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Abstract

Endothelin-1 (ET-1) produced by various cancers is known to be responsible for inducing pain.
While ET-1 binding to ETAR on peripheral nerves clearly mediates nociception, effects from
binding to ETBR are less clear. The present study assessed the effects of ETBR activation and the
role of endogenous opioid analgesia in carcinoma pain using an orthotopic cancer pain mouse
model. mMRNA expression analysis showed that ET-1 was nearly doubled while ETBR was
significantly down-regulated in a human oral SCC cell line compared to normal oral keratinocytes
(NOK). Squamous cell carcinoma (SCC) cell culture treated with an ETBR agonist (1074M, 107°
M, and 106 M BQ-3020) significantly increased production of p-endorphin without any effects
on leu-enkephalin or dynorphin. Cancer inoculated in the hind paw of athymic mice with SCC
induced significant pain, as indicated by reduction of paw withdrawal thresholds in response to
mechanical stimulation, compared to sham-injected and NOK-injected groups. Intratumor
administration of 3 mg/kg BQ-3020 attenuated cancer pain by approximately 50% up to 3 hours
post-injection compared to PBS-vehicle and contralateral injection, while intratumor ETBR
antagonist BQ-788 treatment (100 and 300 pg/kg and 3 mg/kg) had no effects. Local naloxone
methiodide (500 pg/kg) or selective p-opioid receptor antagonist (CTOP, 500 pg/kg) injection
reversed ETBR agonist-induced antinociception in cancer animals. We propose that these results
demonstrate that peripheral ETBR agonism attenuates carcinoma pain by modulating f-
endorphins released from the SCC to act on peripheral opioid receptors found in the cancer
microenvironment.
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Introduction

Methods

Pain is a frequent and disabling consequence of many types of cancers in humans. It is a
primary determinant of a poor quality of life, especially in head and neck cancer patients.
[11] Eighty-five percent of cancer patients experience severe pain in their final days of life
[60] and up to ninety percent of those in terminal stages must cope with opiate-resistant pain
related to tumor progression. [39,40,52,55] The etiology of cancer pain is unknown, but may
involve mediator-dependent signaling by cancer cells to primary afferent sensory neurons in
the cancer microenvironment. One candidate mediator is endothelin-1 (ET-1) [48,58,49], a
vasoactive 21-amino acid peptide first isolated from porcine aortic endothelial cells. [66]
ET-1 is a member of the endothelin family, which includes ET-2, ET-3, and the sarafotoxins
[31,35], and is synthesized from its precursor, pre-pro ET-1, through a proteolytic cleavage
by endothelin converting enzyme (ECE). [27] The physiological actions of endothelin are
mediated by two G-protein coupled receptors (GPCRs), endothelin A (ETAR) and
endothelin B (ETBR), which have been successfully cloned in mammals. [3,56]

ET-1 is synthesized by neurons and glial cells in the central and peripheral nervous systems
[25,36] and may serve as an algogen to induce nociception. Studies in animals have
demonstrated that injection of ET-1 evokes tactile allodynia [6], hyperalgesia from thermal
[18] and mechanical [21] stimulation, and overt inflammatory nociception. [21,19,51] ET-1
also causes pain in humans through activation and sensitization of C nociceptors. [28,42] In
addition to mediating nociception in noncancerous conditions, ET-1 also plays a role in
cancer pain. ET-1 is highly expressed in different cancers, including bone [63,48], lung [1],
colorectal [4], breast [2], prostate [43] and oral squamous cell carcinoma. [50] Furthermore,
it has been demonstrated that treatment with selective ETAR antagonists attenuate ET-1
mediated pain associated with cancer [16,18,9,48,69,58,24,49], specifically by antagonizing
ETARs present on primary afferent nociceptors. [17,26]

Whereas the role of ETAR in ET-1-induced pain is well characterized, the importance of
ETBR for this pain is less clear. In rats, ETBR is believed to mediate mechanical
hypernociception via cAMP formation and activation of a PKC-dependent phosphorylation
cascade. [15] ETBR activation also elicits orofacial mechanical allodynia in rats with
trigeminal neuralgia. [13] On the other hand, Khodorova and colleagues have demonstrated
that selective activation of ETBR on normal skin keratinocytes stimulates release of 8-
endorphins [33] and further showed that ETBR agonism in rats inhibits ET-1-induced
nociception in a naloxone-sensitive manner [32] involving an endogenous opioid-mediated
analgesic cascade. Squamous cell carcinoma consists of malignant keratinocytes.
Theoretically, the generation of peripheral opioids by carcinoma within the cancer
microenvironment immediately adjacent to the sensitized afferent nociceptors is the ideal
targeted approach for abrogating cancer pain. Since activation of ETBR on squamous cells
modulates pain through endogenous opioid analgesia, we hypothesized that ETBR activation
might modulate squamous cell carcinoma-induced pain. Therefore, in the present study, we
investigated the effects of ETBR agonism on cancer-induced nociception, and whether these
effects are dependent on opioid receptor functions.

2.1 Cell culture

HSC-3, an oral SCC cell line (ATCC, Manassas, VA) derived from a human tongue SCC,
was cultivated in Dulbecco’s Modification of Eagle’s Medium (DMEM) with 4.5 g/L
glucose, L-glutamine and sodium pyruvate, supplemented with 10% fetal bovine serum, 25
ug/mL fungizone, 100 ug/mL streptomycin sulfate, and 100 units/mL penicillin G. Primary
normal oral keratinocytes (NOK) were harvested from normal gingival tissues using a
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modified technique described by Hybbinette et al. [30] Collection of oral epithelium was
approved by the UCSF Committee on Human Research and consent was obtained from
patients. Tissues were washed in 70% sterile ethanol, cut into 5 mm square sections, and
incubated in 0.25 mg/mL dispase I at 37°C for approximately 3 hrs. The separated epidermis
was minced and transferred to 0.25% trypsin for 5 min incubation at 37°C, then stopped
with 0.25-0.5 mg/mL soybean trypsin inhibitor (Invitrogen, Carlsbad, CA) and centrifuged
at 1300 rpm for 8 min. The sedimented cells were resuspended in Defined Keratinocyte
Serum-free media (Invitrogen, Carlsbad, CA) supplemented with 50 pg/mL gentamicin and
25 pg/mL fungizone and cultivated at 37°C in 5% CO,.

2.2 Real-time quantitative RT-PCR in cell culture

Because ETBRs have not been previously quantified in oral SCC we used RT-PCR to
quantify and compare transcript expression levels of ET-1 and ETBR in oral SCC and
normal oral keratinocytes. ET-1 and ETBR mRNA expression levels were measured in the
HSC-3 cell line relative to the normal oral keratinocyte control (NOK). 10* cells were
cultivated in 300 uL of DMEM supplemented with 10% fetal bovine serum, 25 pug/mL
fungizone, 100 pug/mL streptomycin sulfate, and 100 units/mL penicillin G on 96-well cell
culture plates until 75%-80% confluent. Cells were then harvested and lysed for quantitative
PCR analysis using the TagMan® Gene Expression Cells-to-CT Kit (Applied Biosystems/
Ambion, Austin, TX), performed at the Genome Analysis Core (University of California,
San Francisco). Samples were run on an ABI 7700 Prism (PE Biosystems, Foster City, CA).
Relative expressions of ET-1 and ETBR mRNA were calculated using the comparative Ct
method as previously described. [14,58] Analysis was carried out using the software
supplied with the ABI 7700 Prism. Overexpression was defined as expression >2.0 relative
to the reference gene B-N-acetyl-glucosaminidase (3-Gus).

2.3 Immunofluorescence

Immunofluorescence was performed to validate the presence of ETBR in oral SCC. HSC-3
cells were seeded onto glass cover slips in 6-well plates overnight at 37°C with 5% CO5 in
supplemented DMEM (see above). Cells were washed twice with PBS, fixed in ice-cold
acetone for 5 min at room temperature (RT), permeabilized with 0.2% TritonX-100 for 15
min, washed three times with PBS then nonspecifically blocked with 3% bovine serum
albumin (BSA) for 2 hrs. Incubation with primary rabbit polyclonal ETBR antibody (Abcam
Inc., Cambridge, MA) diluted 1:100 in 3% BSA was performed at RT for 2 h followed by
incubation with donkey anti-rabbit Texas Red-conjugated IgG secondary antibody (Jackson
ImmunoResearch Laboratories, Inc., West Grove, PA) diluted 1:500 in 3% BSA for 1 h at
RT. Nuclei were stained with 1:500 Hoechst stain (Invitrogen, Carlsbad, CA). The cover
slips were washed and mounted on slides in Gel/Mount™ mounting medium (Biomeda
Corp., Foster City, CA) and visualized on a Nikon Eclipse E600 microscope using
epifluorescence. All images were captured and analyzed with RT Spot Software
(Diagnostics Instruments, Inc., Sterling Heights, MI). Omission of the primary antibody was
used as controls for the immunofluorescence.

2.4 ELISA measurement of endogenous opioids

To evaluate the effect of ETBR agonism on opioid production and secretion in oral SCC, we
used enzyme-linked immunosorbent assay (ELISA) for opioid peptide measurement. 10°
HSC-3 cells were seeded onto 6-well tissue culture plates with 3 mL of DMEM
supplemented with 10% fetal bovine serum, 25 pg/mL fungizone, 100 pg/mL streptomycin
sulfate, and 100 units/mL penicillin G. HSC-3 cells were cultured for 24 h until the wells
reached 70-80% confluence. Each well was washed once with PBS then incubated for 12 h
in 1 mL of one of the following media: 1) DMEM alone, 2) DMEM with 10 ng/mL
synthetic beta-endorphin (Sigma, St. Louis, MO) or leu-enkephalin (Phoenix
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Pharmaceuticals, Burlingame, CA), or 3) DMEM with one of ten-fold concentrations of
BQ-3020 (1074M to 10~°M, American Peptide Co., Sunnyvale, CA). Culture media were
collected and treated with 1x HALT Protease Inhibitor Cocktail (Pierce, Rockford, IL)
before performing ELISA to detect levels of B-endorphin (MD Biosciences, St. Paul, MN),
leucine-enkephalin (leu-enk) and dynorphin (Phoenix Pharmaceuticals, Burlingame, CA).
Opioid concentrations were calculated based on a calibration curve, with 55% supernatant
recovery for B-endorphin and 12% recovery for leu-enk. Dynorphin concentrations were
calculated with a 1:1 recovery ratio since no synthetic human dynorphin was readily
available for recovery test.

2.5 SCC paw model

The cancer pain mouse model was produced as previously described. [58,49] Experiments
were performed on 4 weeks-old adult female Foxn1"Y, athymic, immunocompromised mice
weighing 16-20 g at the time of SCC inoculation. Mice were housed in a temperature-
controlled room on a 12:12 h light cycle (0700-1900 h light), with ad libitum access to food
and water; estrous cycles were not monitored. All procedures were approved by the
University of California, San Francisco Committee on Animal Research. Researchers were
trained under the Animal Welfare Assurance Program. Mice were divided into three
experimental groups: those receiving an injection of squamous carcinoma cells (SCC
group), those receiving an injection of normal oral keratinocytes (negative control), and
those receiving an injection of DMEM (sham operated). All injections were into the right
hind paw. All groups were anesthetized by inhalation with 1-3% isofluorane throughout the
inoculation procedure. Cell injections consisted of either 108 HSC-3 cells (SCC group) or
NOK cells (negative control) in a vehicle consisting of 50 uL. of DMEM into the plantar
surface of the right hind paw. The sham-operated group received 50 uL of DMEM alone.

2.6 Behavioral testing for the SCC paw model

Behavioral testing was performed as described previously. [58] Testing was performed
between 14:00 and 16:00 h (during the light phase). Mice were placed in a plastic cage with
wire mesh floor which allowed access to the paws. Quantitative assay guidelines were used
similar to a previously described technique. [11] 15 min were allowed for acclimation prior
to testing. The probe was applied to the mid-plantar right hind paw, or the tumor-front on
the hind paw toward the later stages of tumor development. Paw withdrawal thresholds were
determined in response to pressure from an electronic von Frey anesthesiometer (2390
series, IITC Instruments, Woodland Hills, CA). The amount of pressure (g) needed to
produce a paw withdrawal response was measured three times on each paw separated by 3
minute intervals to allow resolution of previous stimuli. The results of three tests were
averaged for each paw for that day. The SCC, negative control and sham-injected groups
were tested under this paradigm at 4, 7, 9, 11, 14, 16, and 18 days post-inoculation of SCC,
NOK or vehicle.

2.7 Drug administration and pain behavioral testing

To determine whether agonism or antagonism of ETBR attenuates cancer-induced
nociception, groups of tumor-inoculated animals were tested with either ETBR agonist
(BQ-3020) or ETBR antagonist (BQ-788). Then to evaluate whether ETBR agonist-induced
attenuation of carcinoma pain involves endogenous opioids, opioid receptor (OR)
antagonists were administered following BQ-3020 injection. Drug testing was performed on
days 18-25 following inoculation of oral SCC into the hind paw. Drugs were dissolved in a
final volume of 20 uL PBS and injected subcutaneously into the mid-plantar hind paw at the
site of greatest tumor development with a 30-gauge beveled needle. For single drug testing,
either BQ-3020 (3mg/kg) or BQ-788 (100-3000 ng/kg) was injected after a 15 min baseline
period and paw withdrawal thresholds were recorded at 5, 10, 15, 30, 45, 60, 90, 120, 180
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min, and 24 h post-injection. For dual drug testing, BQ-3020 (3 mg/kg) was injected after a
15 min pre-injection reading and paw withdrawal thresholds were recorded at post-injection
times 5, 10, 15, 30, 45, 60, and 90 min. Following the 90 min post-ETBR agonist reading, a
second drug (PBS or OR antagonist) was injected and paw withdrawal testing was
performed at 5, 10, 15, 30, 45, 60, 90, 120, 180 min, and 24 h. Mice groups were injected
with one of the following drug combinations: 1) BQ-3020 (3 mg/kg) followed by PBS
control, 2) BQ-3020 followed by nonspecific OR antagonist (500 pg/kg naloxone
methiodide, Sigma, St. Louis, MO), 3) BQ-3020 followed by selective p-OR antagonist (500
ug/kg Cys2-Tyr3-Orn>-Pen’-amide [CTOP], Sigma, St. Louis, MO), or 4) BQ-3020
followed by selective 3-OR antagonist (11 mg/kg naltrindole [NTI], Sigma, St. Louis, MO).
k-OR antagonist (2.5 mg/kg nor-binaltorphimine [nor-BNI], Sigma, St. Louis, MO) was
injected 12 hr prior to injection with PBS control or BQ-3020. The investigators performing
the injections and behavioral testing were blinded to the drugs administered.

2.8 Statistical Analysis

Results

A one-way Analysis of Variance (ANOVA) with a Tukey Multiple Comparisons post-test
was used to compare the withdrawal threshold of the cancer inoculated mice and sham over
18 days. The same test was used to compare the percent change in withdrawal threshold of
the SCC inoculated mice before and after drug or control injection. ELISA protein
measurements and mRNA gene expressions were also analyzed with one-way ANOVA.
When an Equal Variance Test failed, one-way ANOVA with Dunn’s Method for Multiple
Comparison post-test was performed. For all tests a p value of less than 0.05 was considered
significant. Statistical analysis was performed using SigmaPlot for Windows (Version 11.0).

3.1 ET-1 and ETBR expression

ET-1 and ETBR mRNA expression levels in oral SCC were compared to NOK controls
(Fig. 1a) and ETBR localization was visualized in oral SCC with immunofluorescence (Fig.
1b). Expression levels were normalized to the expression of the housekeeping gene B-Gus.
ET-1 mRNA expression in SCC cell culture (407.69 * 68.02%) was nearly two-fold higher
than NOK control (277.28 = 35.09%). ETBR mRNA expression in SCC (0%) was
significantly lower (p = 0.04, Tukey test) than in NOK control (0.026 + 0.009%). Although
normalized ETBR mRNA expression level was not increased, immunofluorescent labeling
revealed ETBR expression on both cell membranes and dispersed in the cytoplasm of SCC
cells (Fig. 1b).

3.2 ELISA measurement of endogenous opioids

ELISA was performed on conditioned media of SCC cells to quantify production of
endogenous opioids (B-endorphin, leu-enkephalin, and dynorphin). The concentration was
calculated from a standard curve using a sigmoid logistics curve fitting program (Bio-Rad
Laboratories, Inc., Hercules, CA) as appropriate for the opioid ELISA kits, followed by
adjustments for percent recovery from synthetic peptide positive control treatments in
culture. SCC cell culture treated with ETBR agonists significantly increased p-endorphin
production compared to untreated SCC cultures at 5.38 + 0.22 ng/mL (Fig. 2a). Treatment
with 1074 M BQ-3020 produced 8.02 + 0.45 ng/mL of p-endorphin (p = 0.002, Tukey test);
10™> M BQ-3020 produced 7.69 + 0.53 ng/mL of p-endorphin (p = 0.007, Tukey test); and
1076 M BQ-3020 produced 6.58 + 0.31 ng/mL of B-endorphin (p = 0.019, Tukey test).
ETBR agonist treatment had no effect on production of either leu-enkephalin or dynorphin
(Fig. 2b—c).
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3.3 ETBR agonist/antagonist effects using the SCC mouse model

To determine whether SCC inoculation induced mechanical hyperalgesia in the mouse
cancer model, paw withdrawal thresholds for the SCC (30 mice), NOK (5 mice), and
DMEM sham (4 mice) groups were compared. Paw withdrawal thresholds for SCC animals
(Fig. 3a) significantly dropped starting on post-inoculation day (PID) 4 and lasted up to
PID18 as compared to both NOK and the sham-injected groups (p < 0.05, Tukey test or
Dunn’s Method as appropriate). Either ETBR agonists or antagonists were administered to
determine whether agonism or antagonism of the receptor affects carcinoma-induced
nociception in the SCC mouse model. Intratumor injection of 3 mg/kg BQ-3020, an ETBR
agonist, significantly increased paw withdrawal thresholds at 15 min post-injection and
lasted up to 3 h compared to PBS-vehicle and contralateral drug injection (p < 0.05, Tukey
test or Dunn’s Method as appropriate), indicating an attenuation of carcinoma-induced
nociception (Fig. 3b). Intratumor injection with ETBR antagonist BQ-788 (100-3000 ug/kg)
had no effect on paw withdrawal thresholds (Fig. 3c).

3.4 Non-specific opioid receptor antagonist dosing effect on carcinoma pain

3.5 Reversal

Since SCC is capable of producing endogenous opioids upon ETBR agonist treatment in
vitro, the contribution of peripheral opioid receptors (OR) to attenuation of cancer pain was
investigated in vivo. We previously reported that SCC produce elevated ET-1 peptides [50],
which indicate that inoculated SCC tumors are capable of activating ETBR in cancer
animals without administration of exogenous ETBR agonists. Relying on endogenous ETBR
activation levels, various doses of non-specific peripheral OR antagonist (naloxone
methiodide; 5, 50, and 500 pg/kg) were injected either intratumor or in the contralateral paw
to evaluate the dosing effect of OR antagonist on cancer-induced nociception. 500 pg/kg
naloxone methiodide injected intratumor most effectively decreased paw withdrawal
thresholds in cancer animals for up to 60 min post-injection (p < 0.05, Tukey test) compared
to PBS-vehicle and lower doses of naloxone methiodide (Fig. 4a). All doses of naloxone
methiodide treatment in the contralateral paw had no effect on paw withdrawal threshold
(Fig. 4b).

of attenuation with opioid receptor antagonists

To determine if endogenous opioids were involved in the attenuation of carcinoma
nociception with ETBR agonists, we evaluated whether opioid receptor (OR) antagonists
could reverse the antinociceptive effect. Since ETBR agonism attenuated carcinoma-induced
nociception for up to 3 hours post-injection (Fig. 3b), OR antagonists were administered at
the midpoint time, immediately following the 90 min recording, to evaluate its nociceptive
effect on paw withdrawal thresholds. 3 mg/kg BQ-3020 was first injected to establish
antinociceptive behavioral response to an ETBR agonist (Fig. 5). Administration of non-
selective opioid receptor antagonist naloxone methiodide (500 pg/kg) decreased paw
withdrawal threshold (Fig. 5a) immediately after injection relative to vehicle control (PBS),
lasting about one hour (p < 0.05, Tukey test or Dunn’s Method as appropriate). Selective p-
opioid receptor antagonist CTOP (500 pg/kg) also reversed antinociception upon
administration (Fig. 5b, p < 0.05, Tukey test) and lasted for approximately one hour when
compared to PBS control. Specific 5-opioid receptor antagonist naltrindole (11 mg/kg) did
not reverse ETBR agonist-induced antinociception (Fig. 5¢). In fact, naltrindole appeared to
slightly enhance antinociception at 65 min post-injection (p < 0.05, Tukey test) but quickly
resolved at the next measurement 30 min later. In order to achieve selective k-opioid
receptor inhibition, tumor animals were pretreated with «-OR antagonist nor-
binaltorphimine (2.5 mg/kg nor-BNI) 12 hours before injection with BQ-3020. nor-BNI had
no effect on paw withdrawal thresholds compared to BQ-3020 injection (Fig. 5d).
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Discussion

These results are evidence that endogenous opioids are important modulators of ETBR
agonist-mediated antinociception in a mouse model of cancer pain. Administration of non-
selective opioid receptor antagonist naloxone methiodide or selective p-opioid receptor
antagonist CTOP prevented analgesia induced by ETBR agonism. Also our in vitro
immunoassay demonstrated that the ETBR agonist BQ-3020 induced secretion of f3-
endorphin in oral SCC cell culture. ETBR activation in carcinoma cells stimulates
endogenous opioid production in the tumor microenvironment to act on neighboring primary
afferents and modulate cancer pain. Our results in combination with available studies on
endothelin suggest dual control of cancer-induced pain, whereby ETAR on nerve terminals
mediate nociception [16,18,9,48,69,58,24,49] while ETBR on neighboring cancer cells
promote modulation of the nociceptive signal. The binary function of endothelin in
nociception is much like its divergent actions in the vasculature, where ETAR mediates
vasoconstriction and ETBR mediates vasodilatation, depending on their expression on
different vascular cells. [54]

ET-B receptors are G-coupled protein receptors with seven transmembrane domain. [3]
Unlike the G proteins associated with ETAR, ETBR predominantly interacts with G;1,
Gi2, and G,g/11. [61] ETBR is expressed by various normal cell types [47], including
dorsal root ganglion satellite cells, nonmyelinating ensheathing Schwann cells [51], skin
keratinocytes [67,33], and human gingival keratinocytes. [23] ETBR is also found on
different cancer cells, such as melanoma [34], breast carcinoma [2,65], and oral squamous
carcinoma cell line SCC25. [5] In the current study, we localized ETBR proteins in cell
culture with immunofluorescence but found that ETBR mRNA expression in our oral SCC
cell line, HSC-3, was significantly lower than normal oral keratinocytes after normalizing to
the housekeeping gene B-N-acetyl-glucosaminidase (B-Gus). EDNRB expression in SCC was
undetected compared to normal oral keratinocytes. Note that expression levels were
normalized to the expression of the housekeeping gene B-Gus to allow direct comparison
between the cancer and normal cells. EDNRB is still expressed at the basal level similar to
that of B-Gus. This may explain why ETBR proteins were detected our SCC cells under
immunofluorescent imaging. Downregulation of the EDNRB gene in cancer is not
uncommon, for previous findings in melanoma [34], hepatocellular carcinoma [29], and
small cell lung carcinoma [12] have similarly reported EDNRB downregulation due to
promoter hypermethylation. The epigenetic alteration of the tumor suppressor EDNRB gene
plays an important role in cancer pathogenesis.

Regulation of EDNRB expression may also serve as a mechanism for modulating peripheral
nociception. Mice with ETBR knockdown specifically in the sciatic nerves have been shown
to have increased mechanical hyperalgesia and tactile allodynia. [7] Here, we demonstrated
that mechanical allodynia is increased in mice inoculated with an oral SCC cell line (HSC-3)
that is characterized with downregulated ETBR mRNA expression and increased ET-1
protein transcripts. [49] Paw withdrawal thresholds significantly dropped starting at PID4
and lasting to PID18. Furthermore, ETBR agonist BQ-3020 treatment in oral SCC increased
secretion of B-endorphin peptides. A range of ten-fold concentrations of BQ-3020 were
tested and higher doses at 1074 to 106 M significantly induced B-endorphin levels
compared to untreated cells. Endogenous opioids are commonly produced by peripheral
neuronal cells to promote opioid analgesia, but other cell types are also capable of making
opioids, such as leukocytes [8], visceral lining epithelial cells [20], skin keratinocytes [33],
and even a number of cancers. Malignant melanoma [41], ovarian tumors [46], small cell
lung carcinoma [38], and epidermoid carcinoma cells [57] have been reported to produce
opioids, but our data indicating opioid production and secretion by an oral SCC is a novel
finding. Opioids secreted by non-neuronal cells mediate analgesia in the same manner as
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their neural-derived counterparts. Studies have shown that -endorphins produced by
leukocytes are responsible for inhibiting inflammatory pain in both humans and animals.
[37,53] Our in vitro and in vivo findings using an orthotopic cancer pain mouse model
demonstrate that endogenous opioids are implicated in cancer pain attenuation induced by
an ETBR agonist (BQ-3020). These findings also raise the question of whether peripherally-
restricted opioid agonists or agents that increase the peripheral concentration of opioids can
be used to treat cancer pain. Activation of peripheral p-opioid receptors produces an
antinociceptive effect in a rat neuropathic pain model. [45] In patients with inflammatory
knee pain selective activation of peripheral opioid receptors produces analgesia. [62]
Selective peripheral receptor activation is controlled by administering low, systemically
inactive doses that are unable to cross the blood-brain barrier. These results with
peripherally acting opioid agonists have been confirmed in a number of different
randomized, controlled studies. [44] When low dose morphine is administered into an
inflamed, sequestered anatomic site which can limit systemic redistribution (e.g. a joint) it is
more effective (both magnitude and duration) than when a similar amount of the opiate is
administered systemically. [44]

If peripherally-restricted opioid agonists are capable of producing analgesia there is the
question of why peripherally restricted opioid receptor antagonists do not increase pain or
decrease the analgesia produced by systemic opioid receptor agonists. Most studies that have
looked at the effect of peripherally-restricted opioid receptor antagonists have evaluated the
effect of these peripherally-restricted opioid receptor antagonists on gastrointestinal motility.
Peripherally-restricted p-opioid receptor antagonists, including alvimopan and
methylnaltrexone, have been developed for the treatment of opioid-induced bowel
dysfunction, a very common consequence of opioid analgesics in cancer pain. [22,68]
Clinical data suggest that these peripherally-restricted opioid antagonists successfully treat
opioid-induced bowel dysfunction but do not reduce the analgesia produced by the opioid
agonists. [22,59,64,10] These drugs act at the gastrointestinal tract and likely have very low
penetration into the diseased tissue causing pain. Moreover, systemic opioid receptor
agonists continue to produce analgesia through central mechanisms.

Previous reports have indicated that B-endorphin is involved in ETBR agonist-mediated
inhibition of ET-1-induced nociception in both rats and mice. [32,33] Our data further
connects the mechanism to cancer-induced nociception since oral SCC is characterized with
significantly elevated ET-1 peptides. [58,49] The analgesic effect of ETBR agonism is
unlikely to be through sensory fibers, where ETBRs have not been detected [51], but instead
is more likely the result of an indirect action mediated by B-endorphins secreted by oral SCC
cells that are stimulated by increased ET-1 in the cancer microenvironment. In vitro ELISA
data demonstrates that oral SCC is the source for the opioids. It is difficult to determine
whether the opioid levels we measured in vitro occur in vivo. Regardless, the levels of
secreted opioids are high enough to induce analgesia as demonstrated by our behavioral
studies. Given that carcinoma pain is likely due to hypersensitivity of the nociceptive
afferents within the cancer microenvironment the critical result of our study in terms of
functional significance is that the carcinoma secretes opioids precisely where they are most
likely to have a direct analgesic effect. Currently, there are no clinical trials evaluating the
analgesic efficacy of ETBR agonists in patients. Drugs which target peripheral ETBRS
within the cancer microenvironment and are free from the complications associated with
systemic opioids have significant potential for improved pain management in cancer
patients.
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In

ag
ca

*Summary

the present study we demonstrate that peripheral endothelin B receptor (ETBR)
onism attenuates carcinoma pain by modulating f-endorphins released from the
rcinoma to act on peripheral opioid receptors found in the cancer microenvironment.
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Figure 1.
(a) Mean ET-1 and ETBR mRNA relative percent expression in NOK (n = 3) and oral SCC

(n = 3) cell cultures normalized to expression of B-GUS mRNA levels. ETBR mRNA
expression was undetectable in oral SCC compared to NOK control (p = 0.040, indicated
with *). (b) Immunofluorescence staining of ETBR in oral SCC cell line (HSC-3). Rabbit
polyclonal antibody against ETBR (1:100, Texas Red) shows dispersed staining in the cells.
Nuclei are stained with Hoechst dye (1:500, blue).
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Figure 2.

ELISA quantification of endogenous opioid concentrations in oral SCC conditioned media
under different ETBR agonist (BQ-3020) treatment. (a) p-endorphin level is significantly
increased when treated with 1074 M, 107> M, and 1078 M BQ-3020 compared to DMEM
control (p = 0.002, 0.007, and 0.019, respectively), as indicated by an *. (b—c) Both leu-
enkephalin and dynorphin levels are not affected by BQ-3020 incubation compared to
DMEM control.
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Figure 3.

(a) Mean percent change in paw withdrawal threshold (PWT) of the right hind paws of the
HSC-3 group (n = 30), NOK group (n =5), and DMEM sham-injected group (n = 4). Mean
PWT in the cancer group significantly decreases starting at PID4 and maintains throughout
until PID18 (p < 0.05) compared to both NOK and DMEM groups. The NOK group is not
significantly different from the DMEM group. (b) Mean PWT of cancer animals injected
with PBS vehicle (n = 5) or BQ-3020 (3 mg/kg, n = 15) in the cancer, or BQ-3020 (3 mg/Kkg,
n = 5) in the contralateral paw. Overall, BQ-3020 injection in the cancer significantly
increases PWT compared to both PBS and contralateral BQ-3020 administrations (p < 0.05)
for a minimum of 3 hrs, indicating the presence of antinociception with localized ETBR
agonism. (c) Mean PWT of cancer animals injected with PBS vehicle (n = 10) or BQ-788
(100 pg, 330 pug, or 3 mg/kg, n =5). BQ-788 has no significant effect on mean PWT. [* and
# denote statistical significance compared to PBS vehicle and contralateral BQ-3020,
respectively]
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Figure 4.

Mean percent change in PWT of cancer-inoculated animals injected with a ten-fold
magnitude range of nonspecific opioid receptor (OR) antagonist, naloxone methiodide,
either in the cancer or into the contralateral paw. (a) 500 ug/kg naloxone methiodide (n =
10) administered into the cancer paw of animals significantly reduced mean PWT compared
to PBS (n = 10) and lower concentrations at 5 and 50 ug/kg (n = 10, each group) att =15
min after drug injection, lasting up to 1 hr post-injection (p < 0.05). [* denotes statistical
significance] (b) 5 ng/kg (n = 5), 50 p/kg (n = 5), and 500 pg/kg (n = 10) of naloxone
methiodide administered into the contralateral hind paw has no effect on mean PWT
compared to PBS (n = 10) injected into the cancer paw of animals
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Figure 5.

Mean percent change in PWT of the right hind paws of cancer-inoculated animals injected
with ETBR agonist (3 mg/kg BQ-3020) followed by administration of different peripheral
opioid receptor (OR) antagonist drugs or PBS alone. (OR antagonist injection indicated by
1.) (a) Paw withdrawal for SCC group which received naloxone methiodide (500 pg/kg) at
90 min after BQ-3020 injection (n = 9) compared to PBS control group (n = 5). Mean PWT
for the naloxone methiodide group has a significant negative change starting at 10 min
following injection of the peripheral OR antagonist, with about 50 min duration (t = 100,
105, 110, 125, and 140 min), compared to the PBS control group (p < 0.05). (b) Mean PWT
for SCC group which received pu-OR antagonist CTOP (500 pg/kg) at 90 min after BQ-3020
injection (n =5). CTOP injection results in an immediate reduction of the mean PWT
compared to the PBS control group (p < 0.05), starting at t = 100 min and lasting to t = 155
min. (c) Mean PWT for SCC group which received 3-OR receptor antagonist naltrindole
(NTI, 11 mg/kg) at 90 min after BQ-3020 injection (n = 5). NTI injection has no overall
effect on mean PWT compared to PBS controls, except for a single aberration at t = 155
min, where PWT is higher than the control group (p = 0.03). (d) Paw withdrawal for SCC
group which received nor-binaltorphimine (2.5 mg/kg) 12 hrs prior to BQ-3020 treatment (n
=5). nor-BNI administration has no significant effect on mean PWT compared to the PBS
control group. [* denotes statistical significance]
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