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Abstract

The neurobiological mechanisms underlying chronic pain associated with cancers are not well
understood. It has been hypothesized that factors specifically elevated in the tumor
microenvironment sensitize adjacent nociceptive afferents. We show that parathyroid hormone-
related peptide (PTHrP), which is found at elevated levels in the tumor microenvironment of
advanced breast and prostate cancers, is a critical modulator of sensory neurons. Intraplantar
injection of PTHrP led to the development of thermal and mechanical hypersensitivity in both
male and female mice, which were absent in mice lacking functional transient receptor potential
vanilloid-1 (TRPV1). The PTHrP treatment of cultured mouse sensory neurons enhanced action
potential firing, and increased TRPV1 activation, which was dependent on protein kinase C (PKC)
activity. Parathyroid hormone-related peptide induced robust potentiation of TRPV1 activation and
enhancement of neuronal firing at mild acidic pH that is relevant to acidic tumor
microenvironment. We also observed an increase in plasma membrane TRPV1 protein levels after
exposure to PTHrP, leading to upregulation in the proportion of TRPV1-responsive neurons, which
was dependent on the activity of PKC and Src kinases. Furthermore, co-injection of PKC or Src
inhibitors attenuated PTHrP-induced thermal but not mechanical hypersensitivity. Altogether, our
results suggest that PTHrP and mild acidic conditions could induce constitutive pathological
activation of sensory neurons through upregulation of TRPV1 function and trafficking, which
could serve as a mechanism for peripheral sensitization of nociceptive afferents in the tumor
microenvironment.
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1. INTRODUCTION

Despite many advances in cancer research, treatment for the associated pain conditions has
gone mostly overlooked and under-managed [62,68]. Chronic pain in cancers, such as breast
and prostate, are primarily treated with opioids, which over prolonged treatment durations
lead to decreased efficacy, increased tolerance, and even promotion of tumor growth [20,51].
Moreover, the precise neurobiological mechanisms underlying this pain remain unknown,
which poses a serious challenge for the development of efficacious analgesics. Specific
factors secreted into the tumor microenvironment have been proposed to sensitize adjacent
nociceptive fibers, thereby causing chronic pain [20,48,50,51,81]. Parathyroid hormone-
related peptide (PTHrP), which is expressed at high levels in advanced breast and prostate
tumors, could represent one of these factors. Knock-down and/or antibody-neutralization of
PTHrP have been shown to dramatically reduce the frequency of metastasis and subsequent
tumor growth [17,30,43,45,46,66,89]. PTHrP activates parathyroid hormone receptor 1
(PTH1R), which is a Gaq- or Gag- protein-coupled receptor [1], resulting in downstream
activation of protein kinases C (PKC) and/or A (PKA), both of which are critical to its
tumor-promoting effects [31,41,78].

It is well established that activation of PKC and PKA enhance sensory neuron firing via
modulation of the transient receptor potential vanilloid-1 (TRPV1) [15,22,38,44,70,71].
TRPV1 is a polymodal detector of noxious stimuli, mainly noxious temperatures (>43°C),
acidic pH (<pH 6.0), and several endogenous and exogenous compounds [11,38]. Post-
translational modification of TRPV1 by PKC, PKA, microtubule-associated protein kinases,
and Src kinases dramatically potentiate channel function and expression
[6,7,35,37,57,63,70,87,90], leading to channel activation at or below body temperatures
(<37°C) and/or to mild acidic pH ranges [15,47,63,70]. Involvement of TRPV1 in cancer
pain has been reported in rodent models of bone sarcoma and cutaneous cancers
[4,15,21,48,50,51,65,76,79]. Tumor-related factors such as granulocyte colony-stimulating
factor (G-CSF), granulocyte-macrophage colony stimulating-factor (GM-CSF), interleukin-6
(IL-6), tumor necrosis factor-alpha (TNF-a), nerve growth factor, (NGF), and
lysophosphatidic acid (LPA) have previously been shown to modulate the activity of
TRPV1, and are therefore considered as mediators of tumor-nerve interactions
[3,15,24,44,48,50,65,76,81].

We hypothesized that PTHrP could potentiate sensory neuron excitation via upregulating
TRPV1 channel function, thereby providing a mechanism for peripheral pain sensitization.
We demonstrate that PTHrP induced peripheral thermal and mechanical hypersensitivity in
mice, which were absent in TRPV1 knock-out ( 77pvZ~/~) mice. PTHrP increased sensory
neuron excitability via PKC-dependent enhancement of TRPV1 currents. Additionally,
PTHrP caused a Src-dependent increase in plasma membrane TRPV1 levels, resulting in
increased proportion of functional TRPV1-expressing neurons. Interestingly, Src inhibition
attenuated PTHrP-induced thermal hypersensitivity in mice, suggesting a critical role for
increased TRPV1 trafficking in peripheral nociceptor sensitization by PTHrP. This could
presumably sub-serve a mechanism for peripheral pain sensitization associated with breast/
prostate cancers.
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2. MATERIALS AND METHODS

All experiments were performed using adult (6—14 weeks old) mice housed in The
University of lowa animal facility on a 12-hour light/dark cycle with access to food and
water ad /ibitum. All the procedures involving mice and mouse tissue performed in this
study were approved by the University of lowa Institutional Animal Care and Use
Committee, and in strict accordance the US National Institute of Health (NIH) Guide for the
Care and Use of Laboratory Animals. Every effort was made to minimize the number of
mice used in this study and their suffering. All female mice used in this study were not
staged to ascertain any specific part of their estrous cycle, and all the behavioral and DRG
isolation experiments on female mice were performed irrespective of any specific sage of
their estrous cycle.

2.1. Chemicals and reagents

Purified recombinant human/rodent collagenase and pronase were purchased from EMD-
Millipore Chemicals, Billerica, MA, and the Ca2*-sensitive dye Fura-2AM and pluronic acid
were purchased from Life Technologies, Grand Island, NY. PTHrP was from Peprotech,
Rockhill, NJ; capsaicin was from Sigma-Aldrich, St. Louis, MO; PKC activator phorbol 12-
myristate 13-acetate (PMA), PKC inhibitor bisindoylmelimide-1 (BIM-I), PKA activator
forskolin [[3/-(3a.,4aB,5p,6p,6ac,10a,10ap,10ba)]-5-(Acetyloxy)-3-
ethenyldodecahydro-6,10,10b-trihydroxy-3,4a,7,7,10a-pentamethyl-1A-naphtho[2,1-
blpyran-1-one], PKA inhibitor KT5720 [(9510R,12/)-2,3,9,10,11,12-hexahydro-10-
hydroxy-9-methyl-1-0x0-9,12-epoxy-1 H-diindolo[1,2,3-fg:3",2",1"-kl]pyrrolo[3,4-i]
[1,6]benzodiazocine-10-carboxylicacid hexyl ester], and the Src kinase inhibitor PP2 [3-(4-
chlorophenyl) 1-(1,1-dimethylethyl)-1 A-pyrazolo[3,4-dlpyrimidin-4-amine] were from
Tocris Bioscience-Bio-Techne, Minneapolis, MN. Cyclic adenosine monophosphate (CAMP)
enzyme-linked immunosorbent assay (ELISA) kits were purchased from Enzo Life
Sciences, Farmingdale, NY, and the cellular membrane fractionation kit was purchased from
Invent Biotechnologies, Eden Prairie, MN. All other chemicals and reagents in this study
were purchased from Sigma-Aldrich, St. Louis, MO, Bio-Rad, Roche Applied Science,
Indianapolis, IN, Life Technologies, Grand Island, N, and Thermo Fisher Scientific,
Waltham, MA.

2.2. Behavioral assessment of thermal and mechanical hypersensitivity

Adult C57BL/6 mice of 7rpv1t* (wild-type) and 7rpvZ~/~ genotype were acclimated to the
testing environments of thermal and mechanical hypersensitivities for 2 days prior to testing
by placing them in the testing chambers for 30 min two times a day separated by at least 1
hour. Thermal hypersensitivity was tested as described previously [47] using a plantar test
apparatus (I1'TC Life Sciences, Woodland Hills, CA). Briefly, mice were placed in individual
Plexiglas testing chambers situated on a glass plate maintained at thermo-neutral
temperature (~30°C) for 30 min before testing. Tests were conducted by applying a focused
high-intensity beam of light on the plantar surface of the hind paw and the duration or
latency to paw withdrawal was recorded using a programmable digital counter. For each
time point, the paw withdrawal latency (PWL) was measured for both limbs twice and the
average was taken for analysis.
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Mechanical sensitivity was measured using a range of 8 Von Frey hair filaments (0.04 - 2 g;
Stoelting Co., Wood Dale, IL) applied to the plantar surface of the mouse hind paw. Mice
were placed on a wire mesh platform covered by a Plexiglas box for 15 min before testing.
Tests were performed starting with the lowest filament strength (0.04 g) and moving up to
the filament with maximum strength (2 g), each filament was applied to individual mouse
hind paw five times, and the number of paw withdrawal responses was recorded as
percentage of response. To access the changes in paw withdrawal response to the whole
range of filaments over testing durations, the area under the curve (AUC) was calculated for
each animal and the average AUC for each treatment group was calculated, similar to the
analysis method described earlier [5] with some modifications.

Baseline measurements were taken for both thermal and mechanical sensitivity, and then
followed by intraplantar (i.pl.) injection of saline or different concentrations of PTHrP (10 pl
of 20 nM, 100 nM, 200 nM, 1 pM or 20 pM) into one hind paw with a 33-gauge needle
coupled to a microsyringe. Thermal sensitivity was measured at 0.5, 5.5 and 24 hours after
injections, and mechanical sensitivity was measured at 1, 6 and 24 hours after injections. In
separate experimental groups BIM-I (10 pug) or PP2 (3 pg) were co-injected along with
PTHTrP or alone. Saline-injected and PTHrP-injected controls were included in every cohort
of animals tested. The experimenter performing behavioral assessment of thermal and
mechanical hypersensitivity was blinded to the lateralization and details of drug injections,
as well as to the genotypes of mice. All behavioral experiments were performed on 6 to 12
mice of individual genotypes (wherever mentioned), in 2 or more cohorts of animals.

2.3. Primary cultures of mouse DRG neurons

DRGs were isolated from adult 7rpv** and 7rovi~/~ mice of both sexes in the C57BL/6
background, following the procedure described previously [15,47]. Isolated DRGs were
dissociated and digested with the enzymes collagenase and pronase, and then plated onto
poly-L-ornithine- and laminin-coated glass coverslips (for Ca2* imaging) or 14 mm glass
bottom dishes (Mat-Tek Co., Ashland, MA, for biochemical experiments). Cells were
incubated in culture media comprised a of 1:1 ratio of TNB media supplemented with
protein-lipid complex (Biochrom AG, Germany) and Dulbecco’s modified-Eagle’s medium
(DMEM) supplemented with 10% fetal bovine serum at 37°C in a 5% CO, incubator for 2-3
days, before using in Ca2* imaging, biochemical and electrophysiological experiments.

2.4. Electrophysiology and data analysis

All voltage- and current-clamp experiments on cultured mouse DRG neurons were
performed as per the protocols described previously [47]. For voltage-clamp experiments the
pipette solution contained (in mM): 5 NaCl, 140 KCI, 1 CaCl,, 1 MgCl,, 10 HEPES, 5
EGTA and 3 Na-ATP, pH 7.3 with KOH. The cells were bathed in extracellular buffer
containing (in mM) 140 NaCl, 5 KCl, 0.1 CaCl,, 1 MgCl,, 10 HEPES, 10 glucose, and 1
tetrodotoxin, pH 7.3 with NaOH. Low extracellular Ca* concentration was used to
minimize the CaZ*-dependent desensitization of TRPV1 [59]. For proton dose-response
experiments, Ca2*-free extracellular buffers were used, in order to inhibit TRPV1 channel
desensitization, and HEPES was substituted with 2-(N-Morpholino)ethanesulfonic acid
sodium salt in extracellular buffers with pH 5.8, 5.4, and 4.8. All drugs were diluted in
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extracellular buffer and perfused locally onto the cell under recording, using individual
channels of a Teflon tubing-connected glass multiple-barrel gravity driven perfusion system.
Currents were recorded at room temperature (~22°C) with an Axopatch 200B patch-clamp
amplifier connected to a Digidata 1440A data acquisition system (Molecular Devices,
Sunnyvale, CA). The holding potential was =70 mV, and the data were sampled at 2 kHz and
filtered at 1 kHz using pClamp 10 software (Molecular Devices, Sunnyvale, CA). Patch
pipettes were pulled from borosilicate glass tubes and heat polished at the tip using a
microforge (World Precision Instruments, Sarasota, FL) to give a resistance of 2-6 MQ when
filled with the pipette solution. Clampfit 10 (Molecular Devices, Sunnyvale, CA), Excel
(Microsoft Co, Redmond, WA), and Prism 6 (GraphPad Software, San Diego, CA) software
were used for the analysis of currents and preparing traces/figures. Data are presented as
means + SEM or fitted value + SE of the PTHrP and pH dose-response curve Hill equation
fits.

For current-clamp experiments the extracellular solution contained (in mM): 140 NaCl, 5
KCI, 2 CaCl,, 1 MgCl,, 10 HEPES and 10 glucose, pH 7.3 with NaOH. The pipette solution
was the same as in voltage-clamp experiments. Action potentials (AP) were evoked by
perfusing capsaicin-containing or acidic-pH extracellular buffer directly onto the cell under
current-clamp mode. The number of APs were counted during the first 5 sec of perfusion
and normalized to 5 sec before agonist application to determine the evoked firing frequency.
Spontaneous APs were calculated as the number of APs per sec during PTHrP or
extracellular buffer (control) applications. All electrophysiology experiments were
performed on five or more batches of mouse DRG neuron cultures.

2.5. Reverse transcription polymerase chain reaction

Total RNA was isolated from female C57BL/6 mouse DRGs using TRIzol reagent
(Invitrogen), treated with DNase-I for 30 min at 37°C, and followed by 65°C to inactivate
the enzyme. The RNA was then reverse-transcribed into cDNA using a SuperScript 111 RT-
PCR kit (Invitrogen). Individual PCR reactions were then performed using the cDNA
Choice Blue Master Mix (Denvile Scientific Inc), and specific primers targeting mouse
PTH1R (forward 5-GCAGTACCTTGTCCCGATTA-3"; and reverse 5'-
CGCAGCATAAACGACAGGA-3"). PCR products were electrophoretically size
fractionated in a 0.7% agarose gel and stained with ethidium bromide, to visualize amplified
PCR products and to verify their predicted size. Experiments were performed on DRGs
isolated from 3 or more mice.

2.6. Immunostaining of DRG sections, cultured neurons, and HEK293T cells

Lumbar DRGs (L4-L6) were harvested from adult female C57BL/6 mice perfused with 4%
paraformaldehyde (PFA) for 20 min, as described previously [47,77]. The DRGs were stored
in 4% PFA with 5% picric acid overnight and were then transferred into 15% sucrose
solution in 0.1 M phosphate buffer (PB) for 24 hours. DRGs were mounted in optimal
cutting temperature (OCT) compound (Sakura Finetek USA Inc., Torrance, CA), and 25 pm
thick sections were obtained using a cryostat (Leica, Buffalo Grove, IL). Free-floating DRG
sections were stained as described previously [47]. Sections were incubated with guinea pig
polyclonal antibody against TRPV1 (1:200; Neuromics, Edina, MN) and mouse monoclonal
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antibody against PTH1R (1:200; Millipore, Billerica, MA) with blocking solution overnight
at 4°C. After washing 3 times for 10 min each, sections were incubated with donkey anti-
mouse IgG conjugated with Alexa Fluor-555 and donkey anti-guinea pig 1gG conjugated
with Alexa Fluor-488 secondary antibodies (both 1:1000; Life Technologies, Grand Island,
NY) for 3 hours. After washing three times for 10 min each, sections were transferred to
glass slides and mounted with ProlongGold anti-fade agent (Life Technologies, Grand
Island, NY). Confocal fluorescence images of mouse DRG sections were taken using a
BX61WI microscope equipped with the Fluoview 300 laser-scanning confocal imaging
system (Olympus, Waltham, MA) with a 10X objective (NA 0.25; Olympus). All
immunohistochemical experiments were performed on DRGs from five or more mice. Cells
in mouse DRG sections that are co-labeled for both TRPV1 and PTH1R, as well as for either
TRPV1 or PTH1R staining were counted on multiple sections in a blinded fashion, in order
to determine the overlap between TRPV1 and PTH1R expression in DRGs.

HEK?293T cells transfected (using lipofectamine2000; Invitrogen) with plasmid containing
yellow fluorescent protein (YPF)-tagged recombinant mouse PTH1R cDNA (in peYFP-N1
vector) were fixed 42—-48 hours post-transfection with 4% PFA. Cells were blocked and
stained with mouse monoclonal antibody against PTH1R (1:200; Millipore, Billerica, MA).
After washing cells were incubated with goat anti-mouse 1gG conjugated with Alexa
Fluor-555 (1:2000; Invitrogen) and DAPI nuclear stain (1:5000), and then mounted onto
glass slides. Immunofluorescence images of cells were captured using a MRc-5 digital
camera connected to a Zeiss Axiolmager epifluorescence microscope, using the AxioVision
software (Carl Zeiss, Thornwood, NY), with a 63X Plan-Apochromat objective (NA 1.4;
Carl Zeiss). All the images were transferred to Photoshop software (Adobe Systems, San
Jose, CA\) as TIFF files.

PKCe translocation assays on cultured mouse DRG neurons on glass coverslips were
performed as described previously [47]. Cells were treated with PTHrP (for 5, 15 and 30
min) or 100 nM PMA (2 min), fixed with 4% PFA, and stained with rabbit polyclonal
antibody against PKCe (1:500; BD Bioscience, San Jose, CA) and mouse monoclonal
antibody against TRPV1 (5 pg/ml; clone N221/17; NeuroMab, Davis, CA) or mouse
monoclonal antibody against PTH1R (1:200; Millipore, Billerica, MA). After washing cells
were incubated with goat anti-mouse 1gG conjugated with Alexa Fluor-488 and goat anti-
rabbit 1gG conjugated with Alexa Fluor-555 secondary antibodies (both 1:2000; Life
Technologies, Grand Island, NY), and then mounted onto glass slides. Confocal
fluorescence images of DRG neurons were taken using a BX61WI microscope equipped
with the Fluoview 300 laser-scanning confocal imaging system (Olympus, Waltham, MA)
with a 60X objective (NA 1.4; Olympus). Individual images were analyzed using NIH
ImageJ software for translocation of PKCe to the cell periphery, as described previously
[47]. The experimenter was blinded to the treatment groups, and the results are expressed as
percentage of neurons exhibiting cell periphery-enriched (translocated) vs uniformly
distributed (non-translocated) PKCe signals. All immunocytochemical experiments on
cultured mouse DRG were performed on three or more batches of mouse DRG neuron
cultures.
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2.7. Functional Ca?* imaging

Ca?* imaging experiments on cultured mouse DRG neurons were performed as described
previously [47]. The standard extracellular HEPES-buffered HBSS (HH buffer) contained
(in mM) 140 NaCl, 5 KCl, 1.3 CaCly, 0.4 MgSQy, 0.5 MgCl,, 0.4 KH,PQy, 0.6 NaHPQy, 3
NaHCOs, 10 glucose, and 10 HEPES, pH 7.35 with NaOH (310 mOsm/kg with sucrose).
Briefly, cultured DRG neurons on glass coverslips were incubated with 1.5 uM of
Fura-2AM for 30 min at room temperature (~22°C) prior to the experiment. The coverslip
was washed in HH buffer following incubation to remove excess dye and then placed in the
recording chamber mounted on the stage of an inverted IX-71 microscope (Olympus,
Waltham, MA), followed by another 10 min of wash with HH buffer before the experiment
began. Fluorescence was alternately excited at 340 and 380 nm using the Polychrome IV
monochromator (T.I.L.L. Photonics, Germany), via a 20X objective [numerical aperture
(NA) 0.75; Olympus], and the emitted fluorescence was collected at 510 (80) nm using an
IMAGO CCD camera (T.I.L.L. Photonics, Germany). Pairs of 340/380 nm images were
sampled at 0.2 Hz. Bath application of two consecutive capsaicin applications (15 s) in HH
buffer was performed with a 5 min interval. Only two capsaicin applications were given in
these experiments, in order to prevent massive increase in intracellular Ca2* ([Ca2*];) levels
in DRG neurons, which often leads to subsequent TRPV1-independent intracellular Ca*
release/flux. Such high levels of [Ca2*]; levels induce strong desensitization of TRPV1
[6,7,42,57-59], and thereby occludes the actual magnitude of channel sensitization. The
recording chamber was perfused globally with HH buffer or PTHrP or PMA, without or with
pharmacological inhibitors of protein kinases during the entire 5 min inter-capsaicin interval
duration, in order to provide sufficient time duration for the action of drugs to take place.
Relative capsaicin-induced peak Ca2* levels were measured by the ratio of 340 nm to 380
nm excitations. Data were analyzed as a ratio of the 2" over 15t capsaicin-induced peak
Ca?* levels and presented as mean + SEM, in order to determine the magnitude of TRPV1
channel sensitization. All Ca2* imaging experiments were performed on five or more
batches of mouse DRG neuron cultures.

2.8. Transfection of mouse DRG neurons

Mouse DRGs were collected and cells were isolated and digested with collagenase and
pronase enzymes as described above. Before plating, cell suspensions were transfected with
Nucleofection kit (Lonza, Switzerland) following the primary mouse DRG neuron small cell
number (SCN) transfection protocol. Cells were combined with 100 pl of Basic Neuron
SCN Nucleofector® solution and 20 pul of SCN Supplement, this mixture was then combined
with 1 pg of plasmid containing pmaxGFP® and 2.5 pg plasmid containing the dominant-
negative Src (DN-Src) and placed in an SCN cuvette. Cuvette was then placed in an Amaxa
Nucleofector™ 11 using the SCN neuron transfection protocol (G-013). Separate batches of
mouse DRG neuron were also prepared with the transfection of 3.5 ug of plasmid containing
pmaxGFP®, to serve as transfection control group. Cells were then plated on to poly-L-
ornithine- and laminin-coated glass coverslips and the DRG cell culture protocol was
followed, as mentioned above.
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2.9. Cyclic adenosine monophosphate enzyme-linked immunosorbent assay

Acutely dissociated mouse DRGs were treated with either 20 nM PTHrP (5, 15 and 30 min)
or 10 uM forskolin (5 min) and then lysed in 0.1 N HCI by incubating on ice for 20 min and
vortexing several times throughout the incubation duration. Total protein levels in lysates
were quantified by bicinchoninic acid (BCA) method (Thermo-Pierce Scientific, Waltham,
MA). Quantification of cAMP in these lysates was performed using ELISA Kit, as per
manufacturer’s protocol. Data are presented as mean + SEM of pmol/ug protein from 3 or
more batches of dissociated DRG neurons.

2.10. Biochemical assay for Src phosphorylation

Cultured mouse DRG neurons were treated with 20 nM PTHrP or 20 nM PTHrP with 100
nM PP2 or vehicle control for 10 min at 37°C and then lysed with lysis buffer containing 20
mM Tris-HCI, 150 mM NaCl, 1% Triton X-100, 1 mM sodium fluoride, 1 mM
phenylmethanesulfonyl fluoride and 1x Protease Inhibitory Cocktail (leupeptin, aprotinin,
antipain, and benzamidine-HCI). Lysates were run on a 7.5% SDS-PAGE gel and then
transferred to nitrocellulose membranes. Following blocking in 4% non-fat milk in Tris-
buffered saline, membranes were probed with either rabbit polyclonal anti-Src (1:1000,
Clone 36D10, Cell Signaling, Danvers, MA) or rabbit polyclonal anti-Phospho-Src (1:1000,
Tyr416, Cell Signaling) antibodies. Membranes were then washed and incubated with goat
anti-rabbit IgG-HRP secondary antibody (1:5000, Antibodies Inc., Davis, CA). Blots were
incubated with ECL-Plus reagent (Perkin Elmer, Waltham, MA), and the
chemiluminescence signals were captured on X-ray film (Kodak-Biomax, Carestream
Health, Rochester, NY). Experiments were repeated in four batches of cultured mouse DRG
neuron lysates. Signal intensities of pSrc bands were normalized to the signal intensities of
tSrc bands for each individual treatment groups using NIH ImageJ software, and presented
as fold-change in pSrc levels upon PTHrP or PTHrP+PP2 treatment conditions.

2.11. Membrane isolation and fractionation

HEK?293T cells were cultured and transfected with N-terminal myc-tagged rat TRPV1 in
pCMV-Tag-3b and C-terminal YFP-tagged rat PTH1R in pcDNA3.1 (generously provided
by Dr. Matthew Mahon, Harvard Medical School) using Lipofectamine 2000 reagent (Life
Technologies, Grand Island, NY), as described previously [47]. 42-48 hours after
transfection, cells were treated with vehicle or 20 nM PTHrP for 10 min at 37°C, washed
twice with phosphate-buffered saline (PBS) and then harvested for use in Minute™ Plasma
Membrane Protein Isolation Kit (Invent Biotechnologies) according to the manufacturer’s
protocol, with minor modifications. All the membrane isolation steps were performed at
4°C. Briefly, harvested cells were lysed with buffer-A by vortexing and then centrifuged at
3,000 rpm for 1 min to pellet the nuclei and cell debris. The supernatant was then
centrifuged at 16,000 rpm for 30 min; the resultant supernatant was removed (as cytosolic
protein fraction), the pellet was re-suspended and mixed with buffer-B, and then centrifuged
further at 10,000 rpm for 5 min. The supernatant was collected in another pre-chilled tube,
and the pellet was dissolved in lysis buffer [denoted the organelle membrane (OM) fraction].
Ice-cold PBS was added to the supernatant, mixed by inverting, and was then centrifuged at
18,000 rpm for 90 min to pellet down the plasma membrane (PM) fraction. Normalized
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quantities of both OM and PM samples were diluted in SDS resolving sample buffer, size
fractionated in 7.5% SDS-PAGE, transferred to nitrocellulose membranes, and
immunoblotted with mouse monoclonal anti-myc antibody (1:10 tissue culture supernatant;
ATCC, Manassas, VA) and goat anti-mouse 1gG-HRP secondary antibody (1:10,000;
Antibodies Inc., Davis, CA). Blots were developed with ECL-Plus chemiluminescence
reagent (Perkin Elmer, Waltham, MA) on X-ray film (Kodak-Biomax, Carestream Health,
Rochester, NY). Experiments were repeated in 4 or more batches of transfected cells.

2.12. Statistical analysis

Data are presented as mean £ SEM. All data pertaining to mouse behavior, ELISA, PKCe
translocation, and Ca2* imaging experiments were analyzed for their statistical significance
with one-way ANOVA with Dunnett’s post-hoc analysis, and/or unpaired Student’s T-test.
All electrophysiology and biochemical data were analyzed with unpaired Student’s T-test.
All statistical analyses were conducted using Prism 6 (GraphPad Software, San Diego, CA).

3. RESULTS

3.1. Parathyroid hormone-related peptide induces transient receptor potential vanilloid-1-
dependent thermal and mechanical hypersensitivity

Parathyroid hormone-related peptide has been suggested to be critical for the metastasis and
subsequent growth of advanced breast and prostate cancer cells [17,45]. The tumorigenic
actions of PTHrP are mediated by the activation of its receptor PTH1R, which couples to
both Gag- and Gaq-coupled receptors in different tissue types [1], leading to downstream
activation of protein kinases PKA and PKC. Since activation of PKA and PKC in sensory
neurons leads to nociceptor sensitization [6,7,57,63,70], we first tested whether PTHrP had
any noxious or algogenic effects on peripheral thermal and mechanical hypersensitivity. A
prior study reported the induction of thermal hypersensitivity (~25%, compared to baseline)
in mice to high dose of PTHrP (20 uM, i.pl.), injected twice a day for 3 days, which resulted
from osteoclastic bone resorption in the paws [61]. However, that study did not determine
the acute effects of PTHrP on thermal hypersensitivity. In a recent initiative, the US-NIH
advocates that experiments should be conducted on both genders, in order to provide a better
validation of experimental observations in rodents [14]. Injection of PTHrP (20 nM, 200
nM, 2 uM, and 20 pM in 10 pL saline; i.pl.) into the hind paws of both male and female
C57BL/6 mice led to a significant reduction in paw withdrawal latencies (PWLs) 30 min
after injection compared to saline injected controls (Fig. 1), indicating the development of
thermal hypersensitivity. In both male and female mice, decreased PWLs in response to 20
nM PTHrP injections recovered to saline-injected levels by 5.5 hours. However, thermal
hypersensitivity induced by the injection of 200 nM PTHrP recovered to saline-injected
control levels in female, but not male mice by 5.5 hours (Fig. 1). Furthermore, thermal
hypersensitivity induced by the injection of 100 nM PTHrP in male mice also persisted at
5.5 hours post-injection (Fig. 1). This suggests that male mice might be more sensitive to the
effects of PTHrP on thermal hypersensitivity. PTHrP injection had no significant effect on
the PWLs in contralateral hind paws of both male and female mice (Fig. 1). Incomplete
recovery of ipsilateral PWLs 24 hours post-injection of 20 uM PTHrP (Fig. 1A) is in line
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with a prior report, which suggested that this long-term effect is mediated through enhanced
osteoclastic bone resorption in hind paws [61].

We next assessed the effect of PTHrP injection on development of mechanical
hypersensitivity in mice by applying increasing strengths of Von Frey hair filaments to the
hind paws and counting the number of paw withdrawal responses at baseline, 1, 6 and 24
hours post-injection (Fig. 2A-D). PTHrP injection (2 uM in 10 pL saline, i.pl.) caused
significant mechanical hypersensitivity 1 hours after injection, which remained at 6 hours, as
compared to saline-injected controls (Fig. 2B, C, E), before completely recovering by 24
hours post-injection (Fig. 2D-E). Similar to our observations on thermal hypersensitivity,
increasing dose of PTHrP led to increasing magnitude and duration of mechanical
hypersensitivity in both female and male mice (Fig. 2E-F). No significant change was
observed in the mechanical sensitivity of contralateral paws of both male and female mice
following saline and PTHrP injection (Fig. 2E-F).

Because TRPV1 is highly critical in the development of both inflammatory thermal and
mechanical hypersensitivity [10,16,23,53,69,79], we next investigated the requirement of
TRPV1 in this context. Consistent with a prior report [49], we found that the mRNA for the
PTHTrP receptor, PTHLR, is expressed in mouse DRG neurons (Supplemental Fig. 1A).
Using double immunofluorescence staining of mouse DRG sections, we found that 82.3

+ 6.4% of TRPV1-positive cells also show PTH1R immunoreactivity, and 35.1% + 5.6% of
PTH1R-positive cells show TRPV1 immunoreactivity (Supplemental Fig. 1B). This suggests
that PTH1R protein is co-expressed in a subset of DRG neurons, the vast majority of which
express TRPV1. Furthermore, PTHrP-induced (1 uM, in 10 uL saline, i.pl.) thermal and
mechanical hypersensitivity were completely absent in both female and male 77pvZ~~ mice
(Fig. 3), suggesting that PTHrP-induced enhancement of cutaneous thermal and mechanical
hypersensitivity in mice is dependent on TRPV1.

It has been reported that mice of different genetic background exhibit altered peripheral pain
sensitivities [56]. In this line, it must be noted here that although age- and sex-matched same
genetic background of mice (C57BL6/J) were used for the comparison of WT vs Trovi/",
no littermate-controlled WT and 77pvZ~~ mice from the same breeding batch ( 7rovt~ x
TrovI*'~) were used in this study. Also, the difference in the sensitivity of female vs male
mice to PTHrP is not clear from our studies. Since the female mice used in these behavioral
experiments were not staged for any specific estrous cycle stage(s), influences from different
hormones, and from differential bone metabolic effects of PTHrP on relatively low
magnitude of thermal and mechanical hypersensitivity in female mice cannot be ruled out.

3.2. Parathyroid hormone-related peptide enhances sensory neuron excitability

We next performed current-clamp recordings on cultured mouse DRG neurons to determine
if PTHrP could influence TRPV1-dependent sensory neuron excitability. We found that
perfusion of PTHrP (2 nM, 1 min) significantly increased the frequency of capsaicin-evoked
(50 nM, 30 s) AP firing (Fig. 4A, D). In these experiments, drug applications were
performed locally onto the neuron being recorded, due to which short application (1 min) of
a low concentration of PTHrP (2 nM) was sufficient to induce a significant increase in
sensitization of AP firing. Since capsaicin is not an endogenous activator of TRPV1, we next
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performed these experiments focusing on the proton-activation of TRPV1, a condition
analogous to the acidic tumor microenvironment [39]. Perfusion of mild acidic extracellular
buffer (pH 6.8; 30 s) under control conditions evoked very few APs, however, perfusion of
PTHrP (2 nM, 1 min) led to a significant increase in the frequency of pH 6.8-induced AP
firing (Fig. 4B, D). This increase in PTHrP-dependent pH 6.8-induced AP firing frequency
was reduced, but not completely abolished in cultured DRG neurons from 7rpvZ~/~ mice
(Fig. 4C, D). These results suggest that PTHrP at low nanomolar concentrations could lead
to constitutive activation of TRPV1 and sensory neuron firing in the mild-to-moderately
acidic tumor microenvironment.

We also observed that PTHrP application led to the enhancement of spontaneous AP firing
frequency in cultured DRG neurons from both 77pvZ** and Trpv~ mice (Fig. 4A-C, E).
The extent of PTHrP-modulation of spontaneous AP firing was similar, and not significantly
different in DRG neurons from 7rpvI*™* and Trpv™~ mice (Fig. 4E). Furthermore, we
calculated the time lag to 15t AP after PTHrP treatment, which is 23.19 + 4.26 sec and 26.08
+5.05 sec in 7rpvIt’* and Trpv™'~ neurons, respectively. Although it could be a matter of
debate whether to designate these increased firing as PTHrP-evoked firing or PTHrP-
modulation of spontaneous firing, we chose to adapt the later one due to the following
reasons: 1) PTHrP did not lead to fast generator potential or membrane depolarization, 2)
PTHTrP did not not evoke AP firing immediately upon treatment, and 3) A >20 s time lag to
15t AP was observed after PTHrP treatment. Furthermore, spontaneous AP firings were
observed in DRG neurons from both mice, without any agonist treatment. Therefore, these
data are referred to as “PTHrP-modulation of spontaneous firing” in this study. Since
perfusion of PTHrP alone led to modulation of spontaneous AP firing in cultured mouse
DRG neurons from both 7rpv** and 7rovi~'~ mice (Fig. 4A-C, E), it raises the possibility
that PTHrP application might also act on other excitable channels to increase the excitability
of DRG neurons. However, with our observation that PTHrP-induced thermal and
mechanical hypersensitivity are abolished in 77ovZ~~ mice (Fig. 3), the contribution of
direct PTHrP-modulation of AP firing is highly likely to be minimal.

3.3. Parathyroid hormone-related peptide potentiates transient receptor potential
vanilloid-1 channel activity

Because our results showed that PTHrP-induced cutaneous thermal and mechanical
hypersensitivity, as well as enhanced sensory neuron firing are largely dependent on TRPV1,
we further explored the effects of PTHrP on TRPV1 channel function by utilizing voltage-
clamp electrophysiology. Direct perfusion of three consecutive episodes of capsaicin (50
nM, 5 s) to cultured small/medium-diameter DRG neurons (with 1 min extracellular buffer
washing in between) led to TRPV1-mediated inward currents that exhibited desensitization
during the 2"d and 3" capsaicin applications (Fig. 5A). Perfusion of PTHrP (2 nM, 1 min)
after the 2" capsaicin application led to a significant increase in TRPV1 current amplitude
during the 3" capsaicin application (Fig. 5A). Similar to current-clamp experiments, drug
applications were performed locally onto the neuron being recorded, due to which 1 min
application of PTHrP was sufficient to elicit high magnitude of sensitization of TRPV1
activity. Similarly, perfusion of PTHrP (2 nM, 1 min) enhanced the sustained component of
pH 6.8-induced inward currents in DRG neurons (Fig. 5B), which is a characteristic of
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proton-activated TRPV1 currents [10,11,47]. Such potentiation of pH 6.8-induced sustained
inward currents was largely attenuated in cultured DRG neurons from 7rovZ~~ mice (Fig.
5C). Quantification of peak currents in response to the 3" vs the 2" capsaicin application
showed a ~7-fold increase in TRPV1 channel activity following PTHrP perfusion (Fig. 5D).
Similarly, quantification of the peak sustained component of pH 6.8-induced currents before
and after PTHrP application showed an ~11-fold increase in the magnitude of these currents
in response to PTHrP, which was attenuated (~1.5-fold increase) in cultured DRG neurons
from TrovZ™~ mice (Fig. 5D). Additionally, we performed experiments to determine the
effect of PTHrP on pH dose-response relationship of sustained inward current activation in
mouse DRG neurons. While perfusion of PTHrP (2 nM; 1 min) did not significantly change
the ECg of the pH dose-response curve (pH 5.98 + 0.06 with PTHrP treatment vs. pH 6.04
+ 0.11 for control), we did observe a significant increase in response magnitudes at mild
acidic pHs (6.8 and 6.4; Fig. 5E). This observation is highly relevant to the well-known
mild-to-moderate acidic tumor microenvironment [39]. We also determined the PTHrP dose-
response relationship for modulation of TRPV1 currents by performing experiments as
described for Fig. 5A, with increasing concentrations of PTHrP (20 pM, 200 pM, 600 pM, 2
nM, and 20 nM). The ECsq for PTHrP-modulation of capsaicin-activated TRPV1 currents
was 0.56 nM, with a 95% confidence interval ranging from 0.25 nM to 1.26 nM (Fig. 5F).
Significant TRPV1 current modulation could be observed with PTHrP concentrations as low
as 200 pM. Taken together, these results suggest that elevated levels of PTHYP, in
combination with the acidic tumor microenvironment could lead to constitutive activation of
TRPV1 on adjacent sensory afferents, resulting in enhanced neuronal firing and induction of
thermal and mechanical hypersensitivity.

3.4. Parathyroid hormone-related peptide-mediated sensitization of transient receptor
potential vanilloid-1 is dependent on protein kinase C activation

PTH1R is a G-protein coupled receptor (GPCR), which upon activation by PTHrP results in
downstream activation of PKA and/or PKC in different tissue types [1]. Our results show
that PTH1R is expressed in the vast majority of TRPV1-expressing DRG neurons in mice
(Supplemental Fig. 1). We next tested whether PTHrP treatment could lead to the activation
of PKC and/or PKA in mouse DRG neurons. Upon activation, several isoforms of PKC,
mainly PKCe, PKCp, and PKC$ translocate towards the plasma membrane [12,29,47].
Treatment of cultured mouse DRG neurons with PTHrP (20 nM for 5, 15 and 30 min)
significantly increased the magnitude and number of neurons exhibiting PKCe translocation
to the cell periphery (Fig. 6A-B). PMA, a direct activator of PKC, was used as a positive
control in these experiments, which showed robust PKCe translocation to the cell periphery
(Fig. 6A-B). Next, we verified whether PKA could also be activated in DRG neurons upon
PTHTrP treatment. PKA activation results from elevated cAMP levels via activation of
adenylate cyclase by dissociated Ga.g subunits of GPCRs, due to which measurement of
cellular cAMP levels serves as an indirect measurement of PKA activity [80]. Treatment of
mouse DRG neurons with forskolin (10 uM, 5 min), a direct activator of adenylate cyclases,
increased CAMP levels measured by ELISA (Fig. 6C). However, PTHrP treatment (20 nM
for 5, 15 and 30 min) did not lead to any significant increase in the cCAMP levels, compared
to untreated control conditions (Fig. 6C), suggesting that PTH1R could presumably signal
through a Gag,-coupled downstream signaling pathway in mouse DRG neurons. The other
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parathyroid hormone receptor, PTH2R, has also been reported to be expressed in myelinated
nociceptive DRG neurons in mice [52]. PTH2R is expressed as a functional Ga.g,-coupled
receptor in mouse DRG neurons, wherein activation by its specific agonist,
tuberoinfundibular peptide-39, leads to increased cCAMP production and PKA activation
[52]. Since PTHrP has no significant binding activity on PTH2R, rather it specifically
activates PTH1R [25], and that our results show no significant cCAMP production in mouse
DRG neurons, it is highly unlikely that PTH2R plays any significant role in mediating
PTHrP effects.

We next functionally verified the specific kinase involvement in PTHrP-mediated
potentiation of TRPV1 currents. In agreement with electrophysiological results, we utilized
functional Ca2* imaging to show that PTHrP (20 nM, 5 min) significantly enhanced
capsaicin-evoked Ca2* influx in cultured mouse DRG neurons (Fig. 6D). In these
experiments, drug applications were performed globally on the entire recording chamber,
due to which relatively longer application (5 min) of 10-fold high concentration of PTHrP
(20 nM) was given, as compared to electrophysiological experiments. This potentiation of
Ca?* influx was attenuated by co-application of PTHrP with the PKC inhibitor BIM-I (1
uM) in DRG neurons from both female and male mice (Fig. 6E—F). However, co-application
of the PKA inhibitor KT5720 (1 uM) failed to attenuate the PTHrP-mediated potentiation of
capsaicin-evoked Ca2* influx (Fig. 6E—F), consistent with our observations from PKC and
PKA activation assays in mouse DRG neurons treated with PTHrP.

We also quantified the proportion of neurons that exhibit significant sensitization of TRPV1-
mediated Ca2* influx after exposure to PTHrP, by taking into account the proportion of
neurons that exhibited =90% of peak Ca?* responses to 2" capsaicin vs 15t capsaicin
application. Under our experimental conditions, ~25 to 40% of cultured DRG neurons
exhibit capsaicin-induced Ca2* flux, which is in good agreement with the percent of
functional TRPV1-positive DRG neurons in C57BL/6 mice widely reported in the literature.
PTHrP application resulted in 77.6% of capsaicin-responsive neurons exhibiting significant
sensitization of TRPV1-mediated Ca2* influx, as opposed to 9.6% of capsaicin-responsive
neurons in control conditions (n = >100 neurons from >10 batch of neuron cultures for each
group). This is in good agreement with our observations from mouse DRG section
immunostaining (Supplemental Fig. 1B), where 82.3 + 6.4% of TRPV1-positive cells show
PTH1R immunoreactivity.

3.5. Parathyroid hormone-related peptide enhances the proportion of capsaicin-responsive
DRG neurons and is dependent on protein kinase C and Src kinase activity

While performing Ca2* imaging experiments on PTHrP-modulation of TRPV1, we made an
interesting observation. A significant proportion of cultured mouse DRG neurons (~22% of
all neurons imaged) that did not elicit any Ca?* influx in response to capsaicin application
became capsaicin-responsive upon PTHrP (20 nM, 5 min) exposure (~1% neurons in
control/wash condition vs ~22% neurons in PTHrP application; Fig. 7A-B). This
phenomenon is referred to as the recruitment of non-capsaicin-responsive neurons to
become capsaicin-responsive. Since our results show that inhibition of PKC attenuated
PTHrP-induced sensitization of TRPV1 channel activation (Fig. 6E—F), we next tested if

Pain. Author manuscript; available in PMC 2016 October 19.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Mickle et al.

Page 14

PKC activity could also influence the recruitment of capsaicin-responsive neurons by PTHrP
application. Co-application of the PKC inhibitor BIM-I (1 uM), but not the PKA inhibitor
KT5720 (100 nM) led to significant attenuation of PTHrP-induced recruitment of capsaicin-
responsive DRG neurons (Fig. 7B). Previous studies have shown that Src kinase can be
activated downstream of PKC, resulting in phosphorylation of TRPV1 at the residue Y200,
which could ultimately lead to increased surface delivery of TRPV1 protein to the plasma
membrane [37,87]. Accordingly, we observed that co-application of the Src kinase inhibitor
PP2 (100 nM) significantly attenuated the PTHrP-induced recruitment of capsaicin-
responsive neurons (Fig. 7B). PP2 has been suggested to have significant inhibitory effects
on other kinases /n vitro at higher concentrations, such as ~10 uM or more [9]. Although in
our studies we utilized PP2 at nanomolar concentrations for its effective inhibitory activity
on Src, we next verified the specificity of Src activity in PTHrP-induced recruitment of
capsaicin-responsive neurons by expressing dominant-negative Src (DN-Src) in cultured
mouse DRG neurons. PTHrP application led to the recruitment of 19.75 + 3.1% capsaicin-
responsive neurons that were transfected with only GFP, similar to that observed for control
un-transfected neurons (Fig. 7A-B). This indicated that nucleofection of mouse DRG
neurons did not adversely affect PTHrP-induced recruitment of capsaicin-responsive
neurons. In contrast, PTHrP-induced recruitment of capsaicin-responsive neurons was
attenuated in neurons transfected with DN-Src (Fig. 7B), suggesting that the inhibitory
effects of PP2 on PTHrP-induced recruitment of capsaicin-responsive neurons is highly
likely to be mediated via inhibition of Src activity. However, inhibition of Src did not lead to
the attenuation of PTHrP-induced sensitization of TRPV1 activation by capsaicin (Fig. 7C),
suggesting that Src activity mainly influences the recruitment of capsaicin-responsive
neurons by PTHrP.

To support our observation on the role of Src, we verified that levels of phosphorylated
(activated) Src (p-Src) were increased upon PTHrP exposure (20 nM, 5 min) in cultured
mouse DRG neurons, which was reduced by co-application of PP2 (100 nM; Fig. 8A-B). To
further strengthen our observation on Src-dependent recruitment of capsaicin-responsive
neurons, we next investigated if PTHrP-mediated Src phosphorylation indeed leads to an
increase in TRPV1 protein levels in the plasma membrane. Cellular membrane fractionation
assay were performed in HEK293T cells transfected with either recombinant rat TRPV1-
myc-WT or TRPV1-myc-Y199F (equivalent to Y200 in mouse TRPV1 as the Src
phosphorylation site) along with rat PTH1R-YFP constructs and treated with PTHrP (20
nM, 10 min). A significant increase in the plasma membrane TRPV1-WT protein levels was
observed upon PTHrP treatment, whereas no such increase was observed for TRPV1-Y199F
after PTHrP treatment (Fig. 8C-D). Overall, these results suggest that PTHrP-mediated
activation of PKC leads to the sensitization of TRPV1 channel activity. In addition,
downstream PKC-mediated activation of Src leads to an increase in the number of TRPV1
channels on plasma membrane, which presumably results in an increase in the proportion of
neurons that now express functional TRPV1 on the plasma membrane and undergo
sensitization upon PTHrP exposure.
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3.6. Parathyroid hormone-related peptide-induced thermal hypersensitivity is dependent
on protein kinase C and Src

Because increased PKC and Src activity underlie the modifications in TRPV1 function and
trafficking in cultured mouse DRG neurons, we next asked whether they are critical to
PTHrP-induced thermal and mechanical hypersensitivity in mice. Co-injection (i.pl.) of
PTHrP with the inhibitors for PKC (BIM-I, 10 ug) or Src (PP2, 3 ug) attenuated thermal
hypersensitivity in both female (Fig. 9A-B) and male (Fig. 9D-E) mice. Interestingly, co-
injection of PP2 failed to attenuate PTHrP-induced (200 nM) mechanical hypersensitivity
(Fig. 9C, F). Since 200 nM PTHTrP elicits only a modest increase in mechanical
hypersensitivity, we also performed these experiments with 1 uM PTHrP, wherein PP2 failed
to attenuate a stronger mechanical hypersensitivity (Fig. 9C). Injection of PP2 alone did not
lead to any change in thermal and mechanical hypersensitivity, as compared to saline
injected controls. Similarly, co-injection of BIM-1 failed to attenuate PTHrP-induced (200
nM) mechanical hypersensitivity (not shown). Altogether, these results suggest that PKC-
and Src-mediated upregulation of TRPV1 are critical to PTHrP-induced thermal, but not
mechanical hypersensitivity.

4. DISCUSSION

The results from our study suggest that PTHrP significantly enhances both peripheral
thermal and mechanical hypersensitivity in mice, which is dependent on functional
expression of TRPV1. These effects of PTHrP are linked to PKC-mediated potentiation of
TRPV1 channel function on sensory neurons, resulting in enhanced AP firing. In addition,
PTHrP exposure results in an increase in TRPV1 trafficking to the plasma membrane, and
increased proportion of DRG neurons that functionally respond to channel activators.
Consistent with these observations, PTHrP-induced thermal hypersensitivity was attenuated
by PKC and Src inhibitors. Together, our findings demonstrate that PTHrP, which plays a
key role in both cancer metastasis and subsequent tumor growth in breast and prostate
cancer, could also play a critical role in sensory afferent excitation and firing mainly via
upregulation of TRPV1 function and trafficking, along with the acidic tumor
microenvironment. This could presumably serve as a molecular and cellular mechanism
underlying peripheral detection and transmission of pain-producing stimuli in metastatic
cancers.

Although it is largely accepted that there are sex differences in the magnitude and perception
of pain, very few rodent studies use mice of both genders [18,55,60]. Some studies have
suggested that female mice are more sensitive to noxious/painful stimuli, whereas other
studies have ruled out any sex differences in pain perception [5,84]. Since PTHTrP is critical
in rodent metastasis studies in both breast and prostate cancers [45,67], we chose to
determine its role in pain induction in both female and male mice. Our results show
relatively long-lasting PTHrP-induced thermal hypersensitivity in male mice compared to
females. This could be due to differential expression of PTH1R and/or TRPV1 in different
subsets of sensory neurons in male vs female sensory neurons. Also the role of specific
hormones in estrous cycle stages and the role of PTHrP in metabolism contributing to
reduced pain sensitivity in female mice could not be completely ruled out. Interestingly, our
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results show no gender-related differences in PKC/Src-modulation of TRPV1 in mouse
DRG neurons. Therefore, further studies are needed to delineate these differences at cellular,
molecular and hormonal levels. Nevertheless, our study suggests that PTHrP could serve as
a common modulator of peripheral sensory afferent excitation and pain associated with
advanced breast and prostate cancers.

Parathyroid hormone-related peptide did not induce any change in thermal and mechanical
sensitivity of 77ovZ™~ mice, suggesting the critical role of TRPV1. PTHrP-sensitization of
mild acidic pH-induced AP firing frequency and the magnitude of sustained inward currents
were reduced in 77pvZ™~ DRG neurons. However, the enhanced spontaneous AP firing
frequency in response to PTHrP was of similar magnitude in both 77pv2**and Trpvi™~
DRG neurons, suggesting that other sensory ion channel(s) might undergo activation/
modulation to increase neuronal excitability. The residual potentiating effects of PTHrP on
proton-induced sustained inward currents in 77pvZ ™~ mice might be a consequence of PKC
modulation of acid-sensing ion channels (ASICs), specifically ASIC3 [13]. Additionally, the
role of major sensory voltage-gated Na* (Nay) channels, Nay1.7 and Nay,1.8, in PTHrP-
induced enhancement of DRG neuron excitability cannot be ruled out, since these channels
also undergo functional modulation by PKC and Src [2]. PTHrP could also influence the
function of voltage-gated Ca?* (Cay/) and K* (Ky/) channels that are expressed in mouse
DRG neurons [8,85], thereby influencing the excitability of these neurons. PKC
phosphorylation of Ky/4.2 downregulates channel function in hippocampal neurons, leading
to increased neuronal excitability [26]. Since Ky/4.2 channel is also expressed in DRG
neurons [85], a similar mechanism could also contribute to PTHrP-induced enhancement of
neuronal excitability. Future in-depth investigations are therefore required to identify and
characterize the modulation of function and/or trafficking of these excitable and other
nociceptive channels by PTHrP that enhance AP firing in DRG neurons. Nevertheless, our
results show that PTHrP-induced increase in peripheral pain sensitivity is absent in 7rpvZ~~
mice, implicating TRPV1 as the critical initiator/regulator.

Importantly, our study shows that PTHrP can potentiate TRPV1 at concentrations as low as
~200 pM. Human patients with bone-metastasized breast cancers have elevated levels of
PTHTrP in plasma at a similar level [82], although PTHrP levels could be much higher in the
metastatic bone tumor microenvironment. In addition, the acidic microenvironment of bone-
metastasized tumors could provide a favorable condition for constitutive activation of
TRPV1 and sustained AP firing, thereby inducing peripheral transmission of painful signals
in these pathologies. Our results show PTH1R expression in TRPV1-positive sensory
neurons in L4-L6 mouse DRGs that innervate the hind limb bones [36], wherein TRPV1 has
also been shown to be expressed on CGRP-positive sensory afferents [77]. PTHrP has been
shown to be critical for tumor-induced increase in osteoclast activity [61,86] that constitutes
a significant source of the elevated levels of G-CSF/GM-CSF, which also sensitize TRPV1
and nociceptive afferents [76,81]. Therefore, modulation of TRPV1 on bone sensory
afferents by convergent signaling pathways initiated by PTHrP could constitute a mechanism
for peripheral pain sensitization in advanced breast and prostate cancers. In fact, TRPV1 has
already been implicated in mouse sarcoma models of bone cancer pain [21,51]. The TRPV1
antagonist ABT-102, which effectively attenuates proton-activation of the channel without
eliciting significant hyperthermia [27,64], could therefore serve as an attractive candidate for
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alleviation of chronic pain associated with bone-metastasized breast and prostate cancers in
pre-clinical settings.

It is well established that inflammatory mediators such as bradykinin, NGF, LPA, and C-
type natriuretic peptide activate PKC, leading to sensitization of TRPV1 function and an
increase in thermal hypersensitivity [28,47,65]. Here we show that PTHrP is another such
modulator and exerts similar effects on TRPV1. Interestingly, PTHrP induces both thermal
and mechanical hypersensitivity, which are absent in 7rpvZ ™~ mice. So far, the relationship
between TRPV1 and mechanical sensitivity is poorly understood. Early studies showed no
change in mechanical hypersensitivity in 77ovZ~~ compared to wild-type mice after
inflammation [10]. However, subsequent studies in mouse models of inflammation, bone
sarcoma, sickle cell disease, and nerve injury implicate TRPV1 as an important mediator of
mechanical hypersensitivity [23,53,69,79], although the underlying mechanism(s) remains
un-elucidated. We show that PTHrP-induced mechanical hypersensitivity is absent in
Trov1~'~ mice. However, Src and PKC inhibitors were unable to attenuate such mechanical
hypersensitivity in wild-type mice. This suggests that TRPV1 is presumably a critical
initiator, but not direct transducer of PTHrP-mediated mechanical hypersensitivity, and
phospho-modulation of TRPV1 by PKC/Src is only critical for thermal, but not mechanical
hypersensitivity.

Activation of multiple kinases, such as PKA, PKC, and MAPK by various pro-/
inflammatory mediators, growth factors and bioactive peptides phosphorylate TRPV1,
which is critical for the development of thermal hyperalgesia [22,38,44,71]. Although Src
phosphorylation upregulates the proportion of TRPV1 on plasma membrane, its role in
thermal hyperalgesia was not established [33,37,87]. Interestingly, a previous study showed
that mice deficient in c-Src exhibit reduced CFA-induced thermal hypersensitivity compared
to wild-type mice [61]. Our results show that inhibition of PKC/Src attenuated PTHrP-
induced thermal hypersensitivity. Also, PKC inhibition blocked both PTHrP-sensitization of
TRPV1 function and recruitment of functional TRPV1-responsive neurons, whereas Src
inhibition only blocked the latter, indicating that Src activation is downstream of PKC, as
suggested before [87]. Since Src inhibition alone is sufficient to attenuate PTHrP-induced
thermal hypersensitivity, enhanced TRPV1 trafficking could therefore be an important
mechanism underlying the development of thermal hypersensitivity. Indeed, reports utilizing
single fiber recordings from intact nerve fiber preparations showed a significant increase in
functional TRPV1-positive cutaneous afferent numbers after inflammation [40]. Further
studies investigating the role of Src-dependent recruitment of TRPV1 in mouse models of
neuropathic and cancer pain models could suggest the therapeutic targeting of such a
mechanism for multiple pain pathologies. It has also been reported that the A-kinase
anchoring protein-5 (AKAP5) physically interacts with TRPV1, as well as with PKC and
PKA, thereby providing the sensory neurons with a local signalosome for the phospho-
modulation of TRPV1. In fact, competitive targeting of AKAP5 interaction with PKC or
PKA or TRPV1 has been shown to attenuate thermal hypersensitivity in experimental mouse
models [19,32,34,70,75]. Since our results show the critical role for Src-induced TRPV1
trafficking in PTHrP-induced thermal hypersensitivity, it would be attractive to further
investigate the role of AKAPS5 therein.
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Src influences the metastasis of several cancers, including breast and prostate [72,73,83,88].
In mouse models, Src inhibition attenuated breast cancer bone metastasis [74,88]. Src is also
critical for osteoclast activity, which contributes to metastatic bone tumor growth, as well as
in pain associated with these metastases [54,61]. Nociceptor sensitization by tumor-enriched
factors, G-CSF and GM-CSF, has also been suggested to be mediated in part via increased
Src activity [76,81]. Therefore Src could constitute a common target for the treatment and/or
prevention of metastatic bone tumors, as well as the associated chronic pain.

In summary, our study shows that PKC and Src activity are critical to PTHrP-induced
modulation of TRPV1 function and trafficking. This, in combination with the acidic
microenvironment and high levels of PTHrP in metastatic cancers, could sub-serve a
mechanism for enhanced sensory nerve excitation and chronic pain associated with
advanced breast and prostate cancers. Also, our study describes an important role for Src-
mediated trafficking of TRPV1 in the development of thermal nociception, which could
likely have a large influence on a variety of painful pathologies.
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Figure 1.
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PTHTrP injection into mouse hindpaws leads to the development of thermal hypersensitivity.
PTHrP (20 nM, 200 nM, 2 uM and 20 uM; i.pl. injection), as compared to saline injection
significantly decreased the PWLs in the ipsilateral paws (left panels) of both female (A) and
male (B) C57BL/6 mice 30 min post-injection, with no significant change in the PWLs of
contralateral paws (right panels). Data are presented as mean £ SEM PWLs of mouse
hindpaws (n = 8-12 for each group). Male mice (A, left panel) presented increased
sensitivity in response to PTHrP (20 nM, 100 nM and 200 nM), as compared to females (B,
left panel). ***p<0.001 vs saline-injected (One-way ANOVA with Dunnett’s post hoc

correction).
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Figure 2.
PTHrP induces mechanical hypersensitivity in mouse hindpaws. A-D, Intraplantar PTHrP

injection (2 uM) led to significant enhancement in the extent of mechanical sensitivity in the
ipsilateral paws after 1 hour (B), as compared to saline injections and baseline measurements
(A), which was mostly reversed after 6 and 24 hours (D). No significant increase was
observed in the mechanical sensitivity of contralateral paws (dashed lines; A-D). The area
under the curve (AUC) for percent response to Von Frey hair filaments of increasing strength
for individual mice (separate ipsilateral and contralateral) at individual time points were
calculated and plotted (E-F) as mechanical sensitivity at each time points (see methods for
details). Data are presented as mean + SEM calculated mechanical sensitivity (AUC) of
mouse hindpaws (n = 6-12 for each group). In both male and female mice PTHrP (200 nM
and 2 pM) caused significant mechanical hypersensitivity in ipsilateral paws 1 hour post-
injection, which recovered to saline-injected levels by 24 hours (E). No significant change in
mechanical sensitivity was observed in contralateral paws of female and male mice (dashed
lines; E-F). *p<0.05, **p<0.01, and ***p<0.001 vs saline-injected ipsilateral values,

and #p<0.05 vs saline-injected contralateral values at respective filament strengths (A-D) or
time points (E-F; One-way ANOVA with Dunnett’s post hoc correction).
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Figure 3.
PTHrP-induced thermal and mechanical hypersensitivity are dependent on TRPV1.

Intraplantar PTHrP injection (1 uM), as compared to saline injections, did not lead to any
significant change in PWLs (A) or the extent of mechanical sensitivity (B) in ipsilateral and
contralateral hindpaws of both female and male 77pvZ™~ mice, indicating lack of PTHrP-
induced thermal and mechanical hypersensitivity. Data are presented as mean £ SEM PWLs
(A) and calculated mechanical sensitivity (AUC; B) of mouse hindpaws (n = 6-8 for each

group).
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Figure 4.
PTHrP enhances action potential (AP) firing in mouse DRG neurons. Representative traces

of capsaicin-evoked (50 nM, 30 sec; A) and extracellular buffer pH 6.8-evoked (B-C) AP
firings recorded in cultured DRG neurons from 7rpvI** (A-B) and TrpvZ™~ (C) mice,
without or with PTHrP treatment (2 nM, 1 min) in between two successive agonist
applications. PTHrP application itself led to modulation of spontaneous AP firing seen in the
lower traces of panels A—C. Quantification of agonist-evoked (capsaicin and pH 6.8) AP
firing, before and after PTHrP treatment, from recordings as shown in panels A-C, are
shown in panel D. Although there is visible attenuation of pH 6.8-induced AP firing after
PTHrP application in DRG neurons from 77pvZ ™~ mice compared to neurons from 7rpvI*/*
mice, this difference is not statistically significant (o = 0.05). Panel E shows the
quantification of PTHrP-modulation of spontaneous AP firings resulted upon/during PTHrP
application, from recordings as shown in panels A-C, on cultured DRG neurons from
TrovI** and Trovi™~ mice. The magnitude of PTHrP-modulation of spontaneous AP
firings was not significantly different (¢=0.18) in neurons from 7rovi**and Trovi™~ mice.
Data in both panels D and E are presented as mean = SEM % change in AP firings or AP
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frequency (n = 7-13 neurons in each group). *p<0.05, **p<0.01, and ***p<0.001 vs control
(Unpaired Student’s T-test).
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Figure 5.
PTHTrP potentiates TRPV1 channel activity in mouse DRG neurons. Representative traces of

two successive capsaicin-activated (/cqp; A) and extracellular buffer pH 6.8-activated

(/oH 6.8; B=C) currents, with or without PTHrP treatment (2 nM, 1 min) in between, in
cultured DRG neurons from TrpvI** (A-B) and TrpvZ™~ (C) mice. D, Quantification of the
ratio of 3" vs 219 peak /cqp 0r 2" vs 15t peak /oy 6.5 under control and PTHrP-treatment
conditions in cultured DRG neurons from 77pvI** and Trpv™~ mice. E, pH dose-response
curve for the sustained component of proton-induced inward currents, normalized to /o4 5 4
from cultured mouse DRG neurons, with or without PTHrP treatment (2 nM, 1 min). PTHrP
significantly increased the magnitude of /yn_systained at PH 6.8 and 6.4, without any
significant change in the ECgq of the dose response relationship. F, PTHrP dose-response
curve determined from the effect of increasing concentrations of PTHrP (20 pM, 200 pM,
600 pM, 2 nM, and 20 nM) on fold-increase in peak /cap magnitude in cultured mouse DRG
neurons. ECgg = 0.56 nM (95% confidence interval —0.25 nM to 1.26 nM). Data in panels
D-F are presented as mean + SEM and fitted value + SE of fit (n = 10-17 neurons in each
group). *p<0.05, ***p<0.01, and ***p<0.001 vs control of respective genotypes,

and #p<0.05 vs PTHrP group for IoH 6.8 In panel D (Unpaired Student’s T-test).
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Figure 6.
PTHrP exposure of mouse sensory neurons leads to PKC activation, and is critical for

potentiation of TRPV1 activity. A, Representative confocal microscopic images (top row) of
cultured mouse DRG neurons, with or without the treatment of PTHrP (10 nM, 2 min) or
PMA (100 nM, 2 min), immunostained with anti-PKCe antibody. Traces in the bottom row
depict PKCe distribution profiles across the respective drawn line determined using NIH
Image J. B, Quantification of percentage of cultured mouse DRG neurons with PKCe
translocation (n = >100 cells in each group obtained from =3 batches of cultures). C, cCAMP
ELISA experiments showed no significant increase in cCAMP levels in mouse DRG neurons
treated with PTHrP (10 nM). Forskolin (10 uM, 5 min) significantly increased cellular
CAMP levels compared to untreated control DRG neurons. D, Representative traces of Ca2*
influx in cultured mouse DRG neurons, in response to two successive capsaicin applications
(50 nM, 15 sec), with or without PTHrP treatment (20 nM, 5 min) in between. E-F,
Quantification of the ratio of 2"d vs 15t capsaicin-induced Ca2* influx, under control and 20
nM PTHTrP treatment conditions. Neurons were treated with inhibitors of PKC (BIM-I; 1
UM), PKA (KT5720; 1 uM) and Src (PP2; 100 nM) before the 15t capsaicin application and
continued throughout PTHrP or control buffer applications. Inhibition of PKC, but not Src or
PKA attenuated PTHrP-sensitization of capsaicin-induced Ca?* influx in cultured DRG
neurons from both female (E) and male (F) mice. Data are presented as mean + SEM (n =
11-52 neurons in each group). *p<0.05 vs untreated control (One way ANOVA with
Dunnett’s post hoc correction), and #p<0.05 vs PTHrP group in panels E-F (Unpaired
Student’s T-test).
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Figure 7.
PTHrP enhances the proportion of TRPV1-responsive mouse sensory neurons that is

dependent on the activity of PKC and Src. A, Representative traces showing Ca2* influx in
cultured mouse DRG neurons, in response to 2"d, but not 15t capsaicin application (50 nM,
15 s), only after PTHrP exposure (20 nM, 5 min). ~1% of control DRG neurons show Ca2*
responses to only 2" capsaicin application, whereas PTHrP exposure leads to 2" capsaicin-
induced Ca2* influx in ~22% DRG neurons (n= >10 experimental batch). B, PTHrP
increased the number of neurons responding to 2"d capsaicin application, quantified as
percent 2"d capsaicin responders per experiment. Inhibition of PKC (with BIM-1) and Src
(with PP2), but not PKA (with KT5720) significantly reduced the number of 2" capsaicin
responders. PTHrP application led to no significant increase in the number of 2" capsaicin
responders in cultured mouse DRG neurons transfected with dominant-negative Src (DN-
Src), as shown in panel B last bar data set. C, Quantification of the ratio of 219 vs 15t
capsaicin-induced CaZ* influx, under control and PTHrP (20 nM, 5 min) treatment
conditions, similar to the experiments in figure 6 panels D-E, with or without the co-
application of PP2 (100 nM) before the 15t capsaicin application and continued throughout
PTHrP or control buffer applications. Inhibition of Src did not attenuate PTHrP-induced
sensitization of capsaicin-induced Ca2* influx in cultured mouse DRG. Data are presented
as mean + SEM for panels B (n = 7-16 experiments in each group) and C (n = 49-56
neurons in each group). *p<0.05 vs untreated control, and #p<0.05 vs PTHrP group (One
way ANOVA with Dunnett’s post hoc correction).
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Figure 8.
PTHrP enhances Src phosphorylation in DRG neurons and increases the TRPV1 protein

level in plasma membrane. A, Representative immunoblot, from four independent
experiments, showing PTHrP exposure (20 nM, 10 min) leads to Src activation in cultured
mouse DRG neurons, as quantified by enhanced phospho-Src (pSrc) levels normalized to
total-Src (tSrc) levels shown in panel B. This effect was reduced by co-application of Src
inhibitor PP2 with PTHrP. C, Representative immunoblot showing PTHrP exposure (20 nM,
10 min) leads to an increase in TRPV1 protein levels in the plasma membrane (PM) vs
intracellular organelle membrane (OM) in lysates of HEK293T cells co-transfected with
rTRPV1-WT-myc and rPTH1R-YFP. This effect was absent in the lysates of HEK293T cells
co-transfected with the Src phosphorylation site mutant rTRPV1-Y199F-myc and rPTH1R-
YFP. Results from multiple experiments were quantified and presented as fraction of plasma
membrane TRPV1 protein levels out of normalized total membrane TRPV1 (D). Numbers
on the left in panels A and C indicate relative mobility of protein molecular weight markers
(in kilodalton; kD). Data are presented as mean + SEM (n = 4 for panel B, and n = 3-6
transfection batches for panel D). *p<0.05 vs untreated control (One way ANOVA with
Dunnett’s post hoc correction, and unpaired Student’s T-test).
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Figure 9.
PTHrP-induced thermal, but not mechanical hypersensitivity in mouse hind paws were

attenuated by inhibition of PKC and Src. A, B, D and E, Thermal hypersensitivity elicited by
PTHTrP injection (200 nM, i.pl.) in the ipsilateral hindpaws of mice was attenuated by co-
injection of inhibitors of PKC (10 pg BIM-I; A and D) and Src (3 pg PP2; B and E) in both
female (A-B) and male (D-E) mice. Injection (i.pl.) of BIM-I (10 pg) or PP2 (3 pg) alone
did not lead to any significant change in the PWLs, as compared to saline-injected controls
(A, B, D, and E). Co-injection of PP2 (3 ug) did not attenuate the mechanical
hypersensitivity elicited by 1 pM and 200 nM PTHrP in female (C) and male (F) mice. No
change in thermal or mechanical sensitivity was observed in either sex of mice in the
contralateral paws (not shown). Dotted lines in panels B and E indicate the same data sets
presented in panels A and D, respectively. Injection (i.pl.) of PP2 (3 pg) alone did not lead to
any significant change in calculated mechanical sensitivity, as compared to saline-injected
controls (C, F). Data are presented as mean £ SEM PWLs, and as mean = SEM of
calculated mechanical sensitivity (AUC) of mouse hindpaws (n = 6-12 for each group).
*p<0.05, **p<0.01, and ***p<0.001 vs saline-injected respective control groups,

and #p<0.05 vs respective PTHrP groups (One-way Anova with Dunnett’s post hoc
correction).
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