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miR-34c¢-5p functions as pronociceptive microRNA
in cancer pain by targeting Cav2.3 containing

calcium channels
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Abstract \
Pathophysiological mechanisms underlying pain associated with cancer are poorly understood. microRNAs (miRNAs) are a class of
noncoding RNAs with emerging functional importance in chronic pain. In a genome-wide screen for miRNAs regulated in dorsal root
ganglia (DRG) neurons in a mouse model of bone metastatic pain, we identified miR-34c-5p as a functionally important
pronociceptive mMiIBNA. Despite these functional insights and therapeutic potential for miR-34c¢-5p, its molecular mechanism of
action in peripheral sensory neurons remains unknown. Here, we report the identification and validation of key target transcripts of
miRNA-34c-5p. In-depth bioinformatics analyses revealed Cav2.3, P2rx6, Oprd1, and Oprm1 as high confidence putative targets
for miRNA-34c¢-5p. Of these, canonical and reciprocal regulation of miR-34c-5p and Cav2.3 was observed in cultured sensory
neurons as well as in DRG in vivo in mice with cancer pain. Coexpression of miR-34c¢-5p and Cav2.3 was observed in peptidergic
and nonpeptidergic nociceptors, and luciferase reporter assays confirmed functional binding of miR-34c-5p to the 3" UTR of Cav2.3
transcripts. Importantly, knocking down the expression of Cav2.3 specifically in DRG neurons led to hypersensitivity in mice. In
summary, these results show that Cav2.3 is a novel mechanistic target for a key pronociceptive miRNA, miR-34¢-5p, in the context
of cancer pain and indicate an antinociceptive role for Cav2.3 in peripheral sensory neurons. The current study facilitates a deeper
understanding of molecular mechanisms underlying cancer pain and suggests a potential for novel therapeutic strategies targeting

miR-34c-5p and Cav2.3 in cancer pain.
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1. Introduction

According to a recent report by the World Health Organization
(WHOQ), incidence and mortality of cancer have increased globally
to alarming levels and predicted approximately 35% increase in
following years worldwide.’® On the other hand, the 5-year
survival rate of cancer patients has been greatly improved owing
to improvements in diagnosis and treatment options available to
the majority of the world population. It has been reported that up
to 90% of cancer survivors suffer from varying degrees of pain,
and 30% of them experience severe pain throughout their
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lifespan.®® Bone is the most vulnerable metastases target in
a variety of cancers which ultimately leads to bone degeneration,
surrounding soft tissue malformation, and structural changes in
the nerve endings penetrating bone tissue. All these changes
occurring in bone metastatic conditions lead to excruciating
ongoing pain in late-stage cancer patients and in cancer
survivors. Despite such a severity of this problem, underlying
pathophysiological mechanisms are poorly understood. Clinical
options available for the treatment of cancer pain are either
nonsteroidal anti-inflammatory analgesics or opioid therapy
which have their own severe side effects on major organ
systems,’® underscoring an immediate need for investigating
the causal mechanisms behind cancer pain development.
microRNAs (miRNASs) are approximately 21 nucleotides in length
and well-studied noncoding RNA species in terms of their
biogenesis and functions. The emerging literature on mMiRNA-
mediated control of distinct pathologies reiterates their regulatory
role in the genome.®® Although there are several studies reporting
miRNA dysregulation in different pain conditions, eg, neuropathic
pain, there has been only one study to address the role of mMiIRNAs
in cancer pain modulation’ so far. On the other hand, even within
well-studied pain models in terms of MIRNAs, there are only
isolated studies addressing miRNA-mediated mechanisms in
cancer pain modulation.®*" These observations point to an
enormous potential for miRNA-mediated regulation of pain
pathology and an immediate need to investigate MIRNA-
mediated mechanisms in pain modulation in general and in cancer
pain states in particular. MiR-34c-5p is one of the widely
investigated MiRNAs in cancer conditions’2"224263 a5 well as in
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neurological conditions®>®7® and development.**>€ We re-

cently reported that bone metastatic tumor leads to massive
changes in the miRNA expression repertoire in peripheral sensory
neurons, and these changes are more pronounced in the
hyperalgesia maintenance phase than in the establishing phase.”
miR-34c-5p is one of the highly upregulated miBRNAs in sensory
neurons at 8d but not at 4d post-tumor implantation, and inhibition
of such tumor-mediated upregulation alleviates tumor-mediated
hyperalgesia. However, the mechanistic details of such a pronoci-
ceptive role of miR-34c-5p have not been studied. In the current
study, we comprehensively investigated mRNA targets of miR-
34c-5p in the context of cancer pain. By employing extensive in
silico analyses together with advanced molecular, genetic, and
behavioral experiments, we identified miR-34c-5p and Cav2.3 as
a novel functional pair in the context of cancer pain and Cav2.3 as
an antinociceptive Ca®* channelin the peripheral sensory neurons.

2. Methods
2.1. Animal model of tumor-evoked pain

All animal usage procedures were in accordance with ethical
guidelines laid down by the local governing body (Regier-
ungsprasidium Karlsruhe). All behavioral measurements were
done in awake, unrestrained, age-matched adult (more than 2
month old) C3H/HeNCrl mice. The model of bone metastases—
associated pain was implemented as described previously.'"52
Briefly, National Collection of Type Cultures (NCTC) clone 2472
fiorosarcoma cells (ATCC, Manassas, VA) were cultured and
injected into and around the calcaneus bone of wild-type C3H/
HeNCrl mice as described previously.

2.2. Sensory neuronal cultures and transfections

Adult dorsal root ganglia (DRG) neuronal cultures were prepared
following the protocol explained previously.®? Briefly, neuronal cells
isolated from adult wild-type mice were seeded on Poly-L-Lysine—
coated 24-well plates and maintained in DMEM Media (Gibco,
Darmstadt, Germany) supplemented with 10% heat-inactivated
fetal bovine serum (Invitrogen), 1% penicillin/streptomycin (Gibco),
and 0.5% L-Glutamine (Gibco). After culturing for 4 days, cells were
transfected with miR-34c-5p mimic (Thermoscientific custom
meridian: C-120849-00-600, Darmstadt, Germany) or with non-
targeting negative control mimic (CN-120848-00-600) using Lip-
ofectamine RNAimax reagent (13778100, Thermofischer Scientific).
Total RNA was isolated 48 hours after transfection and used for
quantitative real-time polymerase chain reaction (QRTPCR) analysis.

2.3. Gene ontology and pathway enrichment analysis

Gene ontology enrichment analyses were performed using the
bioCompendium (http://biocompendium.embl.de) web portal de-
veloped at the European Molecular Biology Laboratory, Heidel-
berg, Germany. Pathway enrichment analysis was performed by
uploading the list of 1533 genes, which were commonly predicted
as targets for miR-34c-5p by 6 independent target prediction
algorithms, to the WebGestalt (WEB-based GEne SeT Analysis
Toolkit) online server and following all default parameters.52:¢°

2.4. RNA isolation from DRGs

Mice were killed using CO,, spinal column isolated, and rinsed in
cold 1 X phosphate-buffered saline (PBS), and Lumbar level 3, 4
DRGs were quickly isolated into a microcentrifuge tube and flash
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frozen in liquid nitrogen until RNA isolation was performed. Total
RNA was isolated using mirVana miRNA Isolation Kit (AM 1561;
Ambion) following manufacturer’s instructions to enrich miRNA
fraction by adding 1.25 times of absolute ethanol to the upper
phase isolated from DRG lysate + chloroform: Phenol mixture.
RNA was dissolved in nuclease-free water. Concentration was
determined using the NanoDrop spectrophotometer (NanoDrop
Technologies, Wilmington, DE).

2.5. qRTPCR analysis of miRNAs and mRNAs

For the generation of miR-34c-5p specific first strand cDNA, 20 ng
of total RNA was reverse transcribed by miRNA-specific RT primer
using TagMan MicroRNA Reverse Transcription Kit (Applied
Biosystems, 4366597) following manufacturer’s instructions. cDNA
was synthesized from 20 ng of total RNA using random primers
from the High Capacity cDNA Reverse Transcription Kit (4368814;
Applied Biosystems, Darmstadt, Germany) following manufac-
turer’s instructions for mRNA amplification. cDNA was PCR-
amplified in each reaction using the corresponding MIRNA- or
mRNA-specific primers using TagMan Universal Master Mix Il
(Applied Biosystems, 4440040) following manufacturer’s instruc-
tions on Roche LC 96 system. The expression level of the target
miRNA was normalized to expression of small nucleolar RNA 202
(sn0202) and that of target MRNA was normalized to the expression
of GAPDH. Each miRNA or mRNA was amplified in triplicates,
and Ct values were recorded. Fold change in the miRNA or mRNA
expression in DRGS isolated from tumor-bearing mice over
corresponding Sham samples in triplicate samples was calculated
using DDCT method,'® which measures the relative change in
expression of a mIRNA (or gene) from treatment to control compared
with the reference small RNA (or gene). Al miRNA and mRNA assays
were purchased from Applied Biosystems, and Assay IDs are as
follows: snoRNA202: 001232; miR-34c-5p: 000428; GAPDH:
4352932E; Oprd1 Mm00443063_m1; Oprm1: Mm01188089_mf1;
Cacnale: Mm0049444_m1; and Prx6: mm00440591_m1.

2.6. Cloning of Cacnatle 3'UTR into luciferase reporter vector

A primer set (5'-GCTAGCGACACGGAAGAAGACGATAAGT-3'
and 5 -TTATTAGGAGGCAGTAGGAAAC-3’) was designed to
amplify partial 3"UTR of Cacnatle (NM_009782.3). The first strand
cDNA was prepared from total RNA isolated from mouse
(C57BL/6j) DRG (High-Capacity cDNA Reverse Transcription kit,
Applied Biosystems, 436881), and PCR was conducted with 0.5
pL of cDNA and 2 Phusion Flash high fidelity master mix (Thermo
Fisher, Darmstadt, Germany) with following PCR conditions: 98°C
for 1 minute; 95°C for 15 seconds, 61°C for 30 seconds, 72°C for 1
minute for 35 cycles; and 72°C for 3 minutes. Amplicons were
resolved on 1% agarose gel in TAE buffer, and an expected single
band of the size 2.76 kb was observed. Amplified DNA was purified
(QIAquick PCR Purification Kit; QIAGEN, Hilden, Germany), ligated
into the cloning vector (Zero Blunt TOPO PCR Cloning Kit;
Invitrogen, Darmstadt, Germany), and further used to transform
chemical competent cells (One Shot TOP10 E. coli; Invitrogen).
Colonies were picked randomly and inoculated into 5 mL LB
medium for miniprep. Clones were sequenced for verifying the
identity (GATC Biotech, Konstanz, Germany). Correct recombi-
nant vector was double-digested with restriction enzymes Xbal
and Sac | to release the sequence of interest, and the released
DNA was further collected by gel purification. In the meantime, the
empty luciferase reporting vector (pmirGLO Dual-Luciferase
miRNA Target Expression Vector, Promega, Mannheim, Germany)
was treated with Xbal | and Sac | enzymes to generate appropriate
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ends for directional cloning. The ligation reaction was prepared
with partial cacnale 3'"UTR and the linearized reporter vector, and
the reaction product was used to transform chemical competent
cells. Positive clones were verified using restriction digestion with
ECORI. For the generation of a reporter construct containing
a mutated binding site for miR-34c-5p in the 3’ UTR of Cacnaie,
the above-cloned reporter vector was PCR amplified by using
following forward and reverse primer sets in which mutated
miRNA-binding site was incorporated. In the following primer
sequence, the gray highlighted region represents the miR-34c-
binding site, and the bold text represents mutated nucleotides.

Forward: 5’-CGCGTACATAGTCCTGCCTCTTTGCTGGGGAAA-3’
Reverse: 5'-GTACGCGCCCATGTTGCAAAGGGAAATAATCCA-3’

2.7. HEK293 cell culture and luciferase assay

HEK293 cells were cultured in Dulbecco’s modified Eagle’s medium
(21969, Gibco) containing 10% fetal bovine serum (FBS) (Gibco,
10270), 200 units/mL of Penicilin and 200 png/mL of Streptomycin
(15140, Gibco). Approximately 2.5 X 10* cells were plated into each
well of 96 wells and one day later cotransfected with 1, 5, 10 nM of
either miR-34c-mimic or nontargeting control Mirdian mimic
together with 300 ng of Cav2.3 reporter or mutant Cav2.3 reporter
vectors into each well of 96-well plate using Lipofectamine 2000
(0.5 pl/well, Invitrogen) following manufacturer’s instructions. Forty-
eight hours later, luciferase activities were quantified using Dual-Glo
Luciferase Assay kit (Promega E2920) and normalized to the
respective control experiment. Firefly luminescence signals were
normalized to Renilla Luciferase signals.

2.8. Western blotting analysis

Westemn blots were performed by following standard immunoblot-
ting protocols on the protein lysates isolated from either mouse
lumbar 3 and 4 DRGs isolated from the mice injected with adeno-
associated viral (AAV) or lentivirus (LV) or the sensory neuronal
cultures treated with miR-34c-5p specific or nontargeting mimic.
Following polyacrylamide gel electrophoresis and protein transfer
onto the nitrocellulose membrane, the blots were probed with anti-
cav2.3 at 1:500 dilution (Alomone Labs, Jerusalem, lsrael) or
monoclonal Anti-B-Tubulin Isotype Il antibody (1: 2500 dilution,
5076, Sigma, Taufkirschen, Germany) as loading control and anti-
Rabbit HRP (1:2500, sigma A0545) secondary antibody, and
signals were developed using Amersham ECL (GE Healthcare,
Freiburg, Germany) and Hyperfilm MP (Amersham, GE Healthcare).

2.9. miRNA fluorescent in situ hybridization for miRNA
combined with immunofluorescence for protein marker

LNA-based 5’ and 3’ DIG-labeled miR-34c-5p specific (38542-15)
or scrambled (99004-15) probes were purchased from Exigon,
Denmark. All the reagents were prepared in RNase-free buffers, and
experimental areas and tools were maintained RNAse-free. Mice
were transcardially perfused with ice-cold PBS and 4% cold
paraformaldehyde (PFA) and lumbar 3 and 4 DRGs were extracted,
kept for 24 hours each in 4% PFA and 0.5 M sucrose before
cryosectioning at 13 uwm thickness. Slides with DRG sections were
dried for 1 hour before proceeding with the ISH protocol. The slides
were then washed with following reagents: 10 minutes with 4% PFA,
3% 5 minutes in 1X PBS, and 10 minutes in acetylation buffer
(containing 2.33 mL triethanolamine and 500 L acetic anhydride
and rest DEPC water for 200 mL of acetylation buffer, freshly
prepared before use). During the acetylation step, a hybridization
buffer (Exigon) containing miR-34c-5p specific or negative control

www. painjournalonline.com 1767

ISH probe (25 pmol) was heated at 65°C for 5 minutes and
immediately chilled on ice. The hybridization buffer was added to the
slides and covered with hybrislips (GBL714022 Sigma) placed in
humidified chamber, and the chamber was placed in an incubator
overnight at 53°C. Next day, hybrislips were removed by adding
5x SSC buffer and washed 2 X 30 minutes with 50% formamide in
1X SSC containing 0.1% tween-20 and incubated at the same
temperature as the hybridization temperature. The slides were then
washed for 15 minutes with 0.2X SSC and 2X 15 minutes with
1X PBS at room temperature (RT). Blocking solution (containing
0.5% blocking reagent [Roche # 1096176], 10% goat serum heat-
inactivated at 70°C for 30 minutes and 0.1% Tween in 1X PBS) was
added to each slide and incubated for 1 hour at RT. Anti-DIG-POD
(11207733910; Roche Diagnostics, Mannheim, Germany) antibody
1:100 in blocking solution was added to each slide and incubated
overnight at 4°C. For combining immunofluorescence (IF) with
fluorescence in situ hybridization (FISH) protocol, required primary
antibody was added into the same blocking solution. Slides were
washed 3X 10 minutes with 1X PBS at RT and incubated with
required secondary antibody in blocking buffer for 1 hour at RT.
Following secondary antibody incubation, slides were washed
2% 10 minutes with phosphate buffer saline with Tween20 (PBST).
For amplification and visualization of FISH signals, Cy3.5 standard
from Cy3.5-TSA kit (NEL763001KT, Perkin Elmer, Germany) was
diluted 1:100 in the provided diluent buffer, added to the slides and
incubated at RT for 10 minutes. Slides were washed for 2x 10
minutes with PBST, followed by a wash with PBST containing DAPI
(1:10,000 dilution). Slides were then washed for 10 minutes with
PBST and 2x 10 minutes with PBS before mounting with Mowiol.
Primary antibodies used for IF are Guinea pig anti-PGP9.5 (1:100
dilution, 14104, Neuromics, Edina, MN), Guinea pig anti-HCN1
(1:100, Alomone Labs, AGP203) rabbit anti-Cav2.3 antibody
(1:80, Alomone Labs, ACC-008), Biotinylated-Isolectin B4 (1:100;
B-1205, Vector, Burlingame, CA), Guinea pig Substance P (1:150;
Neuromics GP14103), Anti-GFAP (1:500; NeuroMab clone
N206A/8, UC Davis, Davis, CA) and Chicken anti-NF200 (1:500;
Neuromics CH23015). In the experiments to investigate the
specificity of Cav2.3 antibody, the Cav2.3 antibody was incubated
with its blocking peptide at 1:10 v/v ratio in the blocking buffer for
30 min at 37° C before adding to the slide. Secondary antibodies
used were 1:200 Streptavidin, coupled with Alexa 647 (521374
Invitrogen), 1:500 anti-chicken coupled with Alexa 647 (A-21449;
Thermoscientific), 1:500 anti-rabbit coupled with Alexa 488
(Thermoscientific 11034), 1:500 anti-mouse coupled with Alexa
488 (Thermoscientific, R37114) and 1:500 anti-guinea pig coupled
with Alexa 647 (Thermoscientific 21450). Images were acquired
using a confocal laser-scanning microscope (Leica TCS SP8 AOBS,
Wetzlar, Germany) and analyzed with Fiji-lImaged software.

2.10. Cav2.3 shRNA cloning and selection of potent shRNA

A set of 3 mission shRNAs were obtained against the Cav2.3 (Gene
ID: 12290) coding region (Cat. No. TR500244, Sigma-Aldrich), with

shRNA name Sequence
5'-ACTTCACCTCCACACTTATGGCTCTGATCTCAAGAG
GATCAGAGCCATAAGTGTGGAGGTGAAGTTTTTTT-3
5'-GGCGATGGAGACTCGGACCAGAGCAGGAATCAAGAG
TTCCTGCTCTGGTCCGAGTCTCCATCGCC TTTTTT-3
5'-TCATCTTCGGAGAAGATAACATTGTCAGGTCAAGAG
CCTGACAATGTTATCTTCTCCGAAGATGA TTTTTT-3’
5'-GCACTACCAGAGCTAACTCAGATAGTACTTCAAGAG
AGTACTATCTGAGTTAGCTCTGGTAGTGCTTTTTT-3'

Cav2.3-shRNA-1

Cav2.3-shRNA-2

Cav2.3-shRNA-3

Scrambled-shRNA
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each shRNA sequence cloned by standard methods into the AAV
backbone peptidyl glycine alpha amidating monooxygenase
(PAM) vector along with the U6 promoter. The expression of the
native green fluorescent protein (GFP) reporter cassette in the final
clones was confirmed by the strong GFP signal following trans-
fection into HEK293 cells. shRNA sequences were as following (the
highlighted sequence represents the target binding site):

In order to identify the shRNA with best knockdown efficiency
among 3 shRNAs, all 3 Cav2.3-shRNAs or Scr-shRNA were
cloned into AAV backbone vector together with the GFP
reporter gene. shRNA vectors were transfected into DRG
cultures using the DC100 program with the Lonza 4D-
Nucleofector X-unit system. At 72 hours after transfection,
transfection efficiency was identified to be approximately 25%
with the help of GFP expression. Thirty GFP-positive cells were
isolated from each transfection with the help of a patch pipette
and used for the gRTPCR analysis of Cav2.3 expressions. Cells
were lysed with Tagman gene expression cells to Ct kit
(AM1729; Ambion), and cDNA synthesis and gRTPCR was
performed according to manufacturer’s instructions. Following
gRTPCR analyses, Cav2.3-shRNA-2 was identified to have
approximately 100% knockdown efficiency. Because we
analyzed only those neurons into which the shRNA-vector
was introduced, it is not surprising to see virtually no Cav2.3
signal from those cells.

2.11. Recombinant adeno-associated virus carrying shRNA
against Cav2.3 and lentivirus carrying miR-34c-5p
specific mimic
The recombinant adeno-associated virus serotype 2/8 particles
carrying shRNA against Cav2.3 (AAV-Cav2.3-shRNA) or a scram-
bled shRNA (AAV-Scr-shRNA) were generated in-house by co-
transfecting the cloned recombinant adeno-associated virus
backbone plasmid, and the helper 2/8 plasmids into HEK293
cells following standard protocols as previously described.'® The
AAVs carrying scrambled control shRNA or Cav2.3-shRNA-2
are referred as AAV-Scr-shRNA and AAV-Cav2.3-shRNA,
respectively, in the article.

Lentivirus carrying nontargeting mimic (S05-005000-01) or
miR-34¢ pre-miRNA (VSM6215-213639165) were purchased
from GE Healthcare Europe GmbH, Freiburg, Germany.

2.12. Intra ganglionic injections

Injection of adeno-associated virus (AAV) or LV was performed
by adapting the protocol reported previously.®-2 Briefly, mice
were deeply anesthetized by intraperitoneal injection of
Fentanyl/domitor/dormicum mix in 4:6:16 (vol/vol/vol) ratio at
0.7 mL/g b.w. Unilateral lumbar 3 and 4 DRGs were exposed
following a laminectomy and 500 nL of AAV or LV, mixed with
Fast Green (Sigma-Aldrich, F7258) at < 1% concentration, was
injected into each DRG using a 35 G glass needle at a rate of
16.6 nL/min. The opening of the bone was filled with an
absorbable haemostatic gelatin sponge (Curaspon, CS-010,
Curamedical BV, Assendelft, the Netherlands), and the skin
opening was sutured. Mice were maintained at 37°C temper-
ature until they recovered from anesthesia. At the end of the
surgery, analgesic (Rimadyl, Pfizer) diluted in saline at 1:1000
dilution was injected intraperitoneally at a dose of 10 mL/Kg
body weight for 3 days. Following postoperative recovery, the
mice were housed at standard conditions for at least 3 W before
performing behavior experiments. At the end of behavioral
experiments, mice were killed with CO,, DRGs injected with
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AAVs were quickly collected, flash-frozen in liquid nitrogen and
stored at —80°C until further experiments.

2.13. Data analysis and statistical analyses

All data are expressed as SEM. Two-way repeated measures
analysis of variance (ANOVA) followed by Bonferroni post hoc test
was used to assess statistical significance in behavioral experiments.
Analysis of variance followed by post hoc Fischer test was used to
assess statistical significance in all other experiments. Changes with
P = 0.05 were considered to be statistically significant.

3. Results
3.1. Validated and predicted targets for miR-34c-5p

In order to understand the nature of the genes which are already
validated as targets for miR-34c¢-5p, we started our analysis with the
complete list of miR-34¢-5p validated targets. We retrieved the list
of all validated targets for miR-34c-5p from the latest version of
miRTarBase, an online repository for archiving validated mRNA
targets for all known miRNAs. 2 To verify the extent of miR-34c-5p
targets across different species, we first compiled the complete list
without applying any species filter. This list resulted in a total of 49
unique validated targets, out of which 2 are from the human system
and the rest from mouse (Suppl. Table 1, available online at http://
links.lww.com/PAIN/A430). Out of 47 validated targets from
mouse, 12 were disregarded after consulting the original publica-
tions because of incorrect annotation in the miRTarBase repository
(highlighted in red in Suppl. Table 1, available online at http://links.
Ilww.com/PAIN/A430). Out of 35 remaining validated targets for
miR-34c-5p, 34 were validated in either cardiac, pulmonary,
gonadal, or developmental models, making them less likely to
be relevant in pain modulation in sensory neurons. However, one
target namely phosphatidylinositol-3,4,5-trisphosphate-dependent
Rac exchange factor 2 (Prex2) is validated in the mouse brain
glioblastoma modelvia HITS-CLIP analyses, marking it as a potential
target for miR-34c¢-5p in the context of sensory modulation. To test
this hypothesis, we checked for the change in Prex2 expression in
DRGs following tumor cell implantation in the calcaneus bone.
gRTPCR analysis revealed that the expression of Prex2 was
increased by 2-fold in DRGs isolated from tumor-bearing mice at 8
days following tumor induction as compared to that of the sham
control group (Fig. 1, panel A, P > 0.05 as compared to sham
group, ANOVA followed by post hoc Fischer’s test), suggesting
Prex2 as a pronociceptive gene. Furthermore, Prex2 expression
was not changed in sensory neurons in the presence of miR-34c-
5p specific inhibitor as compared to mismatch inhibitor transfected
controls (Fig. 1, panel A, P = 0.05 as compared to the sham group,
ANOVA followed by post hoc Fischer test). Taken these observa-
tions together, it is evident that there was no canonical pairing
between miR-34c-5p and Prex2 in sensory neurons in the context
of cancer pain.

3.2. Predicted targets for miR-34c-5p

Thus, after excluding validated targets of miR-34c-5p as
a potential functional pair of miR-34C-5p in sensory neurons,
we set out to identify potential mRNA targets for miR-34c-5p by
taking a comprehensive approach. We started with identifying
putative mRNA targets for miR-34c-5p by using standard
prediction algorithms available. As each prediction algorithm
resulted in a huge list of MRNAs to be predicted as targets for
miR-34c-5p (Fig. 1, panel B and Suppl. Table 2, available online
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Figure 1. Analyses of previously validated and predicted targets for miR-34c-5p. (A) Change in the expression of Prex2, one of the previously validated targets for
miR-34c¢-5p in DRGs isolated from tumor-bearing mice as compared to sham controls (dark colored bar) or in sensory neurons transfected with a miR-3c-5p
specific inhibitor as compared to scramble-inhibitor transfected controls (light colored bar). (B) Venn diagram representation of predicted targets for miR-34c-5p
by 6 different target prediction algorithms. The number of genes consistently predicted as targets for miR-34c-5p by all programs is highlighted in a green circle. (C,
D) Pie-chart representation of significantly enriched (Adj. P = 0.05 calculated by the multiple test adjustment method as compared to number of reference genes in
the category genome-wide) molecular function (C) and cellular component (D) Gene ontology terms by unique genes from the list of 1533 genes commonly
predicted as targets for miR-34c-5p by 6 independent algorithms. (E) Annotation details for 4 genes prioritized as putative targets for miR-34c-5p in sensory

neurons.

at http://links.lww.com/PAIN/A430), we concentrated our further
analyses on 1533 genes, which were consistently predicted as
putative mRNA targets for miR-34c-5p by 6 widely used miRNA
target prediction algorithms namely TargetScan,® Miranda,®
miRmap,?* RNA22,3* RNAhybrid,*” and microT4® (Fig. 1, panel
B, highlighted in green circle). In order to identify the biological
relevance of the predicted targets, we performed system-level
bioinformatics analyses by taking those 1533 enriched predic-
tions as a template. Performing Gene ontology enrichment
analysis associated with each GO term by taking unique genes
from the template list revealed that the majority of predicted
targets of miR-34c-5p belong to the protein binding (61%) and
the receptor activity (38%) category (Fig. 1, panel C). In the same
lines, the cellular component analysis revealed that the majority
out of the enriched list of miR-34c¢-5p predicted targets belong to
the macromolecular complex. Interestingly, significantly enriched

cellular component terms identified from the same gene list
included ’dendrite’ and ’neuronal projection,” suggesting
an intimate association of miR-34c-5p with neuronal functions
(Fig. 1, panel D).

Pathway enrichment analysis of the enriched list of 1533
predicted targets for miR-34c-5p revealed that components of
several biological pathways were significantly enriched (Suppl.
Table 3, available online at http://links.lww.com/PAIN/A430).
Interestingly, the majority of them belong to cancer-relevant
pathways supporting the well-studied tumor-suppressive role
of miR-34c-5p. However, other pathways such as calcium,
MAPK, chemokine, wnt, and VEGF signaling pathways which
are well known to be closely involved in pain modulatory
mechanisms, 223153855859 o neuronal pathways such as amyo-
trophic lateral sclerosis, axon guidance, long-term potentiation,
neuroactive ligand-receptor interaction were also significantly
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enriched, suggesting involvement of miR-34¢-5p in pain modula-
tion, potentially via these pathways. On one hand, miR-34c-5p is
known to be a pronociceptive miRNA” and on the other hand, it is
well documented that miRNAs predominantly function by reducing
the target gene expression.®? Inthis light, we hypothesize that miR-
34c-5p is exerting its pronociceptive functions via an antinocicep-
tive target. Therefore, in the next step, we investigated potential
pathways that would explain this canonical pairing between miR-
34c-5p and its target. Upon careful investigation, it was observed
that the calcium signaling pathway is one of the significantly
enriched (Suppl. Table 3, http://links.lww.com/PAIN/A430, adi.
P = 0.0028 calculated by the multiple test adjustment method as
compared to a number of reference genes in the category
genome-wide) pathways among the enriched list of miR-34c-5p
putative targets. Interestingly, 21 of the calcium signaling pathway
components happened to be within the enriched list of miR-34c¢-
Bp putative targets (Suppl. Fig. 1, available online at http://links.
ww.com/PAIN/A431) and suggest a potential involvement of miR-
34c-5p in regulating the calcium signaling pathway. Another such
pathway significantly enriched in the list of enriched miR-34c-5p
targets was the 'Neuroactive ligand-receptor interaction’ pathway
(Suppl. Table 3 [available online at http://links.lww.com/PAIN/
A430], adj. P < 0.0043 calculated by the multiple test adjustment
method as compared to a number of reference genes in the
category genome- and Suppl. Fig. 2, available online at http://links.
Iww.com/PAIN/A431). We then identified key members of these 2
pathways, namely: calcium channel, voltage-dependent, R type,
alpha 1E subunit (Cacnate, encoding Cav2.3), purinergic receptor
P2X, ligand-gated ion channel, 6, transcript variant 1 (P2rx6),
opioid receptor, delta 1 (oprd7) and opioid receptor, mu 1,
transcript variant MOR-1C (Oprm1) (Fig. 1, panel E), which might
explain canonical pairing and pronociceptive mechanisms of miR-
34c-5p. Thus, by starting with a huge list of predicted targets and
by implementing constructive exclusion criteria and combining with
available biological knowledge, we prioritized 4 candidate mRNAs
to be potential targets for miR-34c¢-5p.

3.3. miR-34c-5p and Cacnale are a functional pair

In the next steps, we sought to investigate the functional relation
between miR-34c¢-5p and each of 4 prioritized targets. In cultured
sensory neurons, we transfected either specific miR-34c¢-5p
mimic or nontargeting mimic. Expression analysis with quantita-
tive real-time PCR (gRTPCR) revealed that miR-34c-5p expres-
sion was increased by more than 20-fold following miR-34¢-5p
mimic transfection as compared to nontargeting mimic trans-
fected neurons (Fig. 2, panel A, P = 0.05 as compared to control
group, ANOVA followed by post hoc Fischer test). In the same
experiment, we then checked for the change in the expression of
4 prioritized targets of miR-34c-5p. gRTPCR analyses revealed
that the expression of Cav2.3 and Oprm1 was significantly
reduced, expression of P2rx6 was significantly increased (Fig. 2,
panel A, P = 0.05 as compared to control group, ANOVA
followed by post hoc Fischer’s test), and that of oprd? was
unchanged in the presence of miR-34c-5p. In the next step, we
performed a complementary experiment where miR-34c-5p
expression was reduced in sensory neuronal cultures by trans-
fecting with miR-34c-5p specific inhibitor. As shown in Figure 2
panel B, expression of miR-34c-5p was significantly reduced to
0.2-fold following miR-34c-5p inhibitor transfection as compared
to scrambled miR-35¢-5p inhibitor (Fig. 2, panel B, P = 0.05 as
compared to the sham group, ANOVA followed by post hoc
Fischer’s test). Analysing the expression of 4 putative targets in
the presence of miR-34-5p inhibition revealed that the expression
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of Cav2.3 and P2rx6 was significantly increased, expression of
oprd1 was significantly reduced (Fig. 2, panel B, P = 0.05 as
compared to control group, ANOVA followed by post hoc
Fischer’s test), and that of oprm7 was unchanged. Taken the
results from these 2 complementary experiments together, it is
evident that the expression of P2rx6, oprd1, or oprm1 was not in
classical reciprocal relation with the expression of miR-34c-5p.
However, expression of Cav2.3 was significantly and inversely
changed as compared to the expression of miR-34c¢-5p in sensory
neuronal cultures providing the first level of evidence for canonical
pairing between miR-34c¢-5p and Cav2.3 in sensory neurons.

In the next step, to investigate the functional relationship
between miR-34c-5p and its 4 prioritized targets in cancer states,
we tested for the change in the expression of 4 prioritized predicted
targets in sensory neurons in tumor conditions in vivo. gRTPCR
analysis revealed that the expression of miR-34c¢-5p was more than
10-fold higher in the DRGs isolated from tumor-bearing mice as
compared to sham mice (Fig. 2, panel C, P = 0.05 as compared to
sham group, ANOVA followed by post hoc Fischer test), which is in
accordance with our previous report.” In the same tissue samples,
analysis of 4 prioritized putative targets revealed that the expression
of Cav2.3 was significantly reduced (Fig. 2, panel C, P = 0.05 as
compared to the sham group, ANOVA followed by post hoc Fischer
test), while that of P2rx6, oprm1, or oprd1 was unchanged. This
observed upregulation of miR-34c-5p and downregulation of
Cav2.3 in sensory neurons in vivo, when tumor-induced hyper-
algesia is significantly present,” provided a second level of evidence
for canonical pairing between miR-34c-5p and Cav2.3 and their
potential involvement in bone metastasis—induced pain.

In the next set of experiments, we focused on Cav2.3 and asked
whether miR-34c¢-5p is able to directly bind the 3" UTR of Cav2.3
and regulate the translation. Analysis of the 3" UTR of Cav2.3
revealed thatitis 7681 bp in length and has 2 potential binding sites
for the seed region of miR-34¢-5p (Fig. 2, panel D). Owing to its size
and envisioned difficulties in cloning, we chose to clone first 2500
bp of the 3"UTR, which harbors the classical 7 bp binding site or
mutated binding site for miR-34c-5p, into the dual Luciferase
reporter construct under the Luciferase promoter (Fig. 2, panel D).
The Cav2.3 UTR reporter constructs were transfected into HEK293
cells together with the miR-34c-5p specific mimic or nontargeting
mimic, and change in the translated Luciferase protein levels was
measured 48 hours after transfection in the form of luminescence
signals in an enzymatic assay. Analysis of the results revealed that
the luminescence signals from the HEK293 cells transfected with
the UTR reporter construct were significantly less as compared to
nontargeting mimic transfected cells, and there was no effect of
miR-34¢-5p mimic on the luminescence signals from the HEK293
cells transfected with the reporter construct containing mutated
seed regions (Fig. 2, panel E). We then tested the impact of miR-
34c-5p overexpression on the expression of Cacnale protein in
the cultured sensory neurons by following the same protocol
explained above for Figure 2, panel A. Immunoblot analyses in the
presence of miR-34c¢-5p specific or control mimic revealed that the
expression of Cav2.3 protein is significantly less in the sensory
neurons expressing miR-34c-5p specific mimic as compared to
the cells transfected with nontargeting mimic (Fig. 2, panel F).
These observations provided a third level and conclusive proof for
functional binding between miR-34c-5p and Cav2.3.

3.4. mir-34c-5p and Cacnele are coexpressed in
nociceptive neurons

Having thus confirmed inverse regulation and functional relation
between miR-34c-5p and Cav2.3, we studied the cellular
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Figure 2. Analyses of prioritized putative targets for miR-3c-5p in sensory neurons isolated from tumor-bearing mice. (A) gRTPCR analyses demonstrating the
change in the expression of miR-34c-5p and 4 of its putative targets in cultured sensory neurons in the presence of miR-34c-5p specific mimic as compared to
nontargeting mimic transfected controls. (B) gRTPCR analyses demonstrating the change in the expression of miR-34c-5p and 4 of its putative targets in cultured
sensory neurons in the presence of miR-34c¢-5p specific inhibitor as compared to scrambled nontargeting inhibitor-transfected controls. (C) gRTPCR analyses
demonstrating the change in the expression of miR-34c-5p and 4 of its putative targets in the DRGs isolated from tumor-bearing mice as compared to sham controls.
Inpanels A-C, *denotes P = 0.05 as compared to control group, analysis of variance followed by post hoc Fischer test from at least 3 biological replicate experiments.
The dotted line represents expression levels in the control group, bars above the line represent upregulation and below the line represent downregulation of tested
transcripts. (D) Representation of miR-34c-5p binding sites in the 3'"UTR of Cav2.3 and strategy for the cloning of 3'UTR sequence into the dual luciferase vector.
(E) Luciferase reporter assay in HEK293 cells demonstrating changes in the translation of the Cav2.3 gene in the presence of intact or mutated binding sites
for miR-34¢-5p and following induction of miR-34c-5p expression via specific mimic. (F) Representative western blot analysis images and their quantification for
Cacnale or B-tubulin protein expression in the lysates of cultured DRG neuronal cells following transfection with control (non-targeting mimic) or miR-34c-5p specific
mimic. *Denotes P = 0.05 as compared to nontargeting mimic group, analysis of variance followed by post hoc Fischer test, n = 3 independent experiments.

localization of these 2 entities in sensory neurons in vivo by FISH-
IF protocol. Analysis using miR-34c-5p specific or scrambled
ISH probes on DRGs isolated from wild-type mice revealed that
miR-34c-5p specific signals could be detected in DRG cells,
while there was no detectable signal from the negative control
probe (Fig. 3, panel A). In order to investigate Cav2.3 expression,
we first confirmed the specificity of previously used anti-Cav2.3
antibody“® in the IF staining by preincubating the tissue sections

with blocking peptide and by performing secondary antibody
only control staining (Suppl. Fig. 3, available online at http://links.
Iww.com/PAIN/A431). Analysis revealed that Cav2.3 specific
signals were observed in the cytoplasm and cell membrane
of DRG cells of all sizes, suggesting its ubiquitous expression
profile in peripheral sensory neurons in vivo (Fig. 3, panel A).
Furthermore, the signals from both miR-34c-5p and Cav2.3
are colocalized in the DRG cells (Fig. 3, panel A), supporting
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Figure 3. Analyses of cellular expression of miR-34c-5p in dorsal root ganglia in vivo. Representative images to demonstrate fluorescent in situ hybridization (FISH)
analysis of miR-34c¢-5p expression in mouse DRG with specific or negative control probes (A) and immunofluorescence analysis of colabeling with its mRNA target
Cav2.3 (A), isolectin-B4-binding (IB4) nonpeptidergic nociceptors (B), substance P-positive peptidergic nociceptors (C) and NF200-positive large diameter
sensory neurons (D) in mouse DRG. Cell nuclei were counterstained with DAPI. Quantification of coexpression of each neuronal subtype with the miR-34c-5p
expressing neurons is shown in panel E. Scale bars represent 50 um in all panels. Tissue samples from 3 independent mice were analyzed.

their functional association observed in above-explained ex-
periments. Further colocalization experiments for miR-34c-5p
using previously characterized IB4-binding,” antisubstance P
antibody®® or neurofilament 200 antibodies®®®® revealed that
17.8% of miR-34c¢-5p expressing neurons were isolectin-B4-
binding nonpeptidergic nociceptors, 24% were substance-p

positive peptidergic nociceptors, and 19% were NF200-positive
large diameter sensory neurons (Fig. 3, panels B-E). In next
experiments, we investigated the Cav2.3 expression in neuronal
and nonneuronal cells using previously characterized anti-
PGP9.5 and anti-GFAP antibodies, respectively, and observed
that Cav2.3 is expressed in majority of neurons (88%) and few
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Figure 4. Analyses of expression of the Cav2.3 protein in neuronal and nonneuronal cells or in cell membrane of the cells in dorsal root ganglia in vivo.
Representative images to demonstrate expression of Cav2.3 in mouse DRG and colabeling with PGP9.5-positive neuronal cells (A), GFAP-positive satellite cells
(B) and with HCN1 (hyperpolarization-activated cyclic nucleotide-gated) channel in the cell membrane (C). Observed colocalization is highlighted with white
arrows. Quantification of coexpression of each neuronal subtype with the Cav2.3 expressing neurons is shown in panel D. Scale bars represent 50 umin all panels.

Tissue samples from 3 independent mice were analyzed.

GFAP-positive satellite cells (11%) in DRG (Fig. 4, panels A-C).
We further analyzed membrane localization of Cav2.3 by
colabeling with a previously characterized antibody against
HCN1 (hyperpolarization-activated cyclic nucleotide-gated)*
protein which is expressed in DRGs and localized to the
membrane of sensory neuronal cells.? Analyses of single plane
confocal images revealed colocalization of HCN1 and Cav2.3
specific signals suggesting membrane expression of Cav2.3
(Fig. 4, panel C). We then performed more labeling studies to
identify the extent of Cav2.3 expression in neuronal subpopu-
lations in DRGs isolated from WT mice. Confocal analyses of

colocalization and quantification revealed that 18% of Cav2.3
expressing neurons were isolectin-B4-binding nonpeptidergic
nociceptors (Fig. 5, panels A and D), 11% were substance-p
positive peptidergic nociceptors (Fig. 5, panels B and D), and
17% were NF200-positive large diameter sensory neurons
(Fig. 5, panels C and D).

3.5. Cav2.3 functions as an antinociceptive transcript

After conclusively establishing the synchronous and inverse
change in the expression levels of miR-34c-5p and Cav2.3 in
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Figure 5. Analyses of cellular expression of the Cav2.3 protein in dorsal root ganglia in vivo. Representative images to demonstrate expression of Cav2.3 in mouse
DRG and colabeling with isolectin-B4-binding (IB4) nonpeptidergic nociceptors (A), substance P-positive peptidergic nociceptors (B) and NF200-positive large
diameter sensory neurons (C) in mouse DRG. Observed colocalization is highlighted with white arrows. Quantification of coexpression of each neuronal subtype
with the Cav2.3 expressing neurons is shown in panel D. Scale bars represent 50 um in all panels. Tissue samples from 3 independent mice were analyzed.

sensory neurons, we next asked whether Cav2.3 or miR-34c-5p
alone is sufficient to modulate sensitivity in basal conditions. To
test the impact of Cav2.3 on the mediation of mechanical
sensitivity, we designed 3 independent shRNA sequences
targeting different regions of the coding sequence of Cav2.3
and cloned into a dual-promoter AAV expression vector in which
expression of shRNA and GFP was driven by U6 and CBA
promoters, respectively. After selecting the shRNA sequence
with best knockdown efficiency against Cav2.3 (Suppl. Fig. 4,
available online at http://links.lww.com/PAIN/A431), AAVs

carrying either shRNA against Cav2.3 (AAV-Cav2.3-shRNA) or
scrambled shRNA (AAV-Scr-shRNA) were generated. The AAVs
were then injected into lumbar 3 and 4 DRGs of 2 groups of WT
mice by following intraganglionic injection procedure previously
described.®® Behavioral analyses revealed that the withdrawal
frequency to a range of calibrated Von Frey filaments was
significantly higher in the group of mice injected with AAV-
Cav2.3-shRNA at 3W following viral injection as compared to
the sensitivity observed before viral injection (basal) or to the
group of mice injected with control AAV-Scr-shRNA virus
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Figure 6. Analyses of functional contribution of Cav2.3 and miR-34c-5p in the mediation of mechanical sensitivity in wild-type mice. (A) Change in the
frequency of paw withdrawal to the plantar application of graded von Frey filament forces of different strength in ipsilateral paws following intraganglionic
injection of AAVs carrying either scrambled shRNA (AAV-Scr-shRNA) or shRNA directed against coding sequence of Cav2.3 (AAV-Cav2.3-shRNA),
measured before and at 3W after viral injections. (B) Mechanical response thresholds calculated as von Frey filament strength required to achieve 60%
withdrawal frequency in ipsilateral paws following intraganglionic injection of AAV-Scr-shRNA or AAV-Cav2.3-shRNA, measured before and at 3W
following viral injection. (C) Representative western blot analysis images and their quantification for Cacna7e or B-tubulin protein expression in the DRG
tissue lysates following intraganglionic injection of AAV-Scr-shRNA or AAV-Cav2.3-shRNA. (D) Change in the frequency of paw withdrawal to the plantar
application of graded von Frey filament forces of different strength in ipsilateral paws following intraganglionic injection of lentivirus carrying either
nontargeting miRNA mimic (Lenti-nontargeting-mimic) miR-34c¢-5p specific mimic (Lenti-miR-34c-mimic), measured before and at 4W after viral
injections. (E) Mechanical response thresholds calculated as von Frey filament strength required to achieve 60% withdrawal frequency in ipsilateral paws
following intraganglionic injection of Lenti-nontargeting-mimic or Lenti-miR-34c-mimic, measured before and at 3W following viral injection. (F)
Representative western blot analysis images and their quantification for Cacnae or B-tubulin protein expression in the DRG tissue lysates following
intraganglionic injection of Lenti-nontargeting-mimic or Lenti-miR-34c-mimic. In panels A, B, D, and E, *P = 0.05 as compared to basal readings and
Tdenotes P = 0.05 as compared to a corresponding data point in other 3 groups, 2-way analysis of variance of repeated measures followed by
Bonferroni multiple comparisons post hoc test, n = 8 mice per group. In panels C and F, *P = 0.05 as compared to control group, analysis of variance
followed by post hoc Fischer test, n = 5 independent experiments.



www.painjournalonline.com

1776  J. Gandlaetal. 158 (2017) 1765-1779

(Fig. 6, panel A, P = 0.05 as compared to basal readings, 2-way
ANOVA of repeated measures followed by the Bonferroni
multiple comparisons post hoc test, n = 8 mice per group).
Analyses of mechanical response threshold (Fig. 6, panel B)
also revealed the same results. There was no change in the
hypersensitivity in the paws contralateral to DRGs injected with
either AAV-Scr-shRNA or AAV-Cav2.3-shRNA (Suppl. Fig. 6,
panel A, available online at http://links.lww.com/PAIN/A431). At
the end of the behavioral experiments, lumbar DRGs were
collected to analyze the change in Cav2.3 protein expression
following intraganglionic injections of AAV-shRNA and to
confirm knockdown of Cav2.3 using previously characterized
antibody against Cav2.3 protein.”® Western blot analyses
revealed that there were 2 specific bands for Cav2.3 protein
corresponding to approximately 252 and 130 kDa, and both of
them were almost undetectable in the AAV-Cav2.3-shRNA
injected group as compared to that in the AAV-Scr-shRNA
injected group (Fig. 6, panel C). The quantification Cav2.3
protein—-specific signals revealed the reduction of 95% in the
Cav2.3-shRNA injected group as compared to the AAV-Scr-
shRNA injected group (Fig. 6, panel C), confirming shRNA-
mediated potent knockdown of Cav2.3 in vivo in DRGs.

In order to test the impact of miR-34c-5p overexpression on
the basal hypersensitivity in WT mice, we procured LV expressing
modified pre-miRNA sequences for the miR-34c, which will
facilitate preferential incorporation of the miR-34c-5p by the
RNA-induced silencing complex (RISC) and subsequent degra-
dation of miR-34c-3p, and corresponding control nontargeting
mimic. After measuring the basal mechanical sensitivity, lentivi-
rions were injected directly into the lumbar 3 and 4 DRGs of WT
mice, and the mechanical sensitivity was measured at 4W
following viral injections. Behavioral analyses revealed that the
withdrawal frequency to a range of calibrated Von Frey filaments
was significantly higher in the group of mice injected with Lenti-
miR34c-5p-mimic at 4W following viral injection as compared to
the sensitivity observed before viral injection (basal) or to the
group of mice injected with control Lenti-nontargeting-mimic
(Fig. 6, panel D, P = 0.05 as compared to basal readings, 2-way
ANOVA of repeated measures followed by Bonferroni multiple
comparisons post hoc test, n = 8 mice per group). Analyses of
mechanical response threshold revealed the same results (Fig. 6,
panel E), and analyses of behavioral data from the paw
contralateral to the LV injection revealed no difference among
groups (Suppl. Fig. 6, panel B, available online at http://links.ww.
com/PAIN/A431). At the end of behavioral analyses, DRGs
injected with LV were collected and analyzed for the change in
Cav2.3 protein expression by immunoblotting. Quantification of
Cav2.3 specific expression after normalizing to B-tubulin loading
control revealed that there was significant and 40% reduction in
the Cav2.3 isoform corresponding to ~130 kDa size as
compared to the lenti-nontargeting-mimic injected group (Fig. 6
panel F, P = 0.05 as compared to control group, ANOVA followed
by post hoc Fischer test, n = 5 mice per group).

4. Discussion

Our understanding of miRNA-mediated mechanisms underlying
cancer painis still inits infancy. Most of the studies addressing the
role of miBNAs in chronic pain conditions are confined to
reporting expression or their altered regulation but fail to
investigate their target level mechanisms. The current study aims
at demonstrating an extended experimental pipeline to identify
a functional mMiRNA-mRNA pair for a key pronociceptive miRNA in
the context of cancer pain. In this study, we, therefore, adopted
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a comprehensive approach combining in silico, in vitro, and in
vivo analyses to tackle this issue and identified (1) miR-34c-5p
and Cav2.3 as a novel functional pair in cancer pain modulation
and (2) an antinociceptive role for Cav2.3 containing Ca®*
channels in peripheral sensory neurons.

4.1. mRNA targets for miR-34c-5p

One of the current biggest challenges in miRNA research is to
interpret biological relevance from “putative target predictions”
usually containing tens of candidate genes. We previously
reported a successful strategy for miR-1a-3p, in which expres-
sion change of all 62 enriched predictions was investigated by
gRTPCR to identify Clcn3 as a novel functional pair for miR-1a-
3p.” However, this strategy is difficult to implement in the cases
where even the prioritized list of predicted targets contains
several hundreds of candidate genes. For miR-34c-5p, 6
independent target prediction algorithms consistently predicted
1533 genes as putative targets. Therefore, here, we analyzed in
silico observations in the light of the literature on key genes
associated with pain to further narrow down the list of enriched
predictions for functional analyses. By performing complemen-
tary in silico experiments, we identified that components of
calcium, MAPK, chemokine, Wnt, VEGF signaling, and neuroac-
tive ligand-receptor interaction pathways, which have a well-
established role in pain, are enriched among those 1533
predicted targets.”2%:31:53-55:59 However, owing to well charac-
terized pronociceptive properties for key components of those
signaling pathways, it is less likely that they constitute direct
canonical targets for miR-34c¢-5p, which itself is a pronociceptive
miRNA. On close observation, it is identified that the majority
members of calcium signaling and neuroactive ligand-receptor
interaction pathways have binding sites for miR-34c¢-5p in their 3’
UTR (Suppl. Table 3, available online at http://links.lww.com/
PAIN/A430). Of 21 such members of the calcium signaling
pathway, Cacnale has 2 conserved binding sites for the seed
region of miR-34c-5p, whereas others have one binding site
(Fig. 2), suggesting a potentially stronger functional association
between Cav2.3 and miR-34c-5p. Therefore, we prioritized
Cav2.3 as a potential target for miR-34c-5p. Adapting the same
strategy, we prioritized P2rx6, oprd1, and Oprm1 as potential
binding partners for miR-34c-5p from the neuroactive ligand-
receptor interaction pathway. Expression analyses of 4 prioritized
targets together with miR-34c¢-5p in DRGs isolated from tumor-
bearing mice or in sensory neuronal cultures in the presence of
a miR-34c-5p specific inhibitor or its mimic consistently
confirmed reciprocal regulation of miR-34c-5p and Cav2.3 but
not of the other 3 candidates. Luciferase reporter assay further
confirmed functional binding between miR-34c-5p and Cav2.3. It
is interesting that despite highly stringent bioinformatics pre-
dictions, 3 of 4 prioritized mMRNAs were not regulated at mRNA
level in sensory neurons in cancer conditions. Each gene can be
regulated by more than one miRNA, and several miRNAs are
regulated in sensory neurons in cancer pain conditions.”
Therefore, it is possible that even though P2rx6, oprd1, and
Oprm1 are targets of miR-34c-5p, regulation by other endoge-
nous MiRNAs would have resulted in the neutralization of miR-
34c-5p—-mediated effects on these targets. The potential impact
of miR-34c¢-5p on those targets via translational repression will
have to be addressed in future studies. Our results indicate the
importance of context-dependent changes in a miRNA and its
targets when analyzing miRNA-mRNA functional interactions.
Thus, by implementing state-of-the-art in silico analyses and
stringent expression analyses combined with constructive
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exclusion criteria in each step, starting with 21,801 of unique
genes as putative targets for miR-34c-5p, the current study
identified Cav2.3 as a novel and bona fide functional target for
miR-34c-5p in sensory neurons.

Interestingly, none of the previously validated targets for miR-
34c¢-5p were confirmed in sensory neurons, which was also true
for miR-1a-3p,” underscoring context-specific MIRNA actions in
sensory neurons. Here, we identified Prex2 to be upregulated in
sensory neurons innervating tumor-affected areas. Prex2 is a Rho
guanine exchange factor for Rac' and is expressed in
neurons.'® While the expression of Prex2 has not been reported
in DRG previously, its effector Rac1 is expressed in DRG neurons
and regulates axonal growth dynamics.?**° The structural
reorganization is one of the important hallmarks in cancer pain
states,?®°" and neuronal Rac GEFs thus hold immense potential
in modulating this process.®®

4.2. Cav2.3 functions as an antinociceptive calcium channel
in peripheral sensory neurons

The most important finding of the current study was the
identification of MRNA encoding Cav2.3 as a key target for miR-
34c and the observations of antinociceptive properties of Cav2.3
in sensory neurons. Cav2.3 is encoded by Cacnale, expressed in
neuronal and endocrine tissues®’#%4°43%4 and constitutes the
principle pore-forming subunit of R-type Ca2+ currents.'®
Expression of 2 of 6 Cav2.3 splice variants has been reported in
the DRG via RTPCR, """ and here we demonstrate expression of
the Cav2.3 protein in the DRG. Interestingly, although, previous
studies reported that Cav2.3 expression is unaffected in DRGs
following chronic constriction injury, axotomy-induced neuropa-
thy,2® or in the neuropathic phase of diabetes,®* we observed
a significant reduction in the expression of Cav2.3 in sensory
neurons corresponding to tumor-affected areas. Because neuro-
pathic pain is an integral component of cancer pain,®*®%° these
observations imply a context-dependent modulation of Cav2.3
and suggest a selective involvement in specific mechanisms
involving tumor-nerve interactions.

The mode of action of Cav2.3-containing Ca®* channels is not
well understood, and its potential functional role in modulation of
pain has been discussed controversially. For instance, one study
reported that intrathecal application of specific R-type calcium
channel blocker SNX-482 increased formalin-induced pain
behavior in the early phase but reduced it in the late phase,*®
while another study reported attenuation of behavior in both
phases in the same experimental paradigm.5” Furthermore,
spinally expressed SNX-482 sensitive channels were suggested
to function as antinociceptive channels in neuropathic pain
conditions.*® Mice lacking Cav2.3 globally showed an unaltered
response to distinct pain stimuli in basal conditions but develop
reduced pain behavior in the second phase of formalin test.*® In
this study, with conditional deletion of Cav2.3 specifically in DRGs
via shRNA targeting or miR-34c¢-5p overexpression, we observed
that mice showed exaggerated responses to mechanical stimuli.
In the light of the previous literature on Cav2.3 functions, it is
intriguing that our experiments suggest an antinociceptive role for
Ca2* channels containing Cav2.3, which is contrary to the lack of
phenotype reported in global Cav2.3 KO mice under basal
conditions.*® A likely explanation for this apparent discrepancy is
that Cav2.3 is absent throughout the somatosensory axis in
global knockout mice, which may have neutralized site-specific
functions of Cav2.3 in peripheral sensory neurons. Our results
suggest a specific antinociceptive role for Ca2* channels
containing Cav2.3 located on peripheral afferents, and future
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studies should reveal more functional insights into the underlying
mechanisms.

Thus, this study demonstrates how functions of miRNAs
identified in open-ended genome-wide screens can be
elucidated in the context of a specific pain disorder. Starting
with stringent bioinformatics, we demonstrate how the
excessively long lists of potential MRNA targets of individual
miRNAs can be narrowed down by incorporating expression
analyses, promoter function analyses to discover true miRNA-
mRNA interactions, and finally by functionally validating in the
specific site in the nociceptive pathway in vivo. We identify
Cav2.3 as a target of miRNA regulation in cancer pain, and our
studies imply the therapeutic potential for this antinociceptive
channel.
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