl)phenyl]-2-propenamide; ATRA, all-trans retinoic acid; CFA, Freund’s complete
adjuvant; DRG, dorsal root ganglia; HC030031, 2-(1,3-dimethyl-2,6-dioxo-1,2,3,6-tetrahydro-7H-purin-7-yl)-N-(4-
isopropylphenyl)acetamide; LE135, 4-(7,8,9,10-tetrahydro-5,7,7,10,10-pentamethyl-SH-benzo[e|naphtho[2,3-b]
[1,4]diazepin-13-yl)benzoic acid; RARs, retinoic acid receptors; RXRs, retinoid X receptors; TRP, transient receptor

potential; WT, wild type

Introduction

Primary sensory neurons in dorsal root, trigeminal and
nodose ganglia initiate pain in response to noxious thermal,
mechanical and chemical stimuli (Patapoutian et al., 2009).
Transient receptor potential (TRP) channels are calcium-
permeable non-selective cation channels with highly diver-
gent properties that are widely expressed in the primary
sensory neurons (Dubin and Patapoutian, 2010). TRP chan-
nels play key roles in the pathogenesis of both inflammatory
and neuropathic pain (Jaggi and Singh, 2011).

Among nearly 30 mammalian TRP channels, TRPV1 and
TRPA1 (channel nomenclature follows Alexander et al.,
2013a) are both polymodal detectors integrating painful
stimuli and playing central roles in pain sensation under
physiological and pathological conditions including inflam-
mation and neuropathy. TRPV1 channels are activated by a
variety of physical and chemical stimuli including capsaicin,
noxious heat (>43°C) and low pH (5.2) (Tominaga efal.,
1998). Expression of these channels is up-regulated in
inflamed human skin and vulva, which correlates with
inflammatory hyperalgesia (Gopinath et al., 2005). Selective
TRPV1 blockers, such as AMG9810 [(2E)-N-(2,3-dihydro-1,4-
benzodioxin-6-yl)-3-[4-(1,1-dimethylethyl)phenyl]-2-
propenamide], reduce both hyperalgesia and allodynia in
rodent models of pathological nociception and inflammatory
pain (Gavva et al., 2005). TRPA1 channels are expressed in a
subset of TRPV1-positive nociceptors integrating actions of
many exogenous and endogenous noxious stimuli, such as
the natural pungent compound allyl isothiocyanate (AITC)
and oxidative oxygen radicals (Bautista et al., 2013). There is
compelling evidence for the involvement of TRPA1 channels
in pain sensation in humans as a gain-of-function mutation
in TRPA1 causes familial episodic pain syndrome (Kremeyer
et al., 2010). Expression of these channels is increased in
dorsal root ganglia (DRG) by Freund’s complete adjuvant
(CFA)-induced inflammation or nerve injury (Frederick et al.,
2007; da Costa etal., 2010). Mice with genetic deletion
(knockout) of TRPA1 channels show reduced thermal and
mechanical pain responses to inflammatory mediator brady-
kinin (Bautista et al., 2006). Pharmacological inhibition of
TRPA1 function reduces pain-related responses in both
inflammatory and neuropathic pain models (Petrus et al.,
2007; Eid et al., 2008).

Retinoids are structurally related derivatives of vitamin A
and are required for normal vision as well as cell proliferation
and differentiation (Kim, 2011; Mamede et al., 2011). Clini-
cally, retinoids are effective in treating acute promyelocytic
leukaemia and many skin disorders (Lowe and Plosker, 2000;

Thacher et al., 2000; Geria et al., 2011; Mamede et al., 2011).
All-trans retinoic acid (ATRA or tretinoin) is the first Food and
Drug Administration (FDA)-approved topical retinoid with
documented efficacy to treat acne vulgaris, the most common
skin condition in the United States (Hsu ef al., 2011). Retin-
oids were also approved by the FDA to be used as an anti-
ageing treatment in 1996. The pleiotropic effect of retinoids is
mediated by the retinoid nuclear receptors comprising the
retinoic acid receptors (RARs) (o, B and vy isotypes) and the
retinoid X receptors (RXRs) (o, B and v isotypes), in the form
of RAR/RXR heterodimers (Thacher etal.,, 2000 receptor
nomenclature follows Alexander et al., 2013b).

Despite the many beneficial effects, topical application of
retinoids often causes severe local irritation associated with
itching and stinging (Le et al., 1997; Leyden, 1998; Lowe and
Plosker, 2000; Akhavan and Bershad, 2003; Thielitz and
Gollnick, 2008; Geria et al., 2011; Hsu et al., 2011; Yoon et al.,
2011). Retinoids also cause severe headache and bone pain
when used systemically to treat cancers (White et al., 1992;
Vergne et al., 2000; Mawson, 2009). Previous studies also
show that oral or intrathecal application of ATRA induces
nociceptive behavioural effects in rodents (Romero-Sandoval
et al., 2004; Alique et al., 2006). Our recent studies demon-
strated that retinoids selectively activated the capsaicin recep-
tor TRPV1 and produce sensory hypersensitivity (Yin et al.,
2013). Also, some pan antagonists of RAR attenuated
retinoid-induced irritation (Alique et al., 2006). Against this
background of pro-nociceptive actions of retinoid receptor
agonists, we were surprised to find that a selective RAR recep-
tor antagonist, LE135 [4-(7,8,9,10-tetrahydro-5,7,7,10,10-
pentamethyl-5H-benzo[e|naphtho(2,3-b][1,4]diazepin-13-
yl)benzoic acid], activated both TRPA1 and TRPV1 channels
and produced pain-related behaviours.

Methods

Animals

All animal care and experimental procedures were in accord-
ance with the animal care and use protocol approved by The
University of Texas Health Science Center at Houston Animal
Welfare Committee. All studies involving animals are
reported in accordance with the ARRIVE guidelines for
reporting experiments involving animals (Kilkenny et al.,
2010; McGrath et al., 2010). A total of 118 animals were used
in the experiments described here. Trpv1”* and congenic
Trpv1”~ mice on the C57BL/6] background were obtained
from Jackson Laboratory (Bar Harbor, ME, USA) and were
bred at the University of Texas Health Science Center at
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Houston. Trpal**and congenic Trpal~”~ mice on the C57BL/6]
background were described previously (Cruz-Orengo et al.,
2008) and bred at the University of Texas Health Science
Center at Houston. Mice were housed in a temperature- and
humidity-controlled environment on a 12:12 h dark-light
cycle with free access to food and water.

Molecular biology, HEK293T cell culture

and transfection

HEK293T cells (ATCC, Manassas, VA, USA) were grown as
a monolayer using passage numbers less than 30 and
maintained in DMEM (Life Technologies, Grand Island, NY,
USA), supplemented with 10% FBS (Life Technologies), 100
unitssmL™" penicillin and 100 pg-mL™" streptomycin in a
humidified incubator at 37°C with 5% CO,. The cells
were transiently transfected with complementary DNA for
mouse TRPV1 (mTRPV1), TRPV1 mutants, or human TRPA1
(hTRPA1) and TRPA1 mutants using Lipofectamine 2000
(Invitrogen, Carlsbad, CA, USA) with a ratio of 0.8:2. After
transfection, cells were maintained in DMEM at 37°C for 24 h
before use. All TRPV1 and TRPA1 mutants were made using
the QuickChange II XL mutagenesis kit (Agilent Technolo-
gies, Inc., Santa Clara, CA, USA), according to the manufac-
turer’s directions. All mutations were confirmed by DNA
sequencing.

Isolation and short-term culture of mouse
DRG neurons

Mouse spinal columns were removed and placed in ice-cold
HBSS; neurons were acutely dissociated and maintained as
described (Hu et al., 2009). In brief, laminectomies were per-
formed and bilateral DRG were dissected out. After removal
of connective tissues, DRG were transferred to a 1 mL Ca*/
Mg*-free HBSS containing 2 uL saturated NaHCO3, 0.35 mg
L-cysteine and 20 U papain (Worthington, Lakewood, NJ,
USA), and incubated at 37°C for 10 min. The suspension of
DRG was centrifuged, the supernatant was removed, 1 mL
Ca**/Mg*-free HBSS containing 4 mg collagenase type Il and
1.25 mg dispase type II (Worthington) was added and incu-
bated at 37°C for 10 min. After digestion, neurons were
pelleted, suspended in neurobasal medium containing 2%
B-27 supplement, 1% r-glutamine, 100 U-mL™ penicillin plus
100 ug-mL™" streptomycin, and 50 ng'mL"' nerve growth
factor, plated on a 12 mm coverslip coated with poly-L-lysine
(10 pg-mL™) and cultured under a humidified atmosphere of
5% CO,/95% air at 37°C for 18-24 h before use.

Ratiometric measurement of intracellular

free Ca**

Cultured DRG neurons were loaded with 4 uM Fura-2 AM
(Life Technologies) in culture medium at 37°C for 60 min.
Cells were then washed three times and incubated in HBSS at
room temperature for 30 min before use. Fluorescence at 340
and 380 nm excitation wavelengths was recorded on an
inverted Nikon Ti-E microscope equipped with 340, 360 and
380 nm excitation filter wheels using NIS-Elements imaging
software (Nikon Instruments Inc., Melville, NY, USA). Fura-2
ratios (F340/F380) were used to reflect changes in intracellu-
lar Ca*" upon stimulation. Values were obtained from 100-
250 cells in time-lapse images from each coverslip.
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Patch-clamp recording

Whole-cell patch-clamp recordings were performed using
an EPC 10 amplifier (HEKA Elektronik, Lambrecht/Pfalz,
Germany) at room temperature (22-24°C) on the stage of an
inverted phase-contrast microscope equipped with a filter set
for green fluorescence protein visualization. Pipettes pulled
from borosilicate glass (BF 150-86-10; Sutter Instrument
Company, Novato, CA, USA) with a Sutter P-97 pipette puller
had resistances of 2-4 MQ when filled with pipette solution
containing 140 mM CsCl, 2 mM EGTA, and 10 mM HEPES
with pH 7.3 and 315 mOsm-L". To avoid Ca*-dependent
desensitization of TRPV1 channels, a Ca*-free extracellular
solution was used for whole-cell recording which contained
(in mM): 140 NaCl, 5 KCl, 0.5 EGTA, 1 MgCl,, 10 glucose and
10 HEPES (pH was adjusted to 7.4 with NaOH, and the osmo-
larity was adjusted to =340 mOsm-L™" with sucrose). The
whole-cell membrane currents were recorded using voltage
ramp from —100 to +100 mV for 500 ms at holding potential
of 0mV. Data were acquired using PatchMaster software
(HEKA Elektronik). Currents were filtered at 2 kHz and
digitized at 10 kHz. Data were analysed and plotted using
Clampfit 10 (Molecular Devices, Sunnyvale, CA, USA).
Values are given as means = SEM; n represents the number of
measurements.

Pain behavioural assays

Each mouse was placed individually in clear Plexiglas cham-
bers (8 x 8 x 12 cm) and acclimated for at least 1 h to the
testing environment prior to all experiments. To measure
pain-related behaviours, the left hindpaws of mice were
injected intraplantarly with 20 pL vehicle (0.9% saline + 5%
DMSO + 2.5%o0 Tween 80; Sigma, St Louis, MO, USA) with or
without chemicals. Time spent on nocifensive behaviour
(flicking and licking injected paw) was recorded for 5 min.
Mechanical or thermal hyperalgesia assays were performed as
described (Caterina et al., 2000; Petrus et al., 2007). Paw with-
draw latencies in response to radiant heat were measured
using the Hargreaves apparatus (Plantar Analgesia meter;
IITC, Woodland Hills, CA, USA). For assessment of thermal
nociception, left hindpaw withdraw latencies were measured
before (0 min) and 15, 30, 60, 90 and 120 min after injec-
tions. The thermal intensity was adjusted to obtain paw with-
drawal latencies of about 10-15 s under basal conditions . An
automatic 20 s cut-off was used to prevent tissue damage. For
assessment of mechanical allodynia, starting with the 0.4 g
filament, von Frey filaments ranging from 0.04 to 4g
bending force were applied to the plantar skin of the left
hindpaw using the up-down method to determine threshold
sensitivity. Von Frey threshold was measured at 15, 30, 60, 90
and 120 min post-injection. AMG9810 (10 mg-kg™, i.p.) was
given 30 min before paw injections of retinoids to test its
analgesic effect. To reduce the effects of baseline variability
among animals, withdrawal responses were expressed as dif-
ferences from baseline across groups (Bedi et al., 2010). All
experiments were performed without knowledge of genotype
and treatment.

Data analysis
All data are presented as means + SEM for n independent
observations. Student’s t-test was used to analyse statistical
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significance between control and experimental groups. ANOvVA reported that inhibition of RARs by pan RAR inhibitors could
and repeated measures tests were used to test hypotheses reduce ATRA-evoked nociceptive response (Alique et al.,
about effects in multiple groups occurring over time. P < 0.05 2006), suggesting that RAR inhibitors could potentially
was considered significant differences between means. inhibit ATRA-induced activation of TRPV1 in DRG neurons.

We tested this possibility by using a selective RAR inhibitor,
Materials LE135, which binds to, but does not activate, RARs, thus
AITC was from ACROS (Geel, Belgium); LE135 was from Santa displaying antagonist activities at RARs. We used calcium

imaging as readout of neuronal excitability. Surprisingly, bath
application of LE135 alone evoked a robust intracellular
calcium response in nearly 25% of DRG neurons tested, all of
which also responded to capsaicin (Figure 1A-C), demon-
strating that LE135 directly activated the TRPV1-positive
nociceptors. Interestingly, the proportion of LE135-

Cruz Biotechnology (Santa Cruz, CA, USA); papain and col-
lagenase (type 2) were from Worthington. All other com-
pounds were from Sigma.

Results responsive neurons was also substantially reduced but not
. abolished by genetic ablation of TRPV1 function (Figure 1A-
LE135 activates TRPV1 channels expr essed C). These results indicate that TRPV1 channels were involved
in heterologous cells and DRG neurons in LE135-induced excitatory effect, but that those channels
Previous studies showed that ATRA induces sensitization of were not the sole target for LE135 in nociceptors.
nociceptive responses in rodents (Romero-Sandoval et al., We then asked if LE135 could directly activate TRPV1
2004; Alique et al., 2006), suggesting that retinoids might channels using whole-cell patch-clamp recordings on TRPV1-
alter sensory neuron excitability. Our recent studies show expressing HEK293T cells. Indeed, LE13S produced a
that ATRA produces an excitatory response when adminis- concentration-dependent activation of TRPV1 channels with
tered to mouse DRG cultures by activating the capsaicin an ECy of around 2.5 uM (Figure 1D-F). The current-voltage
receptor TRPV1 (Yin et al., 2013). Interestingly, it was also relationship showed outward rectification at low concentra-
A Basal LE135 B LE135 AITC CAP KCI C mm LE135 20 uM
3.0 - - - - mm CAP 300 nM
" ' 120 1 mmm AITC 100 pM
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= E 2 80 1
S e
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Figure 1

LE135 activates both recombinant and native TRPV1 channels. Representative images (A) and traces (B) illustrate that LE135-elicited intracellular
Ca?* responses are decreased in Trpv1~~ DRG neurons compared with that from Trpv1** mice. AITC evoked similar intracellular Ca® responses in
Trpv1** and Trpv1~~ DRG neurons. Each trace corresponds to the change of fluorescence ratio in a single neuron in response to 20 uM LE135,
300 nM capsaicin (CAP), 100 uM AITC and 100 mM KCl at indicated times. (C) Percentage of DRG neurons responding to LE135, capsaicin, AITC
and KCl in neurons isolated from Trpv1** or Trpv17~ mice (n > 350 per genotype). Representative current-voltage relationships (D) and the time
course (E) of LE135 (1 and 10 uM)-activated outward (at +60 mV) and inward (at —60 mV) currents in a TRPV1-expressing HEK293T cell. (F)
Concentration-response curve of LE135-activated inward currents at -60 mV in WT TRPV1 is fitted with the logistic equation: Y = Yin + (Yimax —
Ymin)/(1 + 10A[(log ECso — X)*Hill slope)], where Yis the response at a given concentration, Ymax and Ymin are the maximum and minimum response,
Xis the logarithmic value of the concentration and Hill slope is the slope factor of the curve. ECs, is the concentration that gives a response halfway
between Ym.x and Ymin. The graph inset illustrates the maximal responses (current densities) evoked by saturating concentrations of LE135
(100 uM) and capsaicin (10 uM).
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tions but became linear when high concentrations of LE135
(>10 uM) were applied (Figure 1D), as reported for the
response of TRPV1 channels to capsaicin (Caterina et al.,
1997; Tominaga et al., 1998). The LE135-activated current
was partially reversible after washout (not shown). The
maximal response evoked by 100 uM LE13S5 was about 74%
of the response evoked by 10 pM capsaicin (Figure 1F). These
results demonstrated that LE135 activated both recombinant
and native TRPV1 channels.

Structural requirements for LE135 activation
of TRPV1 channels

The TRPV1 channel is a molecular sensor that integrates
many different noxious stimuli, such as those provided by
capsaicin, protons or noxious temperatures, through distinct
protein domains (Latorre et al., 2007). Next, we asked if
LE135 shared a common mechanism with other stimulators,
to activate TRPV1 channels. We made TRPV1 mutants in
which activation by capsaicin (R115A, Y5124, S513Y, Y512A/
S513Y, M548L and TS551I), proton (E601Q and E649Q) or
temperature (N629K, N653T/N654T) was selectively and
severely impaired (Figure 2C) (Jordt et al., 2000; Jordt and
Julius, 2002; Jara-Oseguera et al., 2008; Grandl et al., 2010).
We also made a point mutation (S503A) in which a key
TRPV1 phosphorylation site is disrupted (Figure 2C)
(Jara-Oseguera et al., 2008). Mutants were then individually
transfected into HEK293T cells, and concentration-response
curves of LE135-induced whole-cell currents were made for
each mutant with ECsy value comparison between each
mutant and the wild-type (WT) TRPV1 channel. Interestingly,
only those mutants affecting the response to capsaicin exhib-
ited a substantially attenuated response to LE135, whereas
mutants affecting proton and temperature activation of the
channel did not alter LE135 response (Figure 2A,B,D). These
results suggested that those amino acid residues required for
capsaicin activation were likely to be involved in the inter-
actions of LE135 with TRPV1 channels.

LE135 evokes TRPV1-dependent
acute nocifensive responses and
thermal hyperalgesia
TRPV1 is an excitatory pain-initiating channel expressed by
small-diameter sensory neurons, activation of which pro-
duces nocifensive responses in rodents (Caterina et al., 1997).
Knowing that LE135 is a potent TRPV1 channel activator, we
tested if intraplantar injection of LE135 evokes TRPV1-
mediated nociception in mice. As expected, LE135 induced a
robust pain response as reflected by the time spent on flick-
ing, licking and biting injected hindpaws. Interestingly, the
selective TRPV1 antagonist, AMG9810, abolished LE135-
evoked acute pain response, and the LE135-induced nocicep-
tion was completely absent in Trpv1”~ mice (Figure 3).
Besides TRPV1 channels, the TRPA1 channels have also
emerged as critical pain-initiating channels in sensory noci-
ceptors. TRPA1 channels are exclusively located in TRPV1-
positive small-diameter DRG neurons (Story et al., 2003; Jordt
et al.,, 2004). Recent studies show that TRPA1 and TRPV1
channels may form heteromers and interact with each other
functionally in the pain pathway (Akopian, 2011). Therefore,
we examined if TRPA1 channels were also involved in LE135-
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Figure 2

Structural basis of LE135 activation of TRPV1 channels. (A)
Concentration-response curves of LE135-activated inward currents
at =60 mV in WT and TRPV1 channel mutants with disrupted
protein phosphorylation, proton or heat activation domains. (B)
Concentration-response curves of LE135-activated inward currents
at—60 mV in WT and TRPV1 mutants carrying single or double point
mutations in the vanilloid-binding pocket. (C) Schematic diagram
illustrates structural elements required for activation/modulation of
TRPV1 channels by capsaicin (red filled circle), protein phosphoryla-
tion (green triangle), protons (orange diamond) and heat (purple
star). (D) ECs, values and Hill coefficients of LET35-activated response
in WT and TRPV1 mutants derived from concentration-response
curves in (A) and (B). **P < 0.01 and ***P < 0.001 versus WT.
Concentration—response curves are fitted with the logistic equation
as described in Figure 1.

induced nociception. However, we found similar nocifensive
responses in WT and the Trpal”~ mice after intraplantar injec-
tion of LE135. Therefore, TRPV1 but not TRPA1 channels are
likely to be the primary mediator of LE135-induced nocifen-
sive behaviour in our model.

It is also well known that TRPV1 channels are essential to
inflammatory thermal hyperalgesia in both acute and
chronic inflammatory pain models (Caterina et al., 2000;
Davis et al., 2000; Kanai et al., 2007; Yu et al., 2008). We tested
LE135 in the model of thermal hyperalgesia, using the
plantar test (Hargreaves’ method) and found that LE135 sig-
nificantly reduced the paw withdrawal latency in response to
radiant heat in WT mice (Figure 4), which was completely
abolished by administration of AMG9810. Furthermore, such
LE135-induced thermal pain behaviour was absent in the
Trpvl”~ mice (Figure 4). Therefore, it appears that TRPV1
channels were sufficient and necessary for LE135-induced
acute nocifensive responses and thermal hyperalgesia.
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TRPV1 channels mediate LE135-induced nocifensive responses. Bar
chart illustrates that in contrast to vehicle, intraplantar injection of
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Pharmacological or genetic blockade of TRPV1 function abolishes
LE135-induced thermal hyperalgesia. Time course of thermal hyper-
sensitivity in animals treated with LE135. Intraplantar injection of
LE135 (30 nmol/10 pL, red trace) induced thermal hyperalgesia in
Trpv1** mice as reflected by a decrease in paw withdrawal latency.
Administration of AMG9810 (10 mg kg™, i.p.,) removed the effect of
LE135. LE135-elicited thermal hypersensitivity was also abolished in
Trpv1™~ mice. *** P < 0.001 versus vehicle; ** P < 0.001 versus
AMG9810; and *# P < 0.001 versus Trpv1~~. Please note that no
effect was observed upon injection of vehicle alone. n=5-10 animals
per condition.
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Figure 5

Both TRPV1 and TRPAT channels contribute to LE135-induced
mechanical allodynia. Time course of mechanical allodynia in animals
treated with LE135. Intraplantar injection of LE135 (30 nmol/10 pL)
produced mechanical allodynia as reflected by a decrease in paw
withdrawal threshold in Trpv1** mice, which was not significantly
reduced by i.p. injection of AMG9810 (10 mg-kg™), or genetic dele-
tion of TRPAT or TRPV1 channels. However, LE135-elicited mechani-
cal hypersensitivity was completely abolished in the Trpal™~ mice
pre-treated with AMG9810 (10 mg-kg™). ***P < 0.001 versus LE135;
P < 0.001 versus AMG9810; P < 0.05, #P < 0.01, *#P < 0.001
versus Trpv1~7; and %P < 0.01, %%%P < 0.001 versus Trpal~".

LE135-induced mechanical allodynia

requires activation of both TRPV1 and

TRPA1 channels

TRPV1 channels play an important role in inflammatory
mechanical allodynia (Gavva etal., 2005; Yu etal., 2008;
Hillery et al., 2011; Kitagawa et al., 2012). On testing LE135 in
a model of mechanical allodynia, using the von Frey method
(Caterina et al., 2000; Petrus et al., 2007), we found that
intraplantar injection of LE135 substantially reduced the
mechanical threshold of the injected hindpaws. Unexpect-
edly, the effect of LE135 was not significantly attenuated in
the Trpv1~~ mice as we initially expected (Figure 5). Further-
more, AMG9810 had little, if any, effect on LE135-induced
decrease of mechanical threshold (Figure 5). We therefore
tested the involvement of TRPA1 channels because these
channels are critically involved in both somatic and visceral
mechanical hypersensitivity (Petrus efal.,, 2007; Lennertz
et al., 2012; Sisignano et al., 2012), using mice with genetic
deletion of TRPA1 channels (Trpal”~ mice). Surprisingly,
LE135-evoked mechanical allodynia was the same in the
WT and Trpal”~ mice. However, after pre-treatment with
AMGI810 for 30 min, LE135-induced mechanical hypersen-
sitivity in Trpal~”~ mice was totally abolished (Figure 5). The
results suggested that activation of both TRPV1 and TRPA1
channels contributed to LE135-mediated mechanical hyper-
sensitivity and genetic deletion of TRPA1 or TRPV1 function
alone was not sufficient to abolish LE135-induced mechani-
cal allodynia because of the functional redundancy in the
TRPV1*/TRPA1* nociceptors.
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LE13S5 directly activates TRPA1 channels

In light of the fact that TRPA1 channels were required for
LE135-induced mechanical allodynia in vivo, we next inves-
tigated if LE135 could directly activate TRPA1 channels
expressed in heterologous cells and cultured DRG neurons.
Whole-cell patch-clamp recordings showed that LE135 acti-
vated TRPA1 current in a concentration-dependent manner
in TRPAl-expressing HEK293T cells with an ECso of about
20 uM (Figure 6A-C). The maximal response evoked by
100 uM LE135 was about 41% of the response evoked by
100 uM AITC (Figure 6C). The I-V curves of LE135-activated
currents show a strong outward rectification, a characteristic
of TRPA1 currents (Figure 6A) (Jordt et al., 2004). Consistent
with being an activator of both TRPA1 and TRPV1 channels,
LE135-evoked intracellular calcium response was abolished
in Trpal”~ DRG neurons in the presence of AMG9810 or
Trpvl”~ DRG neurons in the presence of HC030031 [2-(1,
3-dimethyl-2,6-dioxo-1,2,3,6-tetrahydro-7H-purin-7-yl)-N-(4-
isopropylphenyl)acetamide], a selective TRPA1 antagonist
(Figure 6D-F) (Eid et al., 2008). Furthermore, a combination
of AMG9810 and HCO030031 also completely abolished
LE135-induced intracellular calcium response in WT DRG
neurons (not shown). These results show that the excitatory
effects of LE135 in DRG neurons were mediated by both
TRPV1 and TRPA1, two critical pain-initiating channels.

A lysine residue is required for LE135
activation of TRPA1 channels

Previous studies have shown that covalent modification of
three key cysteine residues (C621, C641 and C665) located at
the N-terminus of TRPA1 channels mediates their activa-
tion by electrophilic compounds, such as AITC and 4-
hydroxynonenal (4-HNE) (Hinman et al., 2006; Macpherson
et al., 2007; Trevisani et al., 2007). To test if LE135 shares the
same activation mechanism, we constructed concentration—
response curves for LE135-activated currents in HEK293T
cells transfected with either WT or the TRPA1-3C mutant.
Surprisingly, there was only a slight increase of the ECs, value
in the TRPA1-3C mutant compared with that of WT TRPA1
(Figure 7A,B), suggesting that these cysteine residues were not
essential to LE135 activation of TRPA1 channels.

Besides cysteines, a critical lysine residue, K710, has also
been shown to be modified by AITC, and that a K710R muta-
tion could abolish the residual response of the TRPA1-3C
mutant to AITC (Hinman et al., 2006). On testing LE13S5 in
HEK293T cells transfected with the K710R mutant, we found
that the LE135-activated currents were almost abolished
(Figure 7A,B). On the contrary, application of another TRPA1
agonist flufenamic acid (Hu ef al., 2009) led to a robust acti-
vation of the K710R mutant, suggesting that the K710R
mutant channel was functionally expressed in HEK293 cells.
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Figure 6

LE135 directly activates TRPA1 channels. LE135 (1 and 10 uM) activated an outward current at +60 mV and an inward current at —-60 mV in a
TRPAT1-expressing HEK293T cell. Current traces in (A) show representative current-voltage relationships of LE135-activated currents. The time
course of the current is shown in (B). (C) Concentration-response curve of LE135-activated inward currents taken at —.60 mV in TRPAT-expressing
HEK293T cells is fitted with the logistic equation as described in Figure 1. The graph inset illustrates the maximal responses (current densities)
evoked by saturating concentrations of LE135 (100 uM) and AITC (100 uM). Representative pictures (D) and traces (E) illustrate that LE135-elicited
intracellular Ca%* responses are abolished in Trpv17~ DRG neurons pre-treated with TRPAT antagonist HC030031 (upper panel) or Trpal”~ DRG
neurons pre-treated with TRPV1 antagonist AMG9810 (lower panel). Each trace corresponds to the change of fluorescence ratio in a single neuron.
(F) Percentage of DRG neurons responding to LE135, capsaicin (CAP), AITC and KCl in neurons isolated from Trpv1~~ or Trpal~~ mice (n > 350

per genotype).
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A single lysine residue is required for LE135 activation of TRPA1
Channels. Concentration-response curves of LE135-activated cur-
rents in WT and TRPA1 mutants carrying a single point mutation
K710R or triple cysteine mutations (C621S, C641S, and C665S). ECso
values of LE135-activated response in WT and TRPAT mutants
derived from concentration-response curves in (A) are indicated.
Concentration—-response curves are fitted with the logistic equation,
as described in Figure 1. ND, not determined. The graph inset illus-
trates that the hTRPA1-K mutant channel was activated by a TRPA1
agonist, flufenamic acid (FFA; 300 uM).

These observations suggested that activation of TRPA1 chan-
nels by LE135 critically involved the K710 residue in these
channels.

Discussion

Our study provided evidence that LE135, a selective RARg
antagonist, induced acute nociception and inflammatory
hyperalgesia through activation of two pain-initiating TRP
channels in sensory nociceptors. LE135 interacts with cyto-
solic amino acid residues (the vanilloid-binding site) required
for capsaicin to activate TRPV1 channels, and a cytosolic
lysine residue to activate TRPA1 channels. Genetic deletion
and pharmacological inhibition studies show that LE135 pro-
voked nociceptive responses and elicited thermal hyperalge-
sia mainly through TRPV1 channels, but required both
TRPA1 and TRPV1 channels for producing mechanical allo-
dynia. These results suggest that LE135 is a potent activator of
pain-initiating TRPV1 and TRPA1 channels on the membrane
of sensory nociceptors, although this compound had been
shown to be selective for the RARg receptor over other retin-
oid nuclear receptors.

Both TRPA1 and TRPV1 channels are
required for LE135-induced inflammatory

mechanical allodynia
The role of TRPV1 channels in mechanical hypersensitivity is
still controversial because TRPV1-deficient mice appear to

LE135 is an activator of TRPA1 and TRPV1

have a mechanical threshold response similar to WT litter-
mates with or without tissue injuries evoked by applying
mustard oil to the hindpaws (Caterina et al., 2000). This
observation can be explained by either a lack of involvement
of TRPV1 channels in noxious mechanical hypersensitivity
or that another mustard oil-sensitive protein in the pain
pathway compensates for the absence of TRPV1 channels. In
this case, the TRPA1 channels, which are activated by
mustard oil (Bandell et al., 2004; Jordt et al., 2004), are an
obvious alternative. The compensation hypothesis is further
supported by later findings that acute pharmacological block-
ade of TRPV1 channels attenuated inflammatory mechanical
allodynia (Gavva etal., 200S). Our results showed that
mechanical allodynia evoked by LE135 was not affected by
deletion of either TRPV1 or TRPA1 channels, individually.
However, LE135-induced mechanical allodynia was com-
pletely abolished when the functions of both TRPA1 and
TRPV1 channels were blocked using a combination of genetic
and pharmacological manipulations. These observations
support a model in which both TRPV1 and TRPA1 channels
sense LE135 in vivo and are compensating for each other to
maintain the mechanical allodynia caused by intraplantar
injection of LE135. The other possibility is that sensitization
of TRPV1 depends on the presence of TRPA1 channels and
vice versa. Indeed, it has been proposed that the functions of
TRPA1 and TRPV1 channels are closely associated, and that
these two nociceptive channels might form functional heter-
omers (Akopian, 2011). Therefore, LE135 becomes a useful
tool to dissect the in vivo function of pain-initiating TRP
channels.

TRPV1 channels are essential to
LE135-induced acute nocifensive response
and thermal hyperalgesia

It is well established that TRPV1 channels are required for
inflammatory thermal hyperalgesia in both acute and
chronic inflammatory pain models generated by intraplantar
injection of carrageenan or CFA (Caterina et al., 2000; Davis
et al., 2000; Yu et al., 2008). Our results show that LE135, like
other TRPV1 activators, produces robust thermal pain behav-
iours that were abolished by either genetic or pharmacologi-
cal blockade of TRPV1 channels. Therefore, TRPV1 channels
are necessary and sufficient for LE135-induced thermal pain
response, although we cannot exclude the possibility that
TRPA1 activation by LE135 in the same DRG neurons might
also modulate the neurogenic inflammation. Interestingly,
mustard oil, another TRPA1 channel activator, induces
inflammatory thermal hyperalgesia that is also mediated by
TRPV1 channels (Bandell et al., 2004; Jordt et al., 2004), sug-
gesting that TRPV1 channels are key downstream, thermal
pain mediators integrating signalling events evoked by many
different noxious chemicals, including TRPA1 channel acti-
vators. Therefore, it is possible that LE135 activation of
TRPA1 channels could also be an upstream event for thermal
hyperalgesia.

Although TRPA1 channels are required for LE135-evoked
mechanical allodynia, genetic deletion of TRPA1 channels
did not affect the acute nociceptive response produced by
paw injection of LE135. Furthermore, nocifensive responses
to LE135 were abolished in TrpvI~”~ mice, suggesting that
TRPV1 channels were sufficient and necessary for LE135-
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induced acute pain. The discrepancy in the role of TRPA1
channels in acute nociceptive response and mechanical allo-
dynia might also result from the eight-fold lower potency of
LE135 to activate TRPA1 channels compared with its potency
at TRPV1 channels (ECso values: 2.5 uM for TRPV1 and 20 uM
for TRPA1).

Molecular mechanisms underlying LE135
activation of TRPA1 and TRPV1 channels
Like other TRP channels, both TRPV1 and TRPA1 are sensors
for a variety of thermal, physical and chemical cues in the
environment (Clapham, 2003; Damann et al., 2008). Differ-
ent classes of activators act through distinct protein domains
to gate these channels allosterically (Latorre et al., 2007). Our
study shows that LE135 shares the same activation mecha-
nisms as capsaicin and other structurally related vanilloids as
disruption of the ‘capsaicin-binding pocket’ substantially
attenuated the ECs, values of LE135 activation of TRPV1
channels. On the contrary, mutations affecting proton and
temperature activation of TRPV1 channels did not affect the
responses to LE135.

Besides the traditional ‘lock and key’ mechanism of
ligand-receptor interaction, TRPA1 channels are also acti-
vated by covalent modification of cysteines and lysines at the
cytosolic N-terminal region. Electrophilic compounds, such
as AITC, 4-HNE and acrolein form disulfide bonds, covalently
modifying cysteines, especially C621, C641 and C665, of
human TRPA1. Our results show that the K710 residue was
critically involved in LE135 activation of TRPA1 channels
because responses to LE135 were abolished in HEK293T cells
transfected with the K710R mutant. On the contrary, LE135-
activated TRPA1 current was only slightly attenuated in
HEK293T cells transfected with the hTRPA1-3C mutant,
which contrasts with AITC-activated TRPA1 response
(Hinman et al., 2006; Macpherson et al., 2007). Our results
also suggest that different TRPA1 agonists could use distinct
cysteine or lysine residues to activate TRPA1 channels even
though they might all share the covalent modification
mechanism.

Our previous studies show that many retinoids, including
AMGS80 and 4-hydroxy(phenyl)retinamide [4-HPR], selec-
tively activate TRPV1 but not TRPA1 channels (Yin efal.,
2013). Although structurally related to AMGS80, LE135 acti-
vates both TRPV1 and TRPA1 channels and produces pain-
related behaviours. Therefore, the diversity in the molecular
structures of retinoid receptor ligands are likely to be
responsible for LE135-mediated excitatory action on TRPA1
channels. There are many examples in pahamrcology of com-
pounds with disparate effects on different receptors. Our
results indicated that although LE135 displayed antagonist
activities at nuclear RARs, it also activated membrane-bound
pain-initiating ion channels in the peripheral nociceptors.
One important property of TRPV1 and TRPA1 channels is
that they undergo a Ca*-dependent desensitization, which
shuts down their functions after initial exposure of their
respective agonists (Efendiev ef al., 2013; Ibarra and Blair,
2013). We therefore speculate that RAR antagonists might
inhibit retinoid-induced irritation by desensitizing the pain-
initiating TRPV1 and TRPA1 channels.

In summary, our study revealed molecular and cellular
mechanisms underlying activation of two pain-producing
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TRP channels by LE13S5, that mediated the inflammatory pain
and nociception induced by this compound. Our findings
disclosed an important pharmacological property of LE135
that could apply to other structurally related retinoid receptor
ligands. Such off-target effects through activation of TRPA1
and TRPV1 channels have not been described earlier and
should be considered in future studies in which LE135 and
related retinoid drugs are used as selective antagonists of RARg
nuclear receptors.
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