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Objectives: Functional Abdominal Pain (FAP) and Irritable Bowel Syndrome (IBS) are
common recurrent abdominal pain diagnoses with the hallmark, lack of inflammation. To
identify a biological signature for IBS/FAP in the colon, this study used genetic profiling
to uncover gene expression changes associated with IBS/FAP and abdominal pain.

Methods: Patients (8 to 17 years) newly diagnosed with IBS or FAP were enrolled
in the study. At diagnostic colonoscopy, three rectal biopsies were collected, and
gene expression analysis was performed using a Qiagen PCR Array. Relative fold
difference in gene expression for 84 pain-associated genes was calculated using the
2-AA Cq method compared with pain-free controls. Factors affecting pain burden (Pain
Burden Interview; PBI) were analyzed, including age, sex, rectal inflammation, and gene
expression. Data were analyzed using multiple stepwise linear regression and 2-tailed
ttests (P < 0.05).

Results: Of the 22 total patients in the study, 19 were diagnosed with either
IBS-Constipation (frequency of 5.26%), IBS-Diarrhea (47.37%), IBS-Mixed (10.53%), or
FAP (36.84%). IBS/FAP patients reported significantly higher pain burden at the time
of diagnosis compared to pain-free controls (p < 0.001), as well as significantly higher
abdominal pain (p = 0.01). Of the 84 genes, expression of GRINT (p = 0.02), MAPK3
(o =0.04), P2X4 (o = 0.04), and PTGES3 (p = 0.02) were all significantly associated
with PBI score.

Discussion: Abdominal pain associated with IBS/FAP in pediatric patients may be linked
to the expression of GRINT, MAPK3, P2X4, and PTGES3, pointing to potential novel
therapeutic targets for management of recurring abdominal pain.

Keywords: irritable bowel syndrome, functional abdominal pain, gene expression, recurrent abdominal pain, genes

INTRODUCTION

Functional abdominal pain-not otherwise specified (FAP) and irritable bowel syndrome (IBS)
are two common pediatric diagnoses characterized by recurrent abdominal pain (RAP) with no
obvious organic cause (1). RAP is reported in 2-4% of all pediatric clinical visits and accounts for
up to 25% of gastroenterology referrals (2, 3). Recurrent abdominal pain in school-aged children
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ranges from 11 to 38% with upwards of 3% reporting pain as
a daily occurrence (4-6). RAP is a broad term encompassing
various diagnoses where the underlying cause of abdominal pain
is unclear but where pain is reported as frequent and very often
impairs daily activities (e.g., school attendance, participation in
extracurricular activities, etc.) (5). When compared to healthy
peers, children with RAP are more likely to report other
painful conditions [e.g., headaches; (7)] as well as increased
depressive symptoms and social isolation (6), all of which
contribute to reduced quality of life as seen in other groups
with chronic health conditions (8). While diagnosis of FAP
and IBS are based on specific clinical symptom criteria (9),
the mechanisms underlying RAP, more generally, and those
contributing to its persistence are not well understood. This
knowledge gap poses problems with clear diagnosis, e.g., due to a
lack of biochemical diagnostic biomarkers, and with the evidence
needed to implement precision pain management strategies.

In both IBS and FAP, there can be hypersensitivity
to normal function/stretching of the bowel resulting from
reduced threshold for stretch stimuli, increased sensory afferent
excitability (peripheral sensitization), and/or facilitation of
central nervous system transmission of pain signals (central
sensitization) (10). In other diseases and pathological conditions,
peripheral sensitization often results from the inflammatory
response to tissue damage, but since there is no occult
inflammation or clearly identified organic disease in IBS/FAP,
the cause of hypersensitivity remains unclear (10, 11). However,
persistent, subclinical inflammation from a previous infection
or other unresolved inflammatory process has been implicated
in the etiology of IBS/FAP and could explain the symptoms
of recurrent abdominal pain and visceral hypersensitivity (12,
13). However, traditional diagnostic techniques (i.e., histology)
suggest no abnormalities in those with IBS/FAP while other
techniques (i.e., immunohistochemical, ultrastructural analyses)
suggest subtle changes in the bowel that may or may not be
related to pain, per se (14).

In addition to paucity in the literature surrounding the
etiology of abdominal pain in IBS and FAP, there are few clinical
interventions available for the treatment of persistent abdominal
pain that do not also disrupt bowel habits. Opioids are often
given for acute episodes of abdominal pain and/or when pain
escalates suddenly, but these medications cause constipation
which can intensify IBS pain even in those patients with diarrhea
predominant IBS (15) and therefore are contraindicated in
patients with IBS/FAP (15, 16). Other current IBS treatments
included laxatives and antispasmodics in the case of constipation
(IBS-C) and anti-diarrheal medications for diarrhea (IBS-D),
with even fewer treatment options for mixed/alternating (IBS-
M) (17, 18). These treatments can temporarily reduce other
IBS symptoms in the short term, but they have been shown
to have no significant effect on visceral hypersensitivity or
abdominal pain (15).

FAP is routinely used as a synonym for IBS since both
are functional disorders of the gut with slight similarities in
clinical presentation. However, FAP is a separate gastrointestinal
syndrome characterized by recurring abdominal pain with no
significant alterations to gastrointestinal motility or function

(19, 20) which makes it even more resistant to treatment. For
both IBS and FAP, the primary and most debilitating symptom is
pain, and with no organic disease to treat in order to reduce that
pain, patients report significant reduction in quality of life (21),
highlighting the need for precision pain management strategies
to address abdominal pain in these two populations.

While IBS/FAP is characterized by a lack of occult disease
or pathology in the bowel, the identification of a biological
signature or phenotype could be helpful in identifying novel
therapeutic targets for abdominal pain in these conditions.
By conducting a tissue-specific gene profiling study, it is
possible to determine changes in colon tissue gene expression
that are correlated with gastrointestinal disorders (22). This
may determine how genetic components of IBS/FAP result
in changes in enteric nervous system electrical excitability
and could contribute to new mechanisms to therapeutically
reduce abdominal hypersensitivity (23). In order to bridge the
gap between IBS/FAP-associated abdominal pain and genetics,
our group compared gene expression from pediatric patient
colon biopsies and determined genetic correlations with pain
burden surveys.

METHODS
Patient Population

Subjects between the ages of 8 and 17 years who were
undergoing diagnostic colonoscopy for differential diagnosis of
Inflammatory Bowel Disease were recruited for the ALLAY Study
(Assessing Risk Factors for Abdominal Pain in Children with
Inflammatory Bowel Disease). Patients undergoing colonoscopy
for reasons other than abdominal pain (painless rectal bleeding
and persistent, painless nausea) were recruited for a pain-free
control population. A diagnosis of IBS and FAP (not otherwise
specified) by well-established Rome IV criteria was required
for further inclusion in the present analysis (9). The sample
size was based on the total number successfully recruited from
an urban children’s medical center in a 12-month period. We
enrolled only newly diagnosed patients as they were naive to
treatment, naive to diagnosis, and did not have a history of pain-
related diagnoses and were seeking treatment for the onset of
abdominal pain with or without other symptoms. Examination
of the EMR and patient self-report were used to exclude patients
who had previously been diagnosed with another chronic pain
disorder (fibromyalgia, migraine, etc.). It is possible that these
disorders would emerge overtime as chronic pain conditions
often emerge during adolescence and often co-occur. However, at
the time of recruitment and inclusion in our study, participants
were excluded if they had a prior diagnosis of a chronic pain
condition. Other exclusion criteria included prior abdominal
surgery unrelated to diagnosis, active gastrointestinal infection
at the time of diagnosis (e.g., Helicobacter pylori, Clostridium
difficile), other comorbidities that may affect abdominal pain
(e.g., familiar Mediterranean fever), or diagnosis of Crohn’s
disease or Ulcerative Colitis based on pathology. Patients and
parents were required to read and speak English. Written
informed consent was provided by all parents/guardians, and
written assent was obtained from the subjects. Participants were
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reimbursed $50 for completion of all survey measures and
biological sample collection.

Approval for this study was granted through the Institutional
Review Board at Connecticut Children’s Medical Center.

Patient Outcomes

Experimental Design

Irritable Bowel Syndrome diagnosis was based on established
Rome IV criteria (9), i.e., recurrent abdominal pain occurring a
minimum of 1 day per week for the prior 3 months and associated
with one or more of (1) increased pain related to defecation, (2)
change in stool frequency and (3) change in form (appearance)
of stools. IBS subtype diagnosis was based on patient report of
predominant alteration in bowel habit [i.e., constipation (IBS-C),
diarrhea (IBS-D), or mixed/alternating (IBS-M)]. IBS diagnosis
was based on ROME IV criteria (9). Functional Abdominal
Pain-not otherwise specified (FAP) diagnosis (Rome IV) was
defined by the presence of episodic or continuous abdominal
pain, not dependent on other physiological events (eating,
menses, etc.), and occurring at least four times per month for
a minimum of 2 months prior to diagnosis. The Rome IV
criteria definitively categorize functional disorders, including
FAP and IBS, as occurring along a continuum rather than as
distinct disorders. Given that our goal of identifying potential
relationships between patient characteristics, gene expression
profiling within the colorectum and abdominal pain explicitly,
we included both diagnoses characterized by significant pain
occurring over months prior to diagnosis. For those diagnosed
with IBS and FAP, clinical information such as age, sex, disease
type (IBS-D, IBS-C, IBS-M, or FAP) (9), pain burden at the
time of diagnosis (assessed by Pain Burden Interview), patient
self-report pain-related psychological measures, and degree of
rectal inflammation at the time of colonoscopy were collected via
chart review.

Pain Burden

All patients enrolled completed the Pain Burden Interview (PBI)
within 1 month of their initial/diagnostic colonoscopy and were
asked to complete it in regards to their abdominal pain. The PBI
is a 7-item functional assessment measure with forced choice
answers (none, a few, some, many, and every). It yields a numeric
score, with a higher score indicating increased pain burden. The
score ranges from 0 (no burden) to 28 (severe burden) and has
been validated for use within the pediatric and/or adolescent
populations with various pain-related conditions (24).

Other Pain-Related Outcomes

All patients enrolled also completed the Pain Frequency-
Severity-Duration Scale (PFSDS), Adolescent Pediatric Pain
Tool (APPT), Pain Catastrophizing Scale—Child Version
(PCS-C), and Children’s Somatization Inventory-24 (CSI-24)
within 1 month of their initial/diagnostic colonoscopy; these
questionnaires are validated for the general pediatric and/or
adolescent population (25-28). The PFSDS is designed to assess
pain frequency, severity, duration, and how pain intensity
relates to pain intrusiveness (25). The APPT is a self-report
measure to breakdown the intensity and location of pain (29).

The PCS-C is a trait measure that assesses the extent to
which children worry when they are in pain. A total score
is calculated, in addition to three other subscores assessing
rumination, magnification, and helplessness (26). The CSI-24 is a
24-item, self-report questionnaire to assess children’s perception
of somatic symptoms (28).

Biospecimen Collection and Gene

Expression Analysis

At the time of diagnostic colonoscopy, 3 rectal biopsies were
collected for study purposes, placed in 200 L RNAlater (Thermo
Fisher Scientific, Waltham, Massachusetts), and refrigerated
immediately. Pain-free patient biopsies were collected adjacent
to the site of rectal bleeding to insure healthy tissue for the
control group. These samples were then frozen at —80°C for
subsequent batch processing. Total RNA was extracted from each
sample (three biopsies/individual patient) using RNeasy Mini
Kits (Qiagen, Hilden, Germany) according to manufacturer’s
instructions. The concentration of total RNA was determined
using a biospectrophotometer (Eppendorf, Hamburg, Germany),
and cDNA was produced from 500 ng of total RNA using iScript
cDNA synthesis kits according to manufacturer’s instructions
(BioRad). Gene expression analysis was performed using Qiagen
RT2 Profiler Neuropathic and Inflammatory Pain PCR Array.
Each real-time quantitative PCR (qQPCR) plate contains primers
specific to 84 genes previously implicated in the pain response,
housekeeping genes, and appropriate controls. Differential gene
expression was calculated as fold-difference in expression using
the 2744C9 method relative to expression in the pain-free
controls. Fold-difference in expression calculations are based
on normalization using the average of the three most stable
housekeeping genes (GAPDH, ACTB, and B2M). For each of
the 84 “genes of interest” (GOI), the ACq4 value was calculated
as ACq = Cq,cor—Cq,ukg. Thereafter, for each subject, the
relative fold change in expression was calculated as 2724C4,
where A(Acq) = ACq:RAP_ACq:Painless Control average-

Statistical Analysis

Statistical analysis was performed using multiple linear
regression and 2-tailed t-test, utilizing IBM Statistical Package
for the Social Science (SPSS, v24, IBM). Only participants
who completed all survey measures and tissue biopsy
collection/quality control for samples successfully were
included. Missing data were not extrapolated from group
data. Stepwise linear regressions were conducted to examine
associations between expression of genes implicated in the
conduction of pain and pain outcomes. Demographic variables
shown previously to be associated with increased pain burden
in IBS/FAP (age, sex) (30-33) were loaded into all regressions
as factor 1. Normalize expression for each gene was entered as
factor 2 in linear regression analyses to independently evaluate
the strength of each gene as a biomarker for abdominal pain
factor. Genes that were found to have a statistically significant
association to PBI in the regression analyses were further
evaluated using a 2-tailed ¢ test to compare expression of
the candidate genes for patients with no pain (PBI < 2) to
patients with pain (PBI > 2). All patients in the RAP group
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48 participants
originally identified

40 completed the
informed consent

30 completed all
surveys and underwent
colonoscopy

Two were excluded
for inefficient RNA
quality and quantity

Six were excluded
because of diagnosis
other than IBS/FAP

The 22 remaining
subjects completed the
remainder of the study

FIGURE 1 | Patient eligibility identification, recruitment, and exclusion
flowchart for final analysis.

reported PBI scores >2. A p < 0.05 was considered statistically
significant for all analyses. It was decided prior to conducting
analyses that we would not adjust the p value for multiple
corrections, in part because we had no a priori hypotheses
regarding relationships between the independent variables and
assumed that multiple genes could explain small but significant
portions of the variance; in addition, we had an explicit goal
of leveraging this unique data set to generate hypotheses for
subsequent, hypothesis-driven mechanistic testing in preclinical
and/or clinical populations. While it could be argued that a
conservative correction of the p value for multiple comparisons
is the most appropriate method for this study, this comes with
the increased risk for Type II errors of “false negatives.” Given
the high potential for translation into precision interventions
for children with recurrent abdominal pain, the relative risk of
missing a clinically relevant relationship was deemed of greater
importance than the risk of Type I errors that would be resolved
with future studies.

RESULTS

Sample Characteristics

A total of 22 pediatric patients were included in the final
analysis in this study. Forty eight participants were initially
identified as eligible for the study with 40 completing the
informed consent for recruitment. Of the 30 participants who
ultimately completed all surveys and underwent diagnostic
colonoscopy, six were ultimately excluded by diagnosis with a
disorder other than IBS/FAP (Helicobacter pylori, Inflammatory
bowel disease) and an additional two participants were excluded
when their biological samples failed to meet the RNA quality
and quantity benchmarks (Figure1). The surveys covered
topics ranging from pain burden to other various psychological
measures, while the tissue collection from a colonoscopy was
used for gene expression analysis. The mean (+SEM) age
of the patient cohort was 14.09 (£0.48), and 10 of the 22
(45.5%) were male. The patients that reported pain were
diagnosed with either IBS-C (frequency of 5.26%), IBS-D
(47.37%), IBS-M (10.53%), or FAP (36.84%). No patients were
found to have identifiable rectal inflammation at the time of
colonoscopy. Full descriptive statistics and clinical surveys results
are displayed in Table 1.

Patient Reported Pain

All patients diagnosed with IBS/FAP reported abdominal pain
at the time of diagnosis. Three patients reporting undergoing
colonoscopy for painless rectal bleeding also completed surveys
and tissue collection as pain-free controls. The mean (+SEM)
PBI score for IBS patients was 12.37 (£1.01) (Figure 2A)
while controls reported 0 (£0). An independent sample ¢ test
confirmed that IBS/FAP patients reported significantly higher
pain burden at the time of diagnosis compared to pain-free
controls (p < 0.001).

Pain-Related Measures

The average level of somatization (CSI-24) in newly diagnosed
IBS/FAP patients was 27.37 (£2.84) and for pain-free controls
was 8.67 (£7.69) (Figure 3). Independent sample ¢ test results
were significantly different between pain-free subjects and pain
groups (t = —2.411, p = 0.03). The PCS-C total score for
the IBS/FAP group was 26.68 (42.64) while the pain-free
control group reported lower PCS-C total scores of 13 (£9.29)
(Figure 3). An independent sample t test showed nonsignificant
results for PCS-C (t = —1.826, p = 0.08). The average
rumination, magnification, and helplessness subscales (PCS-C)
for IBS/FAP patients were 11.05 (40.89), 4.79 (£0.72), and 10.84
(£1.29), respectively, compared to pain-free control subjects’
average scores of 7.0 (£3.79), 1.33 (£1.33), and 4.67 (£4.67).
Independent sample ¢ tests showed that neither rumination (¢
= —1.544, p = 0.14), magnification (t = —1.815, p = 0.08), nor
helplessness (t = —1.684, p = 0.11) were significantly different
between IBS/FAP and pain-free controls.

Based on APPT scores, the abdominal BSA and number
of painful abdominal areas for pain-free control subjects were
both 0 (£0), while the IBS/FAP group reported elevated
scores of 301.11 (£41.76) and 1.79 (£0.12) for those two
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TABLE 1 | Patient cohort descriptive statistics and clinical survey measures.

Control IBS/FAP
Total patients 3 19
Age 13 (+£2.08) 14.26 (+0.73)
M:F 33% 47%
Diagnosis
IBS-C 5.26%
IBS-D 47.37%
IBS-M 10.53%
FAP 36.84%
Pain-related measures
CSl-24 8.67 (+7.69) 27.37 (+2.84)
PCS-C 13 (£9.29) 26.68 (+2.64)
Rumin 7 (£3.79) 11.05 (+0.89)
Magnf 1.33 (+£1.33) 4.79 (+0.72)
Helpless 4.67 (+4.67) 10.84 (+1.29)
Pain measures
PBI 0 (+0) 12.37 (£1.10)
APPT
Tot BSA 0 (+0) 516.16 (£107.50)
Tot # areas 0 (£0) 2.68 (+0.36)
Abd BSA 0 (+0) 301.11 (£41.76)
Abd # areas 0 (£0) 1.79 (£0.12)
PFSD
# of days 0 (£0) 10.56 (+0.86)
Lvl pain 0 (+0) 5.86 (+0.41)
Hrs pain 0 (£0) 2.63 (£0.34)
Worst pain 0 (£0) 7.71 (£0.33)
Hrs worst pain 0 (+£0) 1.79 (£0.25)
Comp-worst 0 (£0) 14.5 (+2.56)

measures, respectively (Figure 2B). An independent sample ¢ test
confirmed that IBS/FAP patients reported significantly higher
abdominal BSA (t = —2.807, p = 0.01) and number of painful
abdominal areas (t = —4.620, p < 0.001) compared to pain-free
controls. PFSD scores evaluating the number of days (frequency),
level of pain (severity), hours of pain (duration), worst pain, and
hours of worst pain indicated elevated scores for the IBS/FAP
patients of 10.56 (£0.86), 5.86 (40.41), 2.63 (£0.34), 7.71
(££0.33), and 1.79 (£0.25), respectively, compared to scores of
0 (£0) on all measures for the pain-free controls (Figure 2C).
The independent sample ¢ test results were, respectively, (t =
—4.903, p < 0.001), (t = —5.569, p < 0.001), (t = —2.980, p
= 0.007), (t = —9.045, p < 0.001), (t = —2.800, p = 0.01), and
(t = —5.654, p < 0.001).

Correlations Between PBI and

Pain-Related Measures

Pearson correlations between individual patient pain burden
(PBI) and pain-related outcomes were performed. CSI-24 was
significantly correlated with pain burden (r, = 0.448, p = 0.04)
as well as PCS-C (rp = 0.501, p = 0.02). Rumination was not
significantly correlated with PBI (r, = 0.397, p = 0.07), but

15
[ Painfree controls

Em [BS/FAP
10

Total Score

PBI

400+ .
[ Painfree controls

3004 mm IBS/FAP

Total Painful Abdominal
Body Surface Area (cm?)
S
<

APPT

L,

FrequencySeverity Duration
PFSD Subscales

3 Painfree controls
Hm |BS/FAP

Total Score
>
1

3]
1

FIGURE 2 | (A) IBS/FAP patients reported significantly higher pain burden at
the time of diagnosis compared to pain-free controls (o < 0.000). (B) IBS/FAP
patients reported significantly higher abdominal BSA (o = 0.011), which was
also significantly correlated with PBI scores using a Pearson correlation
coefficient (o = 0.020). (C) The PFSD subscales, Frequency (p = 0.000),
Severity (p = 0.000), and Duration (p = 0.007), were all significantly different
between IBS/FAP patients and pain-free control patients.

magnification (r, = 0.462, p = 0.03) and helpless (r, = 0.512,
p = 0.02) were significantly correlated with pain.

PBI scores were significantly correlated with the number of
abdominal pain areas reported using the APPT (r, = 0.502, p
= 0.02), but not with the total abdominal BSA (r, = 0.295, p
= 0.18). Finally, all PFSD subscale measures were significantly
correlated with PBIL: the number of days with pain (r, = 0.827, p
< 0.001), the level of pain (r, = 0.861, p < 0.001), the hours of
pain (rp = 0.659, p < 0.001), worst pain (r, = 0.880, p < 0.001),
and the hours of worst pain (r, = 0.661, p < 0.001).
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40
[ Painfree controls

30- Hm BS/FAP

Q

1<}

Q

9 204

8

5}

[t
0 T

1
CSl-24 PCS-C
Pain-Related Measures

FIGURE 3 | The average level of somatization (CSI-24) and pediatric
catastrophizing (PCS-C) in newly diagnosed IBS/FAP patients compared to
pain-free controls. Somatization (p = 0.026), but not catastrophizing (o =
0.083), was significantly higher in IBS/FAP patients compared to pain-free
controls.

To continue to understand the relationship between these
survey measures and pain, we conducted independent sample ¢
tests for each of these pain-related measures comparing the pain-
free control group to the IBS/FAP group. The only pain-related
measure that was significantly different between the IBS/FAP
and pain-free groups was CSI-24 (t = —2.411, p = 0.03). All
other scores had non-significant p > 0.05. Since CSI-24 was
significant, it was included later in the linear regressions for gene
expression analysis.

Associations Between Demographics,

Pain-Related Measures and Pain

We evaluated potential associations between demographic
factors and pain burden using stepwise linear regression in
patients newly diagnosed with IBS or FAP. Age and sex were
not associated with pain burden in IBS/FAP patients, however
we included both factors in subsequent analyses as prior research
suggests that age and/or sex play a role in pain outcomes in
pediatric populations. In addition, CSI-24 was included as a
second step in the regression since it was identified through
individual sample t tests (t = —2.411, p = 0.03) to be a potential
contributing factor for pain but was unlikely to be associated with
colon-specific gene expression.

Identification of Pain-Relevant Candidate

Genes

Of the 84 pain-relevant genes that were analyzed, only four
showed significant association with pain burden in stepwise
linear regression: GRINI (Ar? = 0.205, AF = 6.429, p =
0.02), MAPK3 (Ar? = 0.168, AF = 4.941, p = 0.04), P2X4
(Ar? = 0.162, AF = 4.717, p = 0.04), and PTGES3 (Ar? =
0.198, AF = 6.146, p = 0.02) (Figure 4). Since we discovered
through the stepwise linear regressions that GRIN1, MAPK3,
P2X4, and PTGES3 are significantly associated with pain burden,
we compared expression of the genes between pain and pain-free
subjects, individually. We calculated individual sample ¢ tests for
GRINI (t = 1.449, p = 0.16), MAPK3 (t = 1.369, p = 0.19), P2X4

2.0
4

™ 1.5
T PO ‘ ...........................
g
& 1.0 .‘ %
2 r 4
o o ©
T 0.5 ‘ ’~’. o

0.0 T T T T

-10 -5 0 5 10

Fold Difference in Expression

FIGURE 4 | “Volcano Plot” of statistical significance (-log[p value] of
association with PBI score) against fold difference in expression for all IBS/FAP
patients. The figure demonstrates the four of 84 genes (GRINT, MAPKS, P2X4,
PTGES3) whose expression is significantly associated with pain burden in the
patient population.

(t = 1.329, p = 0.20), and PTGES3 (t = 2.017, p = 0.06). While
they were each significantly associated with PBI score, none of the
prioritized candidate genes was differentially expressed between
patients reporting significant pain and pain-free controls, though
PTGES3 approached significance.

DISCUSSION

The biological mechanisms underlying RAP are not well
understood, and this paucity in the literature translates to
a lack of evidence-based interventions targeting pathological
pain processes within the bowel. Visceral hypersensitivity is a
characteristic clinical marker for IBS/FAP, yet the mechanisms
remain incompletely understood. Uncovering relationships
between individual differences in bowel-specific gene expression
and abdominal pain could be a steppingstone to unraveling
the mystery of IBS/FAP pathogenesis (34, 35) and provide
insight into novel pain-specific treatment targets. For the present
study, we analyzed the expression of 84 genes implicated in the
transduction, maintenance, and modulation of pain, and the
expression of four genes, GRIN1, MAPK3, P2X4, and PTGES3,
was associated with pain burden in pediatric RAP patients. This
mirrored the results of a recent systems biology-based study
where this same set of genes, among others, was found to be
enriched in patients with both acute and persistent post-surgical
pain (36), adding further support to their potential role in
pain susceptibility.

Our prior work focused on patients with active inflammation
who met diagnostic criteria for Inflammatory Bowel Diseases
(Crohn’s Disease, Ulcerative Colitis, IBD-Unclassified). In the
current manuscript, we focused entirely on the patients whose
pain was unrelated to another diagnosis and occurred exclusively
in the absence of inflammation (as required for RAP/IBS/FAP
diagnoses). Given that our prior work and the work of others
supports separate genetic mechanisms of risk for inflammatory
pain and pain occurring in the absence of inflammation, whether
spontaneous or elicited, we separated these participants into two
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separate analyses. While these data were collected in parallel, the
difference in the source and nature of the pain points to different
sources of abdominal pain. To this end, prior work from our
group and others indicates separate genetic “sources” for pain
due to inflammation compared to other sources. Our previous
subanalysis of IBD participants highlighted potential roles for
TRPV3, PTGS2, and MAPKI14 in the IBD-related abdominal
pain. The present data support the separation of these two
classes of patients as there were no common genes of interest
for new onset active Inflammatory Bowel Disease is distinct from
that in IBS/FAP based on our analyses. As with most chronic
health conditions, IBS/FAP is likely a complex interaction of
multigenic risk and environmental factors and the present
study points to four high priority candidate genes (GRINI,
MAPK3, P2X4, and PTGES3) where expression corresponds
to pain severity.

Glutamate receptor subunit zeta-1 (GRIN1) encodes the GluN1
protein, one of three subunits of the N-methyl-D-aspartate
(NMDA) receptor, a transmembrane-spanning, ion channel that
binds glycine and glutamate ligands and is permeable to sodium,
potassium, and calcium (37). This NMDA receptor-dependent
cation movement across the cellular membrane is vital to many
cellular functions including transmission of action potentials
(38). Human neurological diseases (i.e., epilepsy, Parkinson’s,
intellectual disabilities) have been linked to NDMA ion channel
defects resulting from altered function, activity, or expression
levels (38). Functional studies on NMDA receptor subunits
suggest that an alteration in even one subunit can significantly
alter receptor function. For example, it has been shown that when
GIuN2A is reduced in NMDA receptors, there is a concomitant
decrease in sensitivity to negative modulators and prolonged
deactivation, suggesting that decreased subunit functionality may
lead to increase receptor activity (39). The present finding of
a negative correlation between GRINI expression in colorectal
biopsies and pain burden is in line with this prior work.
When GluN1 is active, the channel deactivates more rapidly
(40), presumably resulting in increased cell excitability; a
reduction in GRINI expression could slow deactivation resulting
in increased cellular activity, both spontaneous and evoked.
GRINI mRNA is highly expressed in nervous system cells with
protein expression localized to the synapses. While the mRNA
is also found in low levels in other tissue types, it does not
appear to be expressed in digestive system cells (Human Protein
Atlas). While the present study design does not allow for
mechanistic evaluation of hyperexcitability within neuronal cells
innervating the colon, this could be a possible explanation of why
pediatric patients with lower GRINI expression reported greater
pain burden.

PTGES3, encoding the protein prostaglandin E synthase-3,
is an enzyme that is constitutively expressed in the cytoplasm
and functions to synthesize prostaglandin E, (PGE;) (41). PGE,
is proinflammatory, and variations in function or expression
are associated with various neurodegenerative diseases (i.e.,
Parkinson’s, Alzheimer’s, amyotrophic lateral sclerosis) (42).
PGE; is typically expressed in low levels that can be increased
in response to inflammation (43). In the context of pain,
PGE; can directly activate E prostanoid (EP) receptors, a

family of G protein coupled receptors, to stimulate an increase
in intracellular calcium levels through G protein signaling
(42-45). This calcium influx in sensory neurons promotes
neurotransmitter release into synaptic junctions, ultimately
increasing neuronal communication and perception of pain.
Therefore, since PTGES3 expression is associated with pain in
the current cohort of RAP patients, this could be a mechanism
through which it regulates the pain susceptibility seen in
this population.

MAPK3, encoding the protein mitogen-activate protein
kinase, is an extracellular-regulated protein kinase (ERK) playing
a critical role in various cellular processes, cell cycle, stress
responses, and apoptosis, through regulation of intracellular
signal transduction (46). In addition, ERKs can translocate to
the nucleus to phosphorylate and activate transcription factors
to alter gene expression (47). MAPK3 is downregulated in the
dorsal root ganglion of sensory neurons in neuropathic pain (48),
but has also been shown to be upregulated in colon tissues with
Inflammatory Bowel Disease (IBD) (49). IBD is an inflammatory
disease which will, more often than not, include patient reported
pain as a symptom. It is interesting to note that our study shows
a negative correlation between IBS and MAPK3 expression, while
prior work has shown that IBD severity is positively correlated
with MAPK3 expression. As with a number of other profiles
of gene expression, it is possible that it is the dysregulation
of MAPK3 that is problematic, so increases or decreases in
expression could disrupt function.

P2X4 is a member of the P2X family of ligand-gated
ion channels, and encodes a purinergic receptor sensitive to
extracellular ATP levels (50, 51). P2X4 receptors are expressed in
diverse cell types and locations, including neurons of the central
and peripheral nervous systems, as well as visceral and vascular
smooth muscle (52). P2X4 knockout mice do not develop pain
hypersensitivity, while mice that express activated P2X4 develop
hypersensitivity and harbor an increase in PGE2 production
(53). As discussed above, PGE2 is a proinflammatory mediator
of hypersensitivity. Therefore, P2X4 and PTGES3 may work
synergistically to increase PGE2 and, subsequently to contribute
to hypersensitivity due to prior inflammation or subclinical
inflammation in IBS/FAP patients.

A limitation to the study was that our control group was
ultimately three patients since it is difficult to recruit pediatric
patients who are receiving colonoscopies without abdominal
pain. The reduced availability of pain-free control patients
remains one of the challenges of studying the correlation
between pain and gene expression in pediatric IBS/FAP
patients. While we recognize that this study is underpowered
and may be subject to the identification of false positives
due to Type 1 errors, we contend that identifying tissue
specific gene expression profiles associated with pediatric
recurrent abdominal pain is novel and offers the opportunity
for clinically relevant, exploratory hypothesis generation that
could be incorporated into followup mechanistic analyses.
An additional limitation to the study regards the fact that
colon biopsies taken from patients are heterogeneous samples
with multiple cell types (i.e., nerve terminal endings, muscle
layers, mucosal cells). This poses difficulty in determining
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which specific cell type(s) harbor the pain-associated gene
expression changes.

Much of the research in human subjects depends on analysis
of circulating blood due to its ubiquity in the healthcare setting
and its relative ease of collection. In this study, we were able
to capitalize on the diagnostic colonoscopies/biopsies occurring
as part of the standard of care to identify differences in gene
expression within the colorectum that may play a role in
generation or maintenance of persistent pain. Understanding the
gene expression changes that support and maintain persistent
bowel pain offers insights into pain specific treatment strategies
where the current approach is largely to treat alterations in
bowel habits/gastric motility to reduce pain indirectly. We have
shown that patient tissue biopsies can be used in conjunction
with pain report surveys to uncover correlations between
disease and gene expression. We identified four genes that
were correlated with IBS/FAP pain: GRINI, MAPK3, P2X4,
and PTGES3. These could be possible candidate targets for
therapeutics, but more needs to be researched about the function
of these genes in the context of IBS/FAP pain. In addition,
this study shows the need for independent research into
bowel pain, even though it may be associated with IBS/FAP
symptoms. Pain may be a separate pathological process that
can be targeted to improve quality of life in parallel with
targeting of other symptoms, and future studies need to continue
uncovering the pathology of pain and contribute to clinical
management of pain.
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