1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

WEALTY 4
of %,

SERVIC

A
u
Yeyvaaa

/ HHS Public Access

Author manuscript
Pain. Author manuscript; available in PMC 2022 June 30.

Published in final edited form as:
Pain. 2020 October ; 161(10): 2330-2343. doi:10.1097/j.pain.0000000000001926.

A disintegrin and metalloproteinase domain 17-epidermal growth
factor receptor signaling contributes to oral cancer pain

Nicole N. Scheff?, Yi Ye?, Zachary R. Conley?P, Jen Wui Quan?, Yat Vong Ronald Lam?,
Richard Klares 112, Kamalpreet Singh?3, Brian L. Schmidt?, Bradley E. Aouizerat®"

aBluestone Center for Clinical Research, New York University College of Dentistry, New York, NY,
United States

bDoctor of Dental Surgery Program, New York University College of Dentistry, New York, NY,
United States

Abstract

Cancer cells secrete pronociceptive mediators that sensitize adjacent sensory neurons and cause
pain. ldentification and characterization of these mediators could pinpoint novel targets for cancer
pain treatment. In this study, we identified candidate genes in cancer cell lines that encode

for secreted or cell surface proteins that may drive nociception. To undertake this work, we

used an acute cancer pain mouse model, transcriptomic analysis of publicly available human
tumor-derived cell line data, and a literature review. Cancer cell line supernatants were assigned

a phenotype based on evoked nociceptive behavior in an acute cancer pain mouse model. We
compared gene expression data from nociceptive and nonnociceptive cell lines. Our analyses
revealed differentially expressed genes and pathways; many of the identified genes were not
previously associated with cancer pain signaling. Epidermal growth factor receptor (EGFR) and
disintegrin metalloprotease domain 17 (ADAM17) were identified as potential targets among the
differentially expressed genes. We found that the nociceptive cell lines contained significantly
more ADAM17 protein in the cell culture supernatant compared to nonnociceptive cell lines.
Cytoplasmic EGFR was present in almost all (>90%) tongue primary afferent neurons in

mice. Monoclonal antibody against EGFR, cetuximab, inhibited cell line supernatant-induced
nociceptive behavior in an acute oral cancer pain mouse model. We infer from these data that
ADAML17-EGFR signaling is involved in cancer mediator-induced nociception. The differentially
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expressed genes and their secreted protein products may serve as candidate therapeutic targets for
oral cancer pain and warrant further evaluation.
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1. Introduction

Cancer pain is the most severe symptom in a variety of cancers and predicts poor
prognosis.®® Most forms of cancer pain are hypothesized to arise from cancer-secreted
mediators that sensitize and activate primary afferent neurons innervating the cancer
microenvironment.”3 We previously demonstrated that oral cancer cell culture supernatant
induces nociceptive behavior in mice in the absence of tumor burden or illness associated
with malignancy.38:72:86 Algogenic mediators released by tumor cells include endothelin-1
(ET-1),3561 nerve growth factor,8488 interleukins,118:76 and tumor necrosis factor alpha.”?
However, cancer pain therapies that target these mediators exhibit limited efficacy.>11.80
Identification and characterization of novel cancer-secreted mediators could provide targets
for cancer pain treatment. We seek to identify candidate genes that encode for the secreted
and cell surface proteins that drive cancer pain.

Here, we develop a bioinformatic pipeline to couple preclinical characterization (nociceptive
vs non-nociceptive) of human nontumorigenic and cancer cell lines in mice with
transcriptomic analysis of the cell lines using publicly available data and a literature
review of the resultant proteome. Human global gene expression profiling is often used

to identify novel cancer therapy targets®-16:34: however, performance of gene expression
profiling for cancer pain biomarker discovery has not been reported. The Gene Expression
Omnibus (GEO) database, a growing National Center for Biotechnology Information
(NCBI) repository for gene expression data generated from human and nonhuman tissues
and cell lines,3 is underutilized as a resource to evaluate new hypotheses related to cancer
pain. We use the GEO database to pursue studies of cancer pain by accessing deposited
genomic data sets of cell lines previously characterized as nociceptive or nonnociceptive
using an acute supernatant cancer pain mouse model.”2

Our analyses comparing nociceptive cell lines to nonnociceptive cell lines reveal protein-
encoding gene sets (pathways); many of the identified genes were not previously associated
with cancer pain signaling. The phosphatidylinositol 3”-kinase (PI3K)-Akt signaling
pathway is the most differentially expressed gene (DEG) set and includes EGFR and
disintegrin metalloprotease domain 17 (ADAM17); these 2 molecules play a role in cancer
progression.#53:57.74 At least 10% of all cell surface proteins are proteolytically cleaved and
release soluble proteins?1-30; many EGFR ligands are substrates for ADAM17 cleavage.5
However, the role of ADAM17-EGFR signaling in cancer pain remains unknown. We
hypothesize that EGFR ligands undergo ADAM17-mediated proteolytic cleavage from the
plasma membrane of oral cancer cells, to activate the trigeminal primary afferent sensory
neurons in the cancer microenvironment. To begin to investigate whether ADAM17-EGFR
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signaling contributes to oral cancer pain, we used an oral cancer pain model created by
injecting supernatant from human cancer cell lines into the tongue. The dolognawmeter
assay was used to quantify a behavioral index (gnawing) of orofacial nociception.1® The data
demonstrate that factors secreted by oral cancers cell lines (ie, ADAM17) have the capability
to induce pain, EGFR is expressed on trigeminal neurons, and EGFR inhibitors effectively
block this pain.

2. Materials and methods

2.1. Cell culture and supernatant collection

Supernatant from 5 cancer cell lines (oral squamous cell carcinoma [HSC-3,%5 SCC-4,6°
SCC-966], skin melanoma [SkMel-282°], or pancreatic carcinoma [PANC-142]) and 3
nontumorigenic cell lines (normal primary oral keratinocyte [NOK], immortalized skin
keratinocyte [HaCaT®], and oral dysplastic keratinocyte [DOK!2]) was used to produce the
acute cancer pain models. Cells were maintained and culture supernatant was collected

as previously described.”2:84.85 Al cell lines were cultured in 10 cm cell culture dishes

at 37°C with 5% CO, in Dulbecco’s modified Eagle’s medium (Gibco, Waltham, MA)
supplemented with 10% fetal bovine serum and penicillin/streptomycin (50 U/mL). When
cells reached 70% to 80% confluency (1.5 x 10 cells), the culture medium was changed
to serum-free phenol-free Dulbecco’s modified Eagle’s medium (3 mL total volume), and
incubated for 48 hours. Culture supernatant was collected, centrifuged at 300x g for 4
minutes to remove cell debris, and frozen for storage at —20°C. All cell lines used for
supernatant collection were successfully authenticated by ATCC using short-tandem repeat
profiling.

2.2. Acute cancer pain model

2.2.1. Animals—Adult (10-12 weeks, 20-30 g) male C57BL/6 mice (stock #000664;
Jackson Labs, Bar Harbor, ME) were used for all experiments. Mice were housed in a
temperature-controlled room on a 12:12-hour light:dark cycle (07:00-19:00 hours light),
with unrestricted access to food and water. Researchers were trained under the Animal
Welfare Assurance Program. All procedures were approved by the New York University
Institutional Animal Care and Use Committee and performed in accordance with National
Institutes of Health guidelines for the use of laboratory animals in research. All mice
used for the acute cancer pain model (Methods section 2.2.3) were euthanized 12 hours
after supernatant injection, after the conclusion of the orofacial pain behavior assay,
dolognawmeter, to ensure the experience of pain was minimized.

2.2.2. Orofacial behavior—A behavioral index of orofacial nociception was quantified
in a dolognawmeter,1® a device and assay designed to quantify gnawing activity. Each mouse
was placed into a dolognawmeter confinement tube; escape from the tube is obstructed by 2
dowels in series in front of the mouse. The mouse voluntarily gnaws through both dowels to
escape the device. Each obstructing dowel is connected to a digital timer that automatically
records the duration required for the mouse to sever each dowel. The outcome variable is

the gnaw-time for the second dowel and is a validated index of orofacial nociception in mice
with oral cancer.1® To acclimatize the mice and improve consistency in gnawing behavior,

Pain. Author manuscript; available in PMC 2022 June 30.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Scheff et al.

Page 4

all mice were trained for 5 to 7 sessions in the dolognawmeter. Training is accomplished

by placing a mouse in the device and allowing it to gnaw through the obstructing dowels in
the same manner as the subsequent experimental gnawing trials. For acute oral cancer pain
models, a baseline gnaw-time (mean of the final 3 training sessions) was established for each
mouse. The investigator was blinded to the treatment groups.

2.2.3. Acute cancer pain model—We generated acute oral cancer pain models by
injecting cell line supernatant into the tongue as previously described.”? Mice received
50-pL injections (under isoflurane general anesthesia) of cell line supernatant over a 5-
second period, into the left lateral tongue on 1 day or 3 consecutive days depending on the
experiment. Nociceptive orofacial behavior measurements were recorded in awake mice 1
hour after the final supernatant injection.

2.3. Proteomics literature review

The NCBI PubMed search engine (https://www.ncbhi.nlm.nih.gov/pubmed/) was used to
identify published studies that performed proteomic or secretomic analyses on any of

the 3 oral squamous cell carcinoma (SCC) cell lines HSC-3,%° SCC-4,65 SCC-966 or on

the pancreatic cell line PANC-1.42 We used the keywords: “HSC-3,” “SCC-4,” “SCC-9,”
“PANC-1" AND “proteomic” or “secretomic” or “proteome” or “secretome.” The search
results were further evaluated based on the following inclusion criteria: (1) the study
included “untreated” cell lines; (2) the study included a minimum of 2 samples per group;
and (3) the study reported relative protein expression. Candidate proteins were cataloged
for each eligible study, compiled, and reviewed as a group by a subset of the coauthors
(N.N.S., Z.C., and B.E.A.). The PMID of eligible articles included in the analysis are shown
in Supplementary Table S1 (available at http://links.lww.com/PAIN/B47). The protein list
was further refined using GeneCards’’ and Uniprot’8 to identify proteins that are secreted or
plasma membrane bound in the functional cell.

2.4. Gene expression analyses

2.4.1. Publicly available cell line gene expression data—Gene Expression
Omnibus (https://www.ncbi.nlm.nih.gov/geo/) and Array Express (https://www.ebi.ac.uk/
arrayexpress/) were queried for available gene expression data sets generated using the cell
lines evaluated in the acute oral cancer pain model. Gene expression data sets generated
using the Affymetrix U133 Plus 2.0 microarray platform were selected for analysis because
the largest number of data sets was available in this array format (n = 55). Eligibility
criteria for cell line data sets are tabulated in Supplementary Table S2 (available at http://
links.lww.com/PAIN/BA47) and included: (1) data sets generated with one of the following
human-derived cell lines: NOK, HaCaT, DOK, HSC-3, SCC-4, SCC-9, SkMel-28, PANC-1;
(2) an untreated comparator was used (eg, the control sample for a given experiment); (3)
cell line authentication was used in the original study; and (4) cell lines originated from
males. After the GEO search, no additional unique entries were identified from the Array
Express database. Raw GeneChip probe results files (.CEL) were extracted through the R
statistical environment using the Bioconductor package GEOquery.
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2.5. Enzyme-linked immunosorbent assay

The ADAM17 protein concentration in cell line supernatant was measured with an ELISA
(MyBioSource, Inc; San Diego, CA). Supernatant was collected as described above from 3
separate cultures within the same cell passage and treated with protease inhibitor cocktail
(Pierce, Thermo Fisher Scientific, Waltham, MA). Protein concentrations were determined
using a Pierce bicinchoninic acid assay (Thermo Fisher Scientific). ELISA was performed
per the manufacturer’s instructions; each sample was run in triplicate. The optical densities
of the standards and samples were read at 450 nm using a Model 680 Microplate Reader
(Bio-Rad Laboratories, Inc, Hercules, CA).

2.6. Immunohistochemistical staining for epidermal growth factor receptor in trigeminal
from the mouse models

At least 10 days before tissue harvest, the retrograde tracer 1,1’ -dioctadecyl-3,3,3",3’-
tetramethylindocarbocyanine perchlorate (Dil; Invitrogen, Carlsbad, CA) was injected
peripherally into the anterior lateral aspect of the tongue to label tongue afferents. The tracer
was dissolved at 170 mg/mL in dimethylsufoxide (DMSO), diluted 1:10 in sterile saline, and
injected bilaterally using a 30-g needle for a total volume of 5 to 7 uL per tongue under
isoflurane (Abbott Laboratories, North Chicago, IL) anesthesia. Mice were euthanized with
an overdose of inhaled isoflurane and perfused transcardially with 4% paraformaldehyde
(PFA, Sigma Aldrich, St. Louis, MO). Trigeminal (TG) were dissected, postfixed for 1 hour
in PFA, and cryoprotected in 30% sucrose in 0.1 M phosphate buffer at 4°C. TG were
embedded in Tissue-Tek OCT compound (Sakura Finetek, Torrance, CA), sectioned (14
um), and mounted on Superfrost Plus slides (Fisher Scientific Company, Pittsburgh, PA).
After several washes, sections were incubated in primary antibody in PBS containing 1%
bovine serum albumin overnight at room temperature. The primary antibody used was rabbit
anti-EGFR (1:500; Abcam, Cambridge, United Kingdom). Slides were thoroughly washed
in PBS and incubated in goat anti-rabbit secondary antibodies conjugated to cyanine 2
(Jackson ImmunoResearch, West Grove, PA) at 1:250 for 2.5 hours, thoroughly washed, and
coverslipped with UltraCruz Aqueous Mounting Medium with nuclear stain, DAPI (Santa
Cruz Biotechnology, Dallas, TX). Sections were photographed using NIS Elements software
and a Nikon Eclipse Ti microscope.

2.7. RNA sequencing

Total RNA isolation of each cell line sample was achieved with a Qiagen AllPrep
DNA/RNA Micro Kit (Qiagen, Inc, Valencia, CA). For each cell line tested, 3 cell pellets
containing 5 x 10° to 1 x 108 cells from different cell culture passages were used to
extract RNA at a concentration of 20 to 50 ng/uL. Quality control (QC) was done using
fastqc (http://www.bioinformatics.babraham.ac.uk/projects/fastqc) (accessed March 7, 2019)
and summarized with multigc.1” All the RNA samples passed QC. HISAT233 was used to
align the raw data to Ensembl 38 version 95, followed by SAMtools*! to convert BAM
files into SAM files. Transcript assembly and quantification was done using StringTie®0
and transcript counts generated by prepde.py, a python script given from the StringTie
manual. Differential transcript analysis was done using DeSeq2.46 Transcripts counts of
less than 10 were excluded as were transcripts with an average of less than 10 counts
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across the sequenced samples. Correction for batch effect was done using the Bioconductor
package sva. The function svaseq was used to remove unknown batch effects.3° Annotation
of the transcripts was done using Ensembl 38 version 95. The genes identified as being
differentially expressed using publicly available microarray data were then examined in the
RNAseq-based gene expression data set. A P-value of less than 0.05 was the cutoff for
declaring a transcript’s expression to differ between the comparison groups.

2.8. Bioinformatic and statistical analysis

2.8.1. Statistical analyses of acute cancer pain model experiments—
Nociceptive orofacial behavior was measured using a dolognawmeter. Each mouse was
compared to its own baseline gnaw-time (mean of 3 training trials before pretreatment trial).
Data are analyzed as a two-way analysis of variance (ANOVA) with repeated measures

(2 time points) to determine an interaction between time and treatment. Holm-Sidak test
was used for post hoc analysis to control for multiple comparisons. Data are presented as

a percent change from baseline gnaw-time + SEM. Statistical significance was set at P<
0.05. Prism 8.3.0 (Graphpad Software LLC) was used for statistical analysis and figure
generation.

2.8.2. Statistical analyses of protein expression—Single protein ELISA data were
analyzed as the target protein concentration normalized to total protein concentration in
each sample, as measured by bicinchoninic acid assay. Each sample was run in triplicate
and averaged together. One-way ANOVA was used to evaluate the difference in protein
concentration between groups. The protein concentration was below the level of detection
in all 3 samples for NOK, DOK, and HaCaT; therefore, the concentration was marked

as 0 pg/mg. Homogeneity of variance testing was not run due to repeated values in 3 of

8 samples. Holm-Sidak multiple comparisons test was used to compare all cell lines to
nontumorigenic immortalized keratinocyte cell line (HaCaT). HaCaT was selected as the
control because it is nonoral, immortalized, and did not produce any orofacial behavior
response using the dolognawmeter assay.

2.8.3. Human oral cancer gene expression analysis—Quality control was
performed on all cell lines (n = 55) using the Bioconductor package arrayQualityMetrics.2®
Samples that failed any one of arrayQualityMetrics’s 3 outlier detection methods were
removed from the study; 3 samples failed, leaving 52 cell lines. We determined the
authentication status (eg, verification of cell line purity by STR profiling) of each identified
data set. If the authentication status was not reported in the associated publication, the
group that contributed the data set was contacted to authenticate the status of the cell lines
used for the respective gene expression analyses. Thirty cell line samples met all inclusion
criteria and passed QC (Supplementary Table S2, available at http://links.lww.com/PAIN/
B47). The experimental workflow is depicted in Figure 1. Differential gene expression
analyses were performed with the Bioconductor package /imma,%” which fits a linear model
to find DEGs. O/igo*® was used for background correction, quantile normalization, and log,
transformation. Differential gene expression was assessed between nociceptive (PANC-1,
SCC-9, SCC-4, and HSC-3) and nonnociceptive (NOK, DOK, HaCaT, and SkMel-28) cell
lines. Normalized expression data were further filtered using the Bioconductor package
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panp,82 which retains probes that pass the cutoff for signal above background (P< 0.05),
while filtering out absent and marginal probes, resulting in 19,847 probes retained for
further evaluation. Then, probes with ambiguous annotation (eg, no annotation or more than
one gene associated with the probe) from the Affymetrix U133 Plus 2.0 Version 36 manifest
were excluded, leaving 18,541 probes. Correction for batch effects was performed using the
Leek surrogate variable analysis method with the Bioconductor package sva.%0 Surrogate
variable estimation was performed using control probes; control probes were then excluded
before differential gene expression analysis of the remaining 18,488 probes was performed.

2.8.4. Pathway analysis—To evaluate for enrichment of DEGs among pathways,
pathway analysis was conducted using 2 complementary and overlapping annotations: gene
ontology (GO?) and Kyoto Encyclopedia of Genes and Genomes (KEGG?28). Pathway
analysis using KEGG and GO annotations was performed using the kegga and goana
commands in /imma, respectively, with nonsignificant DEGs specified as the “background
universe.” The moderated #test statistic was calculated for each term; the nominal
significance threshold was used to declare a pathway to be differentially perturbed (P<
0.05). Given the overlap in KEGG- and GO-based pathway analyses, the latter was listed
in Supplemental Table S3 (available at http://links.lww.com/PAIN/B47). The Bioconductor
package pathview?® was used to generate additional images of significant KEGG pathways
of interest.

3. Results

3.1. Cancer cell line-secreted mediators evoke nociceptive orofacial behavior

We previously reported that the oral SCC cell line, HSC-3, releases high concentrations

of algogenic proteins that evoke nociceptive behavior when injected into the mouse
tongue.”1:72:86 Sypernatant from nontumorigenic keratinocyte cell lines did not elicit
nociceptive behavior.”2 We sought to determine whether nociceptive behavior secondary

to injection with cancer-secreted proteins was unique to oral SCC supernatant in male mice.
We limited our investigations to human cancer cell lines generated from male patients and
tested nociceptive behavior in male mice to avoid the confounding effects associated with
hormone signaling. We measured nociceptive behavior in male mice after injection of cell
culture supernatant from 1 of the following 5 cancer cell lines: oral cancer cell lines (HSC-3,
SCC-9, and SCC-4); melanoma skin cancer cell line (SkMel-28), and pancreatic cancer cell
line (PANC-1) (Table 1). We also used clinically nonpainful dysplastic oral keratinocyte cell
line, DOK, and non-tumorigenic oral and skin keratinocyte cell lines, NOK and HaCaT,
respectively. As indicated in the timeline in Figure 2A, mice were trained to complete

an orofacial gnawing assay, dolognawmeter, for 4 weeks. After baseline gnaw-times were
calculated (mean of the final 3 trials in each respective mouse), mice were randomized into
10 mice per group and injected with cell line supernatant into the anterior lateral tongue

for 3 consecutive days. Three consecutive injections of supernatant were used to mimic a
persistent exposure to mediators released by the tumor, without the impact of tumor burden
or illness associated with carcinogenesis. Functional allodynia, as indicated by an increase
in gnaw-time, was measured 1 hour after the final injection of cell line supernatant (Fig.
2A). Data are depicted as a percent change from baseline gnaw-time and were analyzed as a
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two-way repeated-measures ANOVA to determine an interaction between time and treatment
(two-way ANOVA, F(7,70) = 6.931). Post hoc analysis revealed a significant increase in
gnaw-time in response to cell line supernatant from HSC-3 (P < 0.0001), SCC-9 (P<
0.0001), SCC-4 (P=0.007), and PANC-1 (P=0.0002) compared to respective baseline
gnaw-times. SkMel-28 (P = 0.999) and the control cell lines DOK (£> 0.999), NOK (P>
0.999), and HaCaT (P = 0.780) did not elicit nociceptive behavior (Fig. 2B). Data in Figure
2C are presented to demonstrate biological variability in response to supernatant injection.

Proteomics literature identified secreted proteins previously reported in nociceptive

cancer cell lines

We categorized each cell line as either nociceptive or nonnociceptive depending on the
effect of the respective cell line supernatant (injected into the tongue) on the outcome
variable in a dolognawmeter (Table 1). We infer that specific cancer-secreted proteins
cause nociceptive behavior and thus we sought to create a summary of proteins secreted
by the nociceptive cell lines. We executed a literature search using the NCBI PubMed
search engine accessing primarily the MEDLINE database of references and abstracts on
life sciences and biomedical topics. The search included articles published from January 1,
1980, to June 1, 2018, that used the identified 4 nociceptive cell lines (HSC-3, SCC-4,
SCC-9, and PANC-1) and search terms related to measurement of proteomic profiles
through techniques such as gel electrophoresis and mass spectrometry (ie, proteome,
proteomic, secretome, and secretomic). We identified 36 peer-reviewed published articles
with accessible proteomic and/or secretomic data sets and identified 1370 overexpressed
proteins among the nociceptive cancer cell lines; the data set was refined to 698 proteins
identified as secreted or membrane-bound proteins (Supplementary Table S1, available at
http://links.lww.com/PAIN/B47).

3.3. Transcriptome analyses revealed that nociceptive and nonnociceptive cell lines
exhibit distinct gene expression profiles

We subsequently used the GEO database, a gene expression repository, to perform
transcriptome analysis of publicly available data sets generated using the cell lines
evaluated in the nociceptive supernatant assay. Available gene expression data sets using
the Affymetrix U133 Plus 2.0 microarray platform were downloaded from NCBI GEO;
this array format was selected because it had the largest number of data sets available.
Eligibility criteria for cell line data sets are tabulated in Supplementary Table S2 (available
at http://links.lww.com/PAIN/BA4T). We compared 20 data sets from nociceptive cell lines
(HSC-3, SCC-4, SCC-9, and PANC-1) to 10 data sets from nonnociceptive cell lines (DOK,
NOK, HaCaT, and SkMel-28). We identified 2225 differentially expressed probes mapping
to 1760 DEGs (moderated ¢test, all £< 0.05) associated with the nociceptive phenotype
(Supplementary Table S4, available at http://links.lww.com/PAIN/B47).

3.4. Proteomic literature and database search refined potential therapeutic targets

To prioritize DEGs that are membrane-bound or secreted, we cross-referenced genes
encoding for the proteins identified in the proteomic literature search with the DEGs
identified from the nociceptive vs nonnociceptive comparison. There is recognized
incongruence between gene expression and resulting protein products?243:81; we considered
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genes that exhibit a significant increase or decrease in expression. We identified 30 DEGs

in nociceptive cell lines and potentially involved in supernatant-evoked nociception; 7 genes
had significantly decreased expression and 23 genes had significantly increased expression
(Table 2). In Figure 3, a heatmap visually represents the relative expression of the 30
protein-encoding genes across the 30 cell line data sets. In addition, we cross-referenced

the 30 protein-encoding genes with 3 pain gene databases (ie, the Pain Genes Database,3’
the Human Pain Genetics Database,?2 and the Pain Research Forum4). These 3 pain gene
databases have been derived from studies primarily focused on neuronal and/or neuropathic
mechanisms (not cancer pain) and are not comprehensive. We found that 45 of the 1760
DEGs and 1 of the 30 protein-encoding genes (F2RL 1) were cited in at least one of the

pain gene databases. We infer from these results that our experimental paradigm is capable
of identifying genes and pathways relevant to cancer pain. We then explored the drug—gene
product interaction database DGIdb for targets of known drugs for these 30 protein-encoding
gene targets to identify new compounds that can be repurposed or redesigned to target pain
(Supplementary Table S5, available at http://links.lww.com/PAIN/B47). Epidermal growth
factor receptor was the most commonly cited target in the DGIdb; antagonists of EGFR
signaling (eg, cetuximab and gefitinib) are currently available to treat cancer.26:36:54,

3.5. Altered pathways identified in nociceptive cell lines

We used pathway analysis to evaluate for the enrichment of DEGs in pathways that

could drive cancer supernatant-induced nociception. This approach allows for additional
prioritization of proteins identified as druggable targets. We used the full list of DEGs (n
= 1760) to explore beyond what is known from the proteomic literature review (n = 698
proteins). Thirteen significant KEGG pathways were identified (Student #test, £< 0.05)
(Table 3). Pathway analysis conducted using GO term annotations identified similar pain
signaling pathways (Supplemental Table S3, available at http://links.lww.com/PAIN/BA47).
The PI3K-Akt signaling pathway (hsa04151, £ = 0.008) contained the greatest number

of differential expressed genes in relation to the nociceptive trait. Protein products of
DEGs found in the PI3K-Akt signaling pathway are highlighted in Figure 4. The signaling
components in this pathway may serve as cancer pain drug targets; EGFR protein, a receptor
tyrosine kinase, is present in the PI3K-Akt signaling pathway (Fig. 4). This pathway

also includes mammalian target of rapamycin signaling, which has been implicated in
neuropathic and injury-induced pain.5051.62

3.6. Arole of ADAM17 in epidermal growth factor receptor-mediated cancer pain

The primary goal of our analysis is to identify potential therapeutic targets for the

treatment of cancer pain. Using the bioinformatic pipeline described above, we identified 30
potential therapeutic targets that may be involved in cancer supernatant-evoked nociception;
EGFR was differentially expressed and classified as a druggable target. Ligands that

bind to and activate EGFR include epithelial growth factor (EGF), transforming growth
factor alpha (TGFa), heparin-binding EGF-like growth factor, amphiregulin, betacellulin,
and epiregulin.13 7G£A was found to be a significant DEG associated with the cancer-
induced nociception (logFC = 1.78, £=0.0370, Supplemental Table S2, available at http://
links.lww.com/PAIN/B47). However, the subsequent genes for known ligands of EGFR were
not detected by the Affy 2.0 array, did not pass our QC filters, or were not identified
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as a significant DEG. To confirm the predicted profile of EGFR signaling in nociceptive
cell lines, we analyzed total gene expression by performing RNA sequencing (RNAseq)

in all 8 cell lines of interest. We found that none of the known EGFR ligands were
significantly differentially expressed (Table 4). However, ADAM17, a gene that encodes the
shedding protease responsible for the cleavage and systemic activation of EGFR ligands,5
was identified as one of the 30 DEGs (Table 2) and confirmed to be upregulated in the
nociceptive cell lines using RNAseq (logFC = 10.45, P=0.015) (Table 4). We validated the
ADAML17 protein profile with an ELISA assay. Nociceptive cell line supernatant contained
significantly more ADAM17 protein compared to nonnociceptive cell line NOK supernatant
(oneway ANOVA,; F(7,8) = 401.5; HSC-3 P< 0.0001; SCC-4 P=<0.0001; SCC-9 P
=0.001; PANC-1 P< 0.0001) (Fig. 5). However, despite the nonnociceptive phenotype,
SkMel-28 supernatant also contained increased ADAM17 protein (P= 0.004). ADAM17
protein concentration was below the level of detection in HaCaT and DOK cell line
supernatant (Fig. 5).

Epidermal growth factor receptor/ADAM17 signaling contributes to oral cancer pain

ADAML17 function in EGFR biology has been shown to play a role in cancer
progression.”9:83 Epidermal growth factor receptor is also present in dorsal root ganglia
neurons in humans?® and mice*8:59; EGFR expression in sensory TG neurons innervating
the tongue is unknown. Using immunohistochemistry, we examined the expression of EGFR
in trigeminal tongue afferent neurons. We used TG sections from retrogradely labeled mice
to locate EGFR-like immunoreactivity in primary afferent neurons innervating the tongue.
Cytoplasmic EGFR was present in almost all (>90%) retrograde labeled (Dil+) neurons
(Fig. 6A). To reveal the effect of ADAM17-EGFR signaling on cancer-induced nociception,
we administered systemic cetuximab, a chimeric monoclonal antibody that extracellularly
inhibits EGFR, in a cancer pain mouse model using a single injection of HSC-3 cell line
supernatant (Fig. 2A).8 This cell line was selected because HSC-3 supernatant produced
the most robust nociceptive behavior as measured by the dolognawmeter assay (Figs. 2B
and C). Mice were trained to complete an orofacial gnawing assay, dolognawmeter, for 4
weeks. After baseline gnaw-times were calculated (mean of the 3 trials in each respective
mouse), mice randomized into 7 mice per group and completed the dolognawmeter assay to
generate the pretreatment timepoint. Two days later, mice were injected with HSC-3 cell line
supernatant into the tongue. After 1 hour, mice were injected with cetuximab (1 mg/mouse,
intraperitoneal) and the dolognawmeter assay was initiated. Injection of HSC-3 with the
vehicle (saline) was also performed for comparison. The pretreatment and posttreatment
time points were calculated and analyzed as the percent change from the baseline gnaw-time
for each mouse. There was a significant interaction between time and treatment (two-way
ANOVA, F(1, 12) =9.194, P=0.010). HSC-3 supernatant injection yielded an increase in
gnaw-time compared to baseline (71.1 + 15.6%, £=0.001) (Fig. 6B). Inhibition of EGFR
signaling using cetuximab blocked the supernatant-induced nociceptive behavior. HSC-3
supernatant in the presence of cetuximab produced no significant change in gnaw-time
compared to baseline (4.28 £ 15.6%, P= 0.955).
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4. Discussion

The question addressed by this study was whether a bioinformatic pipeline coupling
preclinical nociceptive characterization of human cell line supernatant with transcriptomic
analysis of publicly available data can identify candidate protein-encoding genes which
drive cancer pain. The main finding is that ADAM17is overexpressed in nociception-
producing cancer cells. The many molecules shed by ADAM17 are ligands for EGFR8?; we
found that EGFR inhibitor, cetuximab, inhibits oral cancer supernatant-induced nociception.
Our experimental paradigm identified nociceptive mediators secreted by cancer cell lines
using an unbiased gene set enrichment analysis. We used publicly available gene expression
data by applying contemporary QC and surrogate variable analyses not available when

the data sets were generated. We found that EGFR was expressed at a higher level

in nonnociceptive cell lines; however, the rationale for the additional investigation into
EGFR came from cross-referencing the differential gene expression results with additional
databases (ie, drug—gene product interaction database); others have demonstrated that EGFR
is overexpressed in oral tumor tissue,** which may be composed of cancer cells, immune
infiltrate, nerve terminals, and stromal cells.

Epidermal growth factor receptor is a current therapeutic target for cancer treatment.*8

The downstream effects of EGFR are mediated through the PI3K-Akt signaling pathway,
which is known to regulate pain2’-87; we identified this pathway to have the most perturbed
DEGs associated with the nociceptive trait. Systemic administration of EGFR inhibitors for
treating cancer pain has not been studied in patients. Kersten et al.32 found an analgesic
effect of cetuximab in patients with cancer-related neuropathic pain; however, the study
did not control for the source of the cancer-related neuropathic pain (ie, tumor burden

and surgical resection). Small molecule EGFR inhibitors that target the tyrosine kinase

site of the EGFR receptor, including gefitinib and lapatinib, are effective analgesics in
mice for inflammatory and neuropathic pain.*® The prophylactic effect of cetuximab
against chemotherapy-induced peripheral neuropathy has been demonstrated in 2 large
randomized trials, with the neuropathy-inducing chemotherapeutic oxaliplatin.%:”® One
case report demonstrated marked pain relief after infusion of cetuximab in a 68-year-old
male patient with metastatic rectal cancer; the analgesic effect lasted for 10 to 12 days;

the drug was readministered approximately every 12 days for three and a half years.3!

The mechanism of action for EGFR-induced cancer pain is not yet known. We found

that EGFR is expressed on trigeminal neurons innervating the tongue and have previously
reported that the EGFR ligand, TGFa, protein concentration is significantly elevated in
HSC-3 supernatant.’2 We found that cetuximab inhibited nociceptive behavior in response
to a single HSC-3 supernatant injection suggesting direct cancer-neuron communication
underlying oral cancer-evoked pain. We have previously demonstrated prolonged gnawing
time in response to both a single injection38:86 and 3 consecutive injections’1:72; the latter
evokes a robust immune response composed of both innate and adaptive immune cells.”?
Epidermal growth factor receptor is expressed on many different immune cell types and

its expression is importance for immune function.”:69 Additional studies are needed using
tumorbearing mouse models to understand the impact of the immune system in cetuximab-
induced inhibition of cancer pain.
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ADAML1Y7 is responsible for the cleavage and activation of all EGFR ligands; overexpression
of ADAML17 in SCC-9 cells increases heparin-binding EGF-like growth factor shedding
from the membrane.”> Endothelin-1, an algogenic peptide overexpressed and secreted by
several cancers,8:61.64 activates ADAM17 to release EGFR ligands from cancer cells.2* Our
DEG analysis revealed significant overexpression of 7GFA in nociceptive cancer cell lines;
however, this finding was not supported by RNAseq analysis. Alternatively, we found that
nociceptive cell line supernatant contained more ADAM17 protein than nonnociceptive cell
line supernatant with the exception of SkMel-28. However, the consequence of increased
ADAM17-mediated shedding activity in the cancer microenvironment is unknown. We
previously determined that TGFa protein is significantly increased in supernatant from
HSC-3, SCC-9, and SkMel-28 cell lines compared to supernatant from HaCaT.”2 Previous
studies have found that epiregulin is the primary endogenous activator of EGFR-related
hyperalgesia in mice; late-phase formalin-induced nociception was exacerbated in a dose-
dependent manner after intrathecal injection of epiregulin.#8 Mice with reduced ADAM17
activity were hyposensitive to noxious stimulation, showing elevated mechanical thresholds
as well as impaired heat and cold sensitivity.53 Although the ADAM17-mediated shedding
activity extends beyond EGFR ligands, the search for specific inhibitors that target only

a subset of the shedding events performed by ADAM17 is ongoing.>’ Additional study is
warranted to understand how elevated levels of ADAML7 in painful cancers contribute to
disease progression and pain.

There are 3 notable limitations to our current study. First, more pancreatic cancer cell

line data sets were included in the DEG analysis than other cancer cell line data sets.

This proportional imbalance could have produced enrichment of genes that encode for
mediators more common to pancreatic cancer than to other cancers. However, in a post hoc
analysis comparing the expression of the nociceptive DEGs in PANC1 (n = 15) vs that in
HSC-3, SCC-4, and SCC-9 (n = 5), only 1 probe for KR719 met the Bonferroni-adjusted
moderated ¢test statistic (P < 0.00139), suggesting that it is unlikely that the identified
genes are driven primarily by pancreatic cancer (Supplemental Table S6, available at http://
links.lww.com/PAIN/B47). The second limitation is that no commercially available gene
expression microarray can interrogate all known genes; the Affymetrix 2.0 array does not
feature all the currently annotated genes. In addition, a subset of genes did not pass our

QC assessment. In an attempt to mitigate this limitation, we validated our list of protein-
encoding genes with RNAseq in the cell lines of interest. We found that 19 of the 30 protein-
encoding genes were significantly overexpressed or underexpressed. This result suggests
that the bioinformatic pipeline using publicly available data identified several DEGs related
to nociception; however, additional gene expression analyses such as RNA sequencing

at greater sequencing depth in an independent sample is warranted. The final limitation

of our study is the inclusion of only one sex for genomic data and preclinical mouse
models. Research on sex differences in pain has increased substantially in recent years.1®
Several preclinical studies demonstrate that hormonal regulation of cancer’-23 may affect
downstream nociceptive signaling. To control possible hormonal confounders, we used only
cancer cell lines derived from men and measured nociceptive responses in male mice. This
approach limited the number of cell lines available for phenotypic characterization and
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precluded the use of clinically nonpainful cancers such as breast cancer. Further exploration
in female-derived cell lines is warranted.

In summary, we identified a role for ADAM17 and EGFR signaling based on a preclinical
animal model and an unbiased transcriptomic analysis of gene expression data from

cancer lines. A better understanding of the cancer-secreted mediators that control cross-talk
between the cancer and the peripheral nervous system will ultimately lead to more effective
cancer pain management. The DEGs and their secreted protein products warrant further
evaluation because they may serve as therapeutic targets for cancer pain.
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Refer to Web version on PubMed Central for supplementary material.
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Nociceptive Cell Line Supernatant: A translational Bioinformatics Approach
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Figure 1.

> Compare with proteomic literature search
of cancer cell lines

Study design for bioinformatics and statistical analyses. The flow chart illustrates

the QC filtering and analysis pipeline using publicly available cancer cell line gene
expression data from the NCBI GEO database. Cell line samples from the Affymetrix

U133 Plus 2.0 platform were subjected to sample QC assessment. Probe level filtering

was applied independently to the normalized expression data of the 3 comparison

groups (Nociceptive, Inflammatory, Oral) before differential gene expression analysis was
performed. Differentially expressed genes (significance threshold set at £ < 0.05) for the
nociceptive trait (red line) were then subjected to pathway analysis and a search for
candidate proteins of interest identified from the literature. GEO, Gene Expression Omnibus.
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Figure 2.

Cancer cell line supernatant evokes orofacial nociceptive behavior in male mice. (A)
Experimental timeline for the cell line supernatant model of oral cancer pain. Adult
C57BL/6 male mice were trained in a dolognawmeter over 4 weeks or until a consistent
baseline was achieved. Three additional baseline trials were completed and then mice
underwent 3 consecutive injections of cell line supernatant followed by assessment in

the dolognawmeter (Postinjection Gnaw-Time Measurement). There was no change in
gnaw-time between groups; therefore, the mean of the 3 baseline trials for each group
were calculated and analyzed as a percent change. (B) Pooled data for Pre-Treatment and
Post-treatment trials as well as (C) individual values for each mouse in the Post-Treatment
Trial are represented as a percent change from the average baseline gnaw-time (two-way
ANOVA, ** P<0.01). ANOVA, analysis of variance.
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Heatmap of genes that are differentially expressed in nociceptive trait and also identified in
the proteomic literature review. The heatmap depicts normalized gene expression for DEGs
(significance at P < 0.05) for the nociceptive trait comparison group that were also identified
in the proteomic literature review. Each row represents one of 30 DEGs, some with multiple
probes, among the 30 cell line samples used in the nonnociceptive and nociceptive cell

line comparison. Each cell line sample (ie, each column) includes the unique accession
number assigned in GEO (eg, GSM1094286 for the leftmost PANC-1 sample). GEO, Gene

Expression Omnibus.
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Figure 4.
KEGG’s PI3K-Akt pathway and differentially expressed results from the nociceptive trait.

Pathway analysis of the DEGs in the cell lines that generated nociceptive behavior compared
to the cell lines that did not generate nociception produced 13 KEGG pathways (£ < 0.05).
Significant pathways included those involved in PI3K-Akt (hsa04151; 2= 0.008). Protein
products of DEGs found in the pathways are highlighted red. KEGG, Kyoto Encyclopedia of
Genes and Genome.
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Figure 5.
ADAML17 expression in oral cancer cell lines. ADAM17 protein was measured in cell line

culture supernatant. ADAM17 protein concentration was significantly higher in SkMel-28
HSC-3, SCC-4, SCC-9, and PANC-1 compared to NOK. Data are normalized to total
protein in the supernatant. **£< 0.01 by one-way ANOVA. ANOVA, analysis of variance;
NOK, normal primary oral keratinocyte; SCC, squamous cell carcinoma.
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Figure 6.
Inhibition of EGFR signaling in oral cancer pain. (A) Representative anti-EGFR

immunoreactivity (Green) in TG sections (12 um) from a mouse with retrograde labeling
from the tongue (Dil, Red). DAPI was used to identify nuclei (Blue). More than 90%

of all Dil-labeled neurons overlapped (Merge, Yellow) with EGFR immunoreactivity
(x20 magnification). (B) Orofacial nociceptive behavior measured in mice 1 hour after
HSC-3 supernatant injection into the tongue immediately followed by saline (Solid bar) or
cetuximab treatment (Striped bar). Data were analyzed as a percent change from baseline
gnawing behavior. Two-way ANOVA, **P< 0.01. ANOVA, analysis of variance; EGFR,
epidermal growth factor receptor.
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