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Abstract
Irritable bowel syndrome (IBS) is a functional gastrointestinal (GI) disorder characterized by
chronic abdominal pain associated with alterations in bowel function. Given the heterogeneity of
the symptoms, multiple pathophysiologic factors are suspected to play a role. We classified
women with IBS into four subgroups based on distinct symptom profiles. In-depth shotgun
proteomic analysis was carried out to profile the urinary proteomes to identify possible proteins
associated with these subgroups. First void urine samples with urine creatinine level ≥ 100 mg/dL
were used after excluding samples that tested positive for blood. Urine from ten subjects
representing each symptom subgroup was pooled for proteomic analysis. The urine proteome was
analyzed by liquid chromatography-tandem mass spectrometry (LC-MS/MS) using a data-
independent method known as Precursor Acquisition Independent From Ion Count (PAcIFIC) that
allowed extended detectable dynamic range. Differences in protein quantities were determined by
peptide spectral counting followed by validation of select proteins with ELISA or a targeted single
reaction monitoring (LC-SRM/MS) approach. Four IBS symptom subgroups were selected: 1)
Constipation, 2) Diarrhea + Low Pain, 3) Diarrhea + High Pain, and 4) High Pain + High
Pychological Distress. A fifth group consisted of Healthy Control subjects. From comparisons of
quantitative spectral counting data among the symptom subgroups and controls, a total of 18
proteins that showed quantitative differences in relative abundance and possible physiological
relevance to IBS were selected for further investigation. Three of the 18 proteins were chosen for
validation by either ELISA or SRM. An elevated expression of gelsolin (GSN) was associated
with the high pain groups. Trefoil Factor 3 (TFF3) levels were higher in IBS groups compared to
controls. In this study the IBS patients subclassified by predominant symptoms showed
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differences in urine proteome levels. Proteins showing distinctive changes are involved in
homeostasis of intestinal function and inflammatory response. These findings warrant future
studies with larger, independent cohorts to enable more extensive assessment and validation of
urinary protein markers as a diagnostic tool in adult with IBS.
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INTRODUCTION
Irritable bowel syndrome (IBS) in adults is among the most common and costly functional
gastrointestinal (GI) disorders in the US.1 Diagnosis of IBS is based on the presence of
abdominal pain or discomfort that is relieved by bowel movement and/or associated with
bowel pattern changes, i.e., diarrhea and/or constipation. IBS is considered a functional
disorder in that there is no confirmed organic cause or definitive diagnostic test. Organic
diseases with symptom profiles somewhat similar to IBS include inflammatory bowel
disease (IBD), celiac disease, lactose intolerance, colorectal cancer, and ovarian cancer.
These conditions are typically considered before a diagnosis of IBS is made.2 In the US the
overall prevalence of IBS may be as high as 17% with approximately 2 times more women
affected as compared to men.1,3 Higher rates of psychological distress rates including
anxiety, depression, and stress as well as reduced health-related quality of life are found in
patients with IBS when compared to the general population.4–6

Mechanistic studies of IBS pathophysiology have focused on altered visceral pain
sensitivity, GI motility disturbances, potential alterations in the gut microbiome, altered
immune function, small intestinal bacterial overgrowth, diet (e.g., lactose malabsorption),
and stress.7–11 To date there is no one clear etiologic mechanism that accounts for symptoms
in all adults with IBS, and many of these studies find evidence of a particular pathology in
some but not all patients with IBS. It may well be that the population of patients with a
diagnosis of IBS is heterogeneous, with different patients having different etiologies. Such
heterogeneity of etiology is consistent with the variations in symptom profile with which
IBS patients present. For example, patients differ in severity of abdominal pain, and in
presence and severity of diarrhea, constipation, bloating, and psychological distress. Such
heterogeneity makes study of biomarkers more challenging than it is for a disease with a
single, clear etiology. A specific biomarker may be relevant to one subset of patients with
IBS but not to others, so a study that compares a heterogeneous group of IBS patients to
healthy controls will have greatly reduced power. The most useful type of biomarker might
be one that distinguishes IBS patients with one specific etiology from IBS patients with a
different etiology. The identification and confirmation of such a biomarker would contribute
to the scientific understanding of IBS, and could be very useful in guiding treatment
decisions if treatments specific to etiology were available.

In the field of clinical biology, mass spectrometry (MS) based proteomics has played a
leading role in biomarker discovery efforts since the early 1990’s. Quantitative proteomics,
used to measure changes in protein abundance that may reflect pathophysiological
alterations, has further facilitated biomarker discovery in various human diseases including
cancer, interstitial cystitis, and obstructive sleep apnea.12–14 As such, proteomics screening
has been applied to various biological specimens including blood, urine, saliva, and tissue
for the purpose of biomarker discovery.14 Analyzing urine samples has become increasingly
popular in recent years due to the non-invasive nature of sample collection and reduced
complexity of the proteome over blood. To date, urine proteomic approaches have been
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examined for their potential to serve as biomarkers for cancer, renal failure, and
inflammation.15,16 However, biomarker discovery of functional disorders with a range of
clinical presentations remains challenging. IBS is one such condition for which the utility of
using urine proteomics remains unexplored.

The goal of this study was to discover potential biomarker(s) related to presence of IBS or
associated with a symptom profile within IBS patients. The strategy used to achieve this
goal was to first, classify the IBS patients into symptom profile subtypes based on GI
symptoms (bowel pattern, abdominal pain) and psychological distress. Second, use
quantitative proteome analysis on pooled urine samples to discover putative biomarker(s)
between IBS and healthy subjects as well as across distinctive IBS symptom subgroups.
Third, use individual samples to validate putative biomarkers by ELISA.

EXPERIMENTAL SECTION
Urine Sample Collection and Processing

Urine samples were previously collected as part of two studies from adult women with IBS
and without IBS. Participants were recruited from the community, screened over the phone,
assessed for eligibility then either enrolled in a mechanism study (the association of sleep
quality with GI symptoms),17 or a randomized controlled trial using cognitive-behavioral
therapy.18 For the purposes of those studies, women provided a first voided urine specimen
at multiple, predetermined time points. For the current urinary proteome study, samples with
urine creatinine level ≥ 100 mg/dL and hemoglobin (presence of RBCs) ≤ 0.03mg/dL were
selected. The proteomic analysis of stored samples was approved by the University Human
Subjects Review Committees.

IBS Symptom Subgroup Classification
The goal for defining subgroups was to create relatively pure and distinct groups that
differed from each other in symptom profile. This approach was used to maximize the
chance of identifying proteins that differed among clinically distinct groups, which would
then require further validation. Defining the groups was not an end in itself but a means
towards the goal of biomarker discovery. These subgroup definitions are not being proposed
as categories that would be useful in clinical practice.

Subgroup definitions were based on both a prospective 28-day diary and recall-questionnaire
data. GI (diarrhea, constipation, abdominal pain, stool consistency) and psychological
(anxiety, depression) symptoms were considered to look for logical groupings of women
with IBS. Women used a diary to record symptom severity every day, on a 0 (not present) to
4 (severe) scale as previously described.19,20 The women also recorded the consistency of
each stool on the daily diary. The Brief Symptom Inventory(BSI) and the Rome II
questionnaire were used to measure retrospective psychological and GI symptoms,
respectively.21,22 Urine samples from women under age 47 were used for this study. Ninety-
four women with IBS from the previous study18 had urine samples and diary data available.

A ‘pure’ Constipation subgroup was defined as those whose bowel pattern was constipation-
predominant by both the daily diary and the retrospective questionnaire. Constipation-
predominant based on the 28-day diary was defined as either (a) hard stools at least 40% of
days and loose stools < 40% of days, or (b) very hard stools at least 20% of days and very
loose stools < 20% of days. Constipation-predominant according to the Rome II
retrospective questionnaire, which asks about the last three months, was defined as either (a)
hard stools ‘often’ to ‘almost always’ and loose stools ‘not at all’ to ‘occasionally’, or (b)
when abdominal pain or discomfort began, the subject had harder than usual stools ‘often’ to
‘almost always’ and looser than usual stools ‘not at all’ to ‘occasionally’. A ‘pure’ Diarrhea
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subgroup was defined analogously. The diarrhea subgroup was further divided into two
subgroups based on abdominal pain severity: Diarrhea High Pain if abdominal pain was
moderate to severe on at least 40% of days, or Diarrhea Low Pain if not. The Constipation
subgroup was not large enough to allow subdivision into high and low pain groups. Using
only subjects who did not meet the criteria to be in one of the first three subgroups, a fourth
subgroup, High Pain High Psych (psychological distress), was defined. This subgroup
required moderate to severe abdominal pain on at least 40% of days, and also high
psychological distress defined as a Global Severity Index (GSI) of at least 0.5. About half
the subjects did not meet the criteria for any of these four ‘pure’ groups.

The identification of these four subgroups were also supported by earlier work in which we
described how IBS bowel pattern subgroups (diarrhea, constipation) differed on pain/
discomfort severity, heart rate variability23 and stress hormone level (cortisol,
catecholamine) especially during sleep.24

The fifth group consisted of 24 healthy control women from our early study17 who, during
the telephone screening, denied any history of GI disorders and any of the GI symptoms
described in the Rome II criteria. Subjects were excluded if they had any known cardiac
arrhythmias or were taking medications that could interfere with sleep, such as beta
blockers, antihistamines, benzodiazepines, or antidepressants (e.g., tricyclic antidepressants
and selective serotonin reuptake inhibitors), or oral contraceptives. We also manually
reviewed their daily diaries to ensure that the healthy control group did not report daily
moderate to severe GI symptoms.

Urine sample Processing for Mass Spectrometry Analysis
Ten individual subjects were selected from each distinct symptom subgroup and from the
healthy control group. Pooled samples were created using 3 mL of urine from each
individual for a total of 30mL per subgroup. Urine was pooled to allow for deep proteome
sequencing and due to a limited volume of urine available for individual samples as well as
resource constraints. One protease inhibitor cocktail tablet (Complete™, Roche Diagnostics
Corporation, Indianapolis, IN) was added per 30 mL urine to avoid proteolysis immediately
after urine was thawed. The urine was centrifuged at 2000 × g for 10 min at 4°C to remove
cells and debris. The supernatant was collected and processed for protein concentration and
purification by 3kDa molecular weight cutoff ultrafiltration (Centriprep YM-3, Millipore,
Billerica, MA) followed by trichloroacetic acid (TCA) precipitation. TCA was added to
urine at 10% final concentration (w/v, made fresh), vortexed for 15 sec, and placed on ice
for a minimum of 20 min. The samples were centrifuged at 14,000 × g, 4°C for 15 min and
the supernatant was removed. The pellet was washed with cold acetone and then centrifuged
at 14,000 × g, 4°C for 10 min. The acetone was removed from the loose pellet and air-dried
thoroughly. Protein concentration was estimated by BCA protein assay (ThermoFisher
Scientific Inc., Rockford, IL). Protein, 300 μg each per subgroup, was reduced with Tris(2-
carboxyethyl)phosphine, alkylated with iodoacetamide, and digested with sequencing-grade
trypsin (Promega, Madison, WI). Peptides then were desalted on a MacroSpin C18 column
(The Nest Group, Inc., Southborough, MA) according to the manufacturer’s instructions.

Mass Spectrometry Analysis
Peptide digestion products were analyzed by electrospray ionization on a linear ion trap
Velos mass spectrometer (Thermo Scientific Corp., San Jose, CA). Nanoflow HPLC was
performed using a Waters NanoAquity HPLC system (Waters Corporation, Milford, MA).
Peptides were trapped on a 100 μm i.d. × 20 mm long precolumn in-house packed with 200
Å (5 μm) Magic C18 particles (C18AQ; Michrom Bioresources Inc., Auburn, CA).
Subsequent peptide separation was on an in-house constructed 75 μm i.d. × 180 mm long
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analytical column pulled using a Sutter Instruments P-2000 CO2 laser puller (Sutter
Instrument Company, Novato, CA) and packed with 100 Å (5 μm) C18AQ particle. For
each liquid chromatography-tandem mass spectrometry (LC-MS/MS) analysis, an estimated
amount of 1 μg of peptides (0.1 μg/μL) were loaded on the precolumn at 4 μL/min in water/
acetonitrile (95/5) with 0.1% (v/v) formic acid. Peptides were eluted using an acetonitrile
gradient flowing at 250 nL/min using mobile phase gradient of 5–35% acetonitrile over 60
min. with a total gradient time of 95 min. Ion source conditions were optimized using the
tuning and calibration solution recommended by the instrument provider.

To maximize protein identification without protein fractionation, a modified version of the
data-independent Precursor Acquisition Independent From Ion Count (PAcIFIC) method as
originally published was employed.25 Briefly, this data-independent acquisition (DIA)
method acquires tandem mass spectra at every m/z value (i.e., at each m/z “channel”)
without regard for whether a precursor ion is observed or not. The acquired tandem mass
spectra then are matched to peptide sequence in a database using the center of the precursor
isolation window as the parent ion mass in each tandem mass spectrum file. Modifications to
the published PAcIFIC analysis included increasing the mass range covered per method file
from 15 to 37.5 m/z units for a total of 27 LC-MS/MS runs per sample to cover 400–1400
m/z. Consecutive scans remained 1.5 units apart with an isolation width of 2.5 m/z as
previously described. For tandem MS (MS/MS) in the linear ion trap, ion population was set
to 3 × 104 through use of automatic gain control, and collision energy set to 35%. For each
cycle, 25 data-independent MS/MS scans were acquired per designated m/z range. Data
were acquired using Xcalibur, version 2.0 (Thermo Scientific). Each experiment was done in
duplicate.

Database Search and Data Processing
Acquired tandem mass spectra were searched for sequence matches against the International
Protein Index (IPI) human protein database (version 3.68) using SEQUEST. The following
modifications were set as search parameters: peptide mass tolerance at 3.75 Da, trypsin
digestion cleavage after K or R (except when followed by P), one allowed missed cleavage
site, carboxymethylated cysteines (static modification), and oxidized methionines (variable
modification/differential search option). PeptideProphet and ProteinProphet, which compute
a probability likelihood of each identification being correct, were used for statistical analysis
of search results.13 PeptideProphet probability ≥ 0.8 and ProteinProphet probability ≥ 0.85
were used for positive identification at an error rate of less than 1%. Only the proteins
identified by more than one unique peptide sequence were included in the study. Differences
in relative expression of proteins were calculated using peptide spectral counting
algorithm.26 The final protein spectral count was the accumulation of spectral counts from
all PAcIFIC LC-MS/MS runs. Data were analyzed using one experiment first then cross
referenced with a replicate experiment for consistency for computed fold changes among the
different subject groups.

ELISA
To confirm the MS findings, the individual samples (n=50) that had been used in the 5 pools
were analyzed for urinary neutrophil gelatinase-associated lipocalin (NGAL), gelsolin
(GSN), and trefoil factor 3 (TFF3) using a commercially available ELISA kits which
incorporated specific performance metrics. The NGAL assay kit (BioPorto diagnostics,
Gentofte, Denmark) has a linear detection range between 25 and 600 pg/ml and a sensitivity
of 8 pg/ml. The GSN assay kit (Kamiya Biomedical Company, Seattle, WA) has a linear
detection range between 2 and 200 ng/mL, with a sensitivity of 2 ng/mL; the inter and intra-
assay coefficients of variability based on kit controls for this assay is 14.8 and 11.7%,
respectively. The ELISA assay for TFF3 (BioPorto diagnostics, Karasek, Czech Republic)
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has a linear detection range between 10 and 2000pg/ml, with a sensitivity of 7 pg/ml, and
the inter and intra-assay variance using kit controls are 12.2 and 10.5%, respectively. TFF3
ELISA was also run on urine samples from individual subjects from the second cohort
(n=68). ELISA was done in duplicate for each protein.

Selected Reaction Monitoring (SRM) Analysis for Gelsolin (GSN)
SRM method development and data analysis for GSN was performed using the Skyline
software (v.0.5)27 for the targeted peptide, TGAQELLR, at m/z 444.25. Isotopically labeled
peptide standard was purchased from University of Victoria Genome BC Proteomics Centre
(Victoria, BC, Canada). An Eksigent NanoLC-1D plus HPLC (Eksigent Technologies,
Dublin, CA) was used for the injection of desalted pooled urine digest samples onto
reversed-phase capillary columns (75 μm × 15 cm) packed in-house using Magic C18AQ
(5μm,100Å). Separations were performed using a flow rate of 250 nl/min with a 60-min
linear gradient. Thermo Scientific TSQ Vantage mass spectrometer was used for all LC-
SRM/MS analyses. SRM acquisition method was constructed using collision energy (CE)
voltages at 16, with a target scan time of 0.035 s. The doubly charged precursor ions were
monitored in Q1 with a resolution of 0.7 full width at half-maximum (FWHM), and seven
singly charge y-ions (y1–y7) for endogenous and isotope labeled peptide was monitored in
Q3 with 0.7 FWHM. Product ion ratios and chromatographic retention time were used to
confirm the peptide identity within the complex mixtures. Three technical replicates were
acquired per sample.

RESULTS
IBS Symptom Subgroups

Based on the clustering of symptoms we selected four symptom groups: 1) Constipation, 2)
Diarrhea + High Pain, 3) Diarrhea + Low Pain, and 4) High Pain + High Psych (Figure 1.A
and 1.B). Of the 118 women included for the study, the numbers of subjects classified into
the four IBS subgroups were 12 high pain high psych, 12 diarrhea high pain, 19 diarrhea low
pain, and 19 constipation. Thirty-two women with IBS did not fit into any of these
categories because their symptoms were not severe enough or were mixed or inconsistent
(e.g., a subject with both diarrhea and constipation). There were 24 women in the healthy
control group. Ten women were selected from each of these five groups, and the urine
samples combined into five pooled samples for use in the MS. The supplemental Table
shows the symptom profiles and numbers of subjects of each group. Samples from the
remaining 68 subjects were reserved for further validation using ELISA.

IBS Urinary Proteomes
More than 750 proteins were identified by MS from each IBS subgroup and healthy
controls. The selection of the initial candidate proteins was based on: the current
pathophysiologic theories surrounding the cause(s) of IBS, good agreement between the two
MS datasets, as well as proteins that showed the greatest expression differences relative to
the controls. A total of 18 were selected for further investigation (Table 1). The correlation
between the two datasets was greater than 0.5 for all but five proteins. However, we
included these five proteins in the analysis because of their putative implication in IBS
pathophysiology. Most of the proteins selected were annotated by Gene Ontology (GO)
classification as either extracellular or membrane proteins, both of which are characteristic
of the secretary urinary proteome.28 Their relative expression levels, normalized to the
control group, are plotted as a heat map in Figure 2 where proteins were classified into IBS
subgroups based on their phenotypic expression characteristics.
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Putative overall IBS biomarkers
The following six proteins, α-amylase 1 (AMY1), kallikrein-1 (KLK1), mucin 1 (MUC1),
epididymal secretor (NPC2), prostaglandin-H2 D-isomerase (PTGDS), and trefoil factor 3
(TFF3), were found to be over expressed in most of the IBS subgroups.

Amylase genes belong to a multigene family and the most of characterization has been done
for pancreatic and salivary amylases.29 Alpha-amylase is a glycoprotein of 57 kDa and is the
only glycosidase in human pancreatic fluid.30 The expression of this protein was elevated in
most of the IBS symptom subgroups with slightly higher expression in the diarrhea with low
pain group.

Kallikreins are a subgroup of serine proteases having diverse physiological functions as well
as being potential disease markers in colon cancer and diabetes mellitus.31,32 KLK1 is one
of the fifteen kallikrein subfamily members and it releases bradykinin from low molecular
weight kininogen.33 In our study, KLK1 is overexpressed in all of the IBS symptom
subgroups.

MUC1, isoform M3, is a member of the mucin family and encodes a membrane bound,
glycosylated phosphoprotein. The protein serves a protective function by binding to
pathogens and also functions in a cell signaling capacity.34 Expression of MUC1 was
increased in IBS symptom subgroups overall with slightly greater expression in the diarrhea
with high pain group.

NPC2, known as Niemann-Pick disease type C2, is an epididymal secretory protein.35

Expression of NPC2 was elevated in the most of the IBS symptom subgroups, especially in
the diarrhea with high pain group.

PTGDS is known by various synonyms including glutathione-independent PGD synthase,
lipocalin-type prostaglandin-D synthase (L-PGDS), and prostaglandin-D2 synthase. It is a
member of the lipocalin superfamily.36 Its expression was upregulated in all IBS symptom
subgroups.

TFF protects and repairs the GI mucosa by maintaining intestinal epithelial cell integrity and
restoring normal intestinal permeability.37 An elevated level of TFF3 was found in most of
the IBS subgroups.

Putative IBS-high pain and psychological distress biomarkers
Expression of the six proteins, α-2-macroglobulin (A2M), complement C3, gelsolin (GSN),
kininogen-1 (low molecular weight) (KNG1), leucine-rich α-2-glycoprotein (LRG1), and
thyroxine-binding globulin (SERPINA7) were elevated among the IBS high pain and high
psych subgroup when compared with samples from the healthy control group.

A2M showed more upregulation in high pain groups including the diarrhea with high pain
group. Complement system protein, C3 expression was elevated in the high pain groups,
similar to the expression pattern observed for A2M. A2M is an inhibitor of multiple
proteinases and function as antiprotease. It may act as a carrier protein because it also binds
to numerous growth factors and cytokines.38 The complement system is a key component of
innate immunity, acting to protect the host from microorganisms such as bacteria. Defects in
C3 are the cause of complement component 3 deficiency, a rare defect of the complement
classical pathway.39

GSN is a Ca(2+)-regulated actin filament severing, capping, and nucleating protein.40 It is
an ubiquitous, multifunctional regulator of cell structure, mitochondrial membrane stability,
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motility and metabolism as well as apoptosis.38 GSN was upregulated among all the high
pain groups including the diarrhea with high pain and constipation groups.

Expression of KNG1 was elevated in all pain groups in our study. The KNG1 gene uses
alternative splicing to generate two different proteins, high molecular weight kininogen
(HMWK) and low molecular weight kininogen (LMWK).39 LMWK is involved in the
release of bradykinin.33,41

The leucine-rich repeat family proteins, including LRG1, are involved in protein-protein
interaction, signal transduction, and cell adhesion and development.42 LRG1 was
overexpressed in the three IBS subgroups with high pain.

SERPINA7 is responsible for transporting thyroid hormones in blood. It belongs to the
serpin family in genomics, but the protein has no inhibitory function like many other
members of the serpin family.43 The protein demonstrated the greater expression among all
the IBS subgroups and especially in the high pain groups.

Putative IBS-diarrhea or -constipation biomarkers
Five proteins including SERPIN B4 (SERPINB4), γ-glutamylcyclotransferase (GGCT), γ-
glutamyl hydrolase (GGH), neutrophil gelatinase-associated lipocalin (NGAL), and α-1-
acid glycoprotein 2 (ORM2) showed elevated expression among the diarrhea groups
whereas expression of lithostathine-1-α (REG1A) was elevated in the constipation patient
group.

SERPINB4 is a serpin peptidase inhibitor and directly inhibits human granzyme, GrM
proteolytic activity.44 Elevation of SERPINB4 was noted in the diarrhea with low pain
group but it was also overexpressed in the high pain groups.

GGCT induces release of cytochrome c from mitochondria with resultant induction of
apoptosis.45 GGH is an intracellular lysosomal glycoprotein that hydrolyzes folyl- and
antifolyl-polyglutamates. It has been suggested that GGH may be a novel putative urinary
biomarker of clinical outcome after chemotherapy.15

NGAL is a protein that is associated with neutrophils and is part of the innate immune
system. It plays a role in inhibiting bacterial growth through its binding to iron bacterial
siderophores in the intestinal lumen.46 Neutrophils and epithelial cells release NGAL as part
of an antiinflammatory response.

ORM2 is a key acute phase plasma protein and is classified as an acute phase reactant. The
specific function of this protein has not yet been determined, however, it may be involved in
aspects of immunosuppression. Increased urinary orosomucoid has been observed in type 2
diabetes.47

REG1A is type I subclass member of the Reg gene family and also known as regenerating
islet-derived 1-α. The protein has been implicated in ulcerative colitis and gastric
cancer.48,49 REG1A showed slightly more expression in the constipation group.

Validation
The proteomics results were validated in the 50 individual samples by ELISA using
commercially available kits on selected proteins that represented different IBS subgroups.
Three proteins, NGAL, TTF3, and GSN were selected given they fit with current thinking
on the pathophysiology of IBS and that commercial kits or antibodies were available.
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Figure 3.A shows the mean ELISA results for NGAL in comparison to the MS results with
differing options for normalization. Analysis of variance showed significant differences in
mean NGAL across the 5 groups (P=.008). The ELISA pattern across groups is similar to
MS, with constipation and healthy controls having low NGAL and diarrhea low pain having
high NGAL. However, ELISA results showed the high pain high psych group having very
high NGAL, while MS results do not, with the exception of the normalization by albumin.
Combining all IBS groups tended to show mean NGAL higher in IBS than in healthy
controls (P=.13).

TFF3 ELISA assay results are shown in Figure 3.B. ANOVA showed no significant
differences across the 5 groups (P=.193) but IBS versus healthy controls showed increased
TFF3 in IBS as observed in the MS (P=.067). The pattern across groups of ELISA results is
similar to the MS results, with the exception of the constipation group. The spectral count
from MS is high for the pooled constipation sample but is low for the mean concentration by
ELISA. This discrepancy could be related to the fact that approximately 30% of TFF3
ELISA results were above the highest standard on the normal curve, meaning that we know
the values are high but do not know how high. A single sample in the constipation group,
which has extremely high TFF3 expression could cause the MS results from the pooled
sample to be very high. This points out the caution of using pooled samples, namely the
results could be influenced by one aberrant individual.

In order to further validate the IBS versus healthy control difference seen in the 50 original
samples, ELISA TFF3 was run on samples from the additional 68 women who were not
used in the first 50. Those results confirm the original results. TFF3 was elevated in IBS
patients compared to healthy controls (P=.027). Figures 4.A and 4.B show the TFF3 results
for the original 50 subjects and the additional 68 independent subjects.

Differentially expressed GSN levels were initially validated by Western blot analysis
applied to the pooled samples, where it confirmed the elevated expression in IBS subgroups
with high pain.20 The commercially available ELISA for GSN was designed for use with
serum or plasma, and its sensitivity was inadequate for urine samples – all samples were
below the detection level. Hence, validation of GSN in the pooled samples was further
carried out by SRM approach using a heavy labeled peptide by monitoring seven transition
y-ions in pooled IBS samples. There was good agreement between spectral counts and the
SRM approach (Figure 5).

DISCUSSION
Our study showed that differences in the urine proteome exist among symptomatically
distinct groups of patients with IBS. Urinary proteomics, like that for all biofluids, is
challenging because of large inter- and intra-individual variations.50 Such large variation
often makes it challenging to interpret the proteomics data to determine differences between
disease and normal conditions. An important advantage of our study design was the
stringent processes (e.g., diaries) and clinical criteria we applied to define the IBS groups.
Another advantage was the well-defined procedures for collection (first morning void) and
screening (absence of blood) of urine samples. These steps increased the likelihood of
identifying protein markers that would discriminate between IBS and controls as well as
among IBS subgroups. We also employed an innovative shotgun protein sequencing
approach, PAcIFIC, that provided deep sequencing of the urinary proteome circumventing
the use of a protein enrichment process in order to increase detection of less abundant
proteins.25,51,52 Pooled samples were used in the discovery phase study to help overcome
resource constraints and yet allow us to analyze a large set of samples. The pros and cons of
sample pooling in relation to biological variances has been discussed in the past.53,54 A
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disadvantage of pooling is that if one or two individuals in a pool had extremely elevated
levels of a protein, it could lead to shifting of the overall mean expression of that protein in
the pool. This is one reason that observed differences between pooled samples need to be
validated using individual samples.

Not surprisingly, some of the proteins that showed distinctive differences in IBS samples
were the ones involved in homeostasis of intestinal function. MUC1 and TFF3 are mucosal
epithelial membrane-bound molecules synthesized by the goblet cells.55,56 The functional
integrity of the intestine plays an important role in the first line defense system against
chemical injury or unwanted microbes. The intestinal mucus layer and membrane-bound
molecules such as TFF3 are the major components to protect/repair the mucosal epithelium.
Thus, any change among these molecular components would affect delicate intestinal
environment and result in increased permeability that might cause inflammation as well as
injury to the intestinal mucosal cells, which has been described in some patients with IBS.57

Expression of TFF3 was higher in individuals with IBS as compared to healthy controls.
Mice studies of gut inflammation have noted increased TFF3 mRNA levels during colitis
induction, an indication that TFF3 genes are upregulated early in inflammation and that their
mRNA levels could be used as early markers of inflammation.58 The use of a non-invasive
marker such as urine TFF3 may also serve as an early indicator of altered intestinal
defenses. However, TFF3 is also expressed in urinary tract epithelia and excreted in urine.59

Thus, to elucidate the role of TFF3 in IBS additional studies are warranted.

Other proteins including L-PGDS and NGAL also have been suggested as markers
reflecting inflammatory activity.60 Dextran sulfate sodium (DSS)-induced colitis in mice
showed L-PGDS expressing cells play pro-inflammatory roles in colitis.61 The same study
showed that the increased level of L-PGDS is linked to severity of ulcerative colitis in
humans. Serum NGAL levels are elevated in patients with Crohn’s disease and ulcerative
colitis.62 Measuring metalloproteinase (MMP-9) together with NGAL in urine of children
and young adults with IBD, Manfredi et al. found elevations relative to age and sex-matched
control samples.63 They found that the sensitivity of MMP/NGAL in identifying patients
with IBD was greater than erythrocyte sedimentation rate levels and c-reactive protein. In
our MS results NGAL showed elevated expression in both diarrhea groups (high and low
pain). ELISA confirmed the subgroup differences especially for the diarrhea with low pain
group. In a single study, NGAL levels were found to be higher in fecal dialysate samples
from patients with Crohn’s disease relative to healthy controls suggesting that fecal
proteomic approaches also may be useful to examine NGAL as a putative biomarker.64

A targeted SRM approach used for GSN in pooled samples confirmed the increased
expression among the IBS groups with high pain. One of the hypotheses about the function
of circulating GSN is that it scavenges actin released from cells at the site of injury. Levels
of plasma GSN decrease during acute injury and inflammation.65,66 The administration of
recombinant plasma GSN in mice and rats improves outcomes following sepsis or burn
injuries.65 An insufficiency of GSN in mice has also been shown to cause increased
permeability of the vascular pulmonary barrier, suggesting that GSN is important in
regulating membrane permeability.67

The study of the utility of urine proteomics as biomarkers for IBS subgroups is in its
infancy. The ideal biomarker would be one that either separates IBS subgroups from each
other or separates IBS patients from healthy individuals as well as from patients with other
diseases such as IBD. Ideally, it would be collected non-invasively from a readily accessible
body fluid, have excellent specificity and sensitivity, and be measurable over time to
monitor and assess treatment outcomes or disease trajectory. Whether urine protein
measures will meet these criteria remains to be tested. Other potential biomarkers for
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subgroups of IBS including scintography for transit alterations and immune or permeability
markers for post infectious IBS-diarrhea also hold promise.68,69

In summary, urine samples from 40 women demonstrating one of four clinical subtypes of
IBS revealed selective alterations in specific components of the urinary proteome as
assessed by MS when compared with samples from healthy control subjects. Physiological
roles have been partially elucidated for some of the proteins identified in this study,
however, their function in IBS needs to be investigated further. Although group differences
among IBS subgroups have been found in our shotgun proteomics, going beyond the
discovery phase to validation studies was challenging. Especially, it should be pointed out
that the bowel and pain subgroup patterns noted in pooled urine samples by MS analysis
were not always found when the individual urine samples from the pools were assayed with
ELISA. In many cases the commercially available ELISA sensitivity is out of the detection
level needed for urine samples. For one protein, TFF3, for which quantitative assessments
were possible for the whole cohort (40 IBS + 10 healthy) and an independent IBS cohort of
68 individuals, the results suggest it holds promise for identifying IBS and worth further
investigation.

Our findings further suggest that future studies with a larger, independent cohort should be
considered to enable more extensive assessment and validation of urinary protein markers as
a diagnostic tool in adults with IBS.
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Figure 1. IBS symptom subgroup classification
A) Comparison of IBS subtype defined by retrospective questionnaire to percent of days
with hard and loose stools from daily diary. B) Comparison of abdominal pain to the ‘Global
Severity Index’, which is a measurement of psychological distress. The cluster analyses
separate IBS into distinctive symptom phenotypes: 1) constipation, 2) diarrhea + high pain,
3) diarrhea + low pain, and 4) high pain + high psychological distress.
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Figure 2. Expression of putative protein biomarkers representing different IBS symptom
subgroups
Log2 expression ratio found in Table 1 is used to generate the plot. Proteins are grouped by
different IBS symptom subgroups.
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Figure 3. NGAL and TFF3 expression in IBS symptom subgroups by MS and ELISA
A) NGAL expression. Blue circle and line is the creatinine adjusted urinary NGAL
expression level determined by the ELISA. All the others show the MS data with different
normalizations. MS.NGAL - no normalization; NGAL.tot - normalized by the sum of all MS
spectral counts for all proteins; NGAL.m1 - normalized by the sum of all proteins except
uromodulin (the highest MS spectral counts); NGAL.m3 - normalized by the sum of all
proteins except uromodulin, AMBP, albumin (the highest three); NGAL.alb - normalized by
the spectral count for albumin. B) TFF3 expression.
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Figure 4. TFF3 expression in IBS and healthy control women
A) TFF3 expression in the 50 women used in the MS. B) TFF3 expression in the 68
independent women with and without IBS.
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Figure 5. Gelsolin (GSN) expression in IBS symptom subgroups by spectral counts and targeted
SRM
A) GSN expression by spectral counts from two experimental datasets. B) GSN expression
measure by SRM approach. Expression is represented by endogenous peptide/heavy labeled
peptide ratio for SRM.
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