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Abstract

Background: Current tests for diagnosis and differentiation of lymphoplasmacytic

enteritis (LPE) and small cell lymphoma (SCL) in cats are expensive, invasive, and lack

specificity. The identification of less invasive, more reliable biomarkers would facili-

tate diagnosis.

Objectives: To characterize the mucosal proteome in endoscopically obtained, small

intestinal tissue biopsy specimens. We hypothesized that differentially expressed

proteins could be identified and serve as biomarker candidates for the differentiation

of LPE and SCL in cats.

Animals: Six healthy control cats, 6 cats with LPE, and 8 cats with SCL.

Methods: The mucosal proteome was analyzed using 2-dimensional fluorescence dif-

ference gel electrophoresis (2D DIGE) and nanoflow liquid chromatography tandem

mass spectrometry. For 5 proteins, results were verified by Western blot analysis.

Results: A total of 2349 spots were identified, of which 9 were differentially

expressed with a ≥2-fold change between healthy cats and cats with LPE and SCL

Abbreviations: 2D DIGE, 2-dimensional fluorescence difference gel electrophoresis; ANOVA, analysis of variance; ANXA4, annexin IV; ANXA5, annexin V; APO, apolipoprotein; CD, cluster of
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(.01 < P < .001). Eight of these 9 spots were also differentially expressed between

cats with LPE and cats with SCL (P .001 < P < .04). However, Western blot analysis

for malate dehydrogenase-1, malate dehydrogenase-2, apolipoprotein, annexin IV,

and annexin V did not confirm significant differential protein expression for any of

the 5 proteins assessed.

Conclusions and Clinical Importance: Two-D DIGE did not identify potential bio-

marker candidates in the intestinal mucosa of cats with LPE and SCL. Future studies

should focus on different techniques to identify biomarker candidates for cats with

chronic enteropathies (CE).

K E YWORD S

EATL, enteropathy-associated T-cell lymphoma, feline chronic enteropathy

1 | INTRODUCTION

Chronic enteropathy (CE) in cats is a spontaneous disorder that is espe-

cially common in older cats. It is defined as the presence of clinical signs

of gastrointestinal disease for >3 weeks in the absence of extraintestinal

causes or infectious, obstructive, or localized neoplastic intestinal dis-

eases.1,2 The most common causes of CE in cats are lymphoplasmacytic

enteritis (LPE) and alimentary small cell lymphoma (SCL).3-6 However, clin-

ical signs are nonspecific, and diagnosis and differentiation require histo-

pathological examination of tissue biopsy specimens. Ambiguous cases

frequently occur and require additional diagnostic testing such as immu-

nohistochemistry7 and clonality testing.4,5,8 However, previous studies in

humans found specificity as low as 54.3% for clonality testing.9 Recent

studies in cats have shown specificity to be of equal concern in samples

from cats with a high rate of false-positive samples and reported specific-

ity of 33%.10,11 Therefore, identification of less invasive and more reliable

biomarkers for the diagnosis and differentiation of CE in cats would facili-

tate diagnosis.

In 2001, the Biomarkers Definitions Working Group defined a bio-

marker as a characteristic that is objectively measured and evaluated as

an indicator of normal biological processes, pathogenic processes, or

pharmacologic responses to a therapeutic intervention.12 In inflammatory

or neoplastic conditions, biomarkers commonly are released by affected

cells or in response to tissue dysfunction.13 Biomarkers can be classified

into proteins, small molecule metabolites, nucleotides, and lipids.13 The

proteome describes the entire set of proteins of a cell, tissue, or organ-

ism.14 Proteomics is the analysis of the proteome at a specific time

point.15 The proteome can be studied using a variety of different tech-

niques, including gel-based techniques such as 2-dimensional fluores-

cence difference gel electrophoresis (2DDIGE).16

Two-dimensional DIGE compares multiple proteomes after differen-

tially labeling the proteomes with fluorescent dyes17 and separating the

proteins based on their mass and charge, to produce a 2-dimensional pro-

tein spot map.17 Changes in spot intensities represent changes in protein

abundance among different conditions and can be used to identify bio-

marker candidates.12

In this prospective study, we characterized the small intestinal

mucosal proteome of cats with LPE and SCL by an untargeted proteo-

mics approach using 2D DIGE. Results were compared to results from

a group of healthy control cats with demographic characteristics simi-

lar to those reported for cats with CE. A subset of the identified pro-

teins was validated by Western blot analysis. We hypothesized that

protein abundances would differ among these 3 groups and that 2D

DIGE would identify biomarker candidates for the differentiation of

LPE from SCL in cats in accordance with Western blot analysis.

2 | MATERIALS AND METHODS

2.1 | Study approval and enrollment

This prospective study was conducted at the Veterinary Medical Teaching

Hospital of Texas A&M University between May 2015 and September

2017. Study protocols were approved by the Texas A&M University Insti-

tutional Animal Care and Use Committee (IACUC 2014-0369 CA and

IACUC 2015-0276 CA). All experiments were performed in accordance

with relevant guidelines and regulations. Cat owners provided written

informed consent before study enrollment.

2.2 | Patients and procedures

Cats with clinical signs of CE (total n = 14 consisting of 6 LPE and 8

SCL cats) and control cats (n = 6) were recruited from the hospital

population at the Small Animal Hospital of Texas A&M University,

College Station, Texas, or the Veterinary Specialty Hospital, San

Diego, California. Cats with clinical signs of CE (eg, weight loss,

hyporexia, vomiting, diarrhea) of at least 3 weeks' duration were eligi-

ble for enrollment. Cats that had received corticosteroids within

4 weeks before biopsy were excluded from the study. Cats in this

group underwent gastro-duodenoscopy and in some cases ileo-

colonoscopy for diagnostic purposes.
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Besides diagnostic biopsy specimens, 6 additional biopsy

specimens were acquired endoscopically from the upper small

intestinal tract, individually collected into prechilled tubes, and

immediately snap-frozen in a methanol-dry ice bath. Equipment,

operator, and sampling site within the upper small intestine were

not standardized. Samples collected at the Veterinary Specialty

Hospital, San Diego, were kept on dry ice and shipped overnight to

the Texas A&M Gastrointestinal Laboratory and immediately stored

at −80�C upon arrival. Samples collected at the Veterinary Medical

Teaching Hospital were transferred to the Texas A&M Gastrointes-

tinal Laboratory and immediately stored at −80�C until 2D DIGE

analysis.

Clinically healthy, adult, client-owned cats ≥3 years of age, undergo-

ing an elective procedure requiring general anesthesia, were eligible for

enrollment into the study. Cases classified as healthy controls were part

of a previously published project on results of histopathology, immuno-

histochemistry, and molecular clonality testing of small intestinal biopsy

specimens from clinically healthy client-owned cats.10 Cats were deemed

healthy based on a client questionnaire, physical examination, and labora-

tory testing including CBC, serum biochemistry profile, serum total T4

concentration, and serum concentrations of cobalamin, folate, feline pan-

creatic lipase immunoreactivity (fPLI), and feline trypsin-like immunoreac-

tivity (fTLI). Cats with gastrointestinal signs (eg, weight loss, hyporexia,

vomiting >2x/month, diarrhea) within 6 months before enrollment were

excluded from the study. Cats that had received any antibiotics, antacids,

anti-inflammatory drugs, or corticosteroids within the past 6 months also

were excluded from the study. After a routine dental procedure under

general anesthesia, all cats underwent gastroduodenoscopy. Six biopsy

specimens each from the upper small intestinal tract were collected for

histopathologic examination, immunohistochemistry, and clonality test-

ing. An additional 6 biopsy specimens were collected from the small

intestinal tract as described above and immediately stored at−80�C until

2D DIGE analysis. Clinically healthy controls were followed over time to

ensure absence of subclinical CE.10

2.3 | Histopathology, immunohistochemistry, and
clonality analysis

Histopathologic examination of H&E-stained endoscopic formalin-

fixed, paraffin-embedded (FFPE) tissue sections was performed by a

single board-certified pathologist (MA) blinded to the clinical status of

the cats. Samples were assessed using standards published by the

World Small Animal Veterinary Association (WSAVA) Gastrointestinal

Standardization Group.18,19 Samples of the upper and lower small

intestinal tract of cats with FCE and samples from the upper small intes-

tinal tract from healthy cats underwent immunohistochemistry and

PCR for antigen receptor rearrangements (PARR). A final diagnosis of

LPE or SCL was reached upon integration of results from histopathol-

ogy, immunohistochemistry, and PARR as recommended by the

EuroClonality/BIOMED-2 guidelines for interpretation and reporting

of Ig/TCR clonality testing in suspected lymphoproliferations.20-22 Only

FCE cases with consistent results among histopathology,

immunohistochemistry, and clonality testing were enrolled into the

study. Cases with inconsistent results (i.e., histopathology indicative

of inflammation with clonal rearrangements or vice versa) were

excluded. In addition, all cases categorized as LPE had to have biopsy

results from the stomach, upper, and lower small intestinal tract, and

the colon available that showed no evidence for small cell lymphoma

in any of these locations.

2.4 | Protein processing and labeling

Endoscopically acquired, snap frozen duodenal specimens from each

cat were pooled, placed in a precooled 1.5 mL glass pestle and tube

tissue grinder and homogenized on ice in 10 mM Tris-HCl/1% Pierce

CHAPS (Thermo Fisher Scientific, Waltham, Massachusetts) buffer

containing DNAse (Sigma Aldrich, St. Louis, Missouri) and protease

inhibitors (Roche/Sigma Aldrich, St. Louis, Missouri). The homoge-

nate was sonicated in ice water for 15 minutes and centrifuged at

15000g for 15 min at room temperature. The supernatant proteome

was precipitated using a methanol chloroform method and dissolved

in 100 μL of DIGE labeling buffer (30 mM Tris, 7 M urea, 2 M Thio-

urea, 4% Pierce CHAPS, pH 8.5 buffer).23 The protein concentration

of each protein extract was determined by the Bradford protein

assay using bovine serum albumin as a standard.24

2.5 | 2-Dimensional fluorescence difference gel
electrophoresis

Fifty micrograms of protein extracts from the 3 groups were fluores-

cently labeled with 200 pmol of either Cy 2 or Cy 5 (CyDye DIGE

Fluors, GE Healthcare). A pooled internal standard (IS) containing

equal parts of all samples was labeled with Cy3. All labeling reactions

were carried out for 30 minutes at 4�C in the dark and subsequently

quenched by the addition of 1 μL of 10 mM lysine (Sigma Aldrich,

St. Louis, Missouri) for 10 minutes.

Samples for isoelectric focusing were prepared by mixing the

differently labeled proteomes from 2 different groups (ie, healthy,

LPE, or SCL) and an equal portion of the labeled IS. The combined

samples were diluted to 450 μL with a buffer containing 7 M urea,

2 M thiourea, 4% Pierce CHAPS, 0.5% Pharmalyte (GE Healthcare,

Chicago, Illinois), 40 mM dithiothreitol (DTT), and 0.002% brom-

ophenol blue and used to rehydrate IPG DryStrips (24 cm;

pH 3-10NL; GE Healthcare, Chicago, Illinois) overnight. Isoelectric

focusing was performed on an IPG Phor 2 horizontal electrophoresis

system (GE Healthcare, Chicago, IL, USA) at 4�C (0.5 kV for 1 hour,

ramping to 1 kV over 1 hour, ramping to 8 kV over 2.5 hours, holding

at 8 kV until 110 kV*h were achieved). After focusing, each strip was

equilibrated in 2 steps: 15 minutes in buffer (6 M urea, 50 mM Tris-

HCl, pH 8.8 with 30% [v/v] glycerol, 2% [w/v] sodium dodecyl sul-

fate (SDS), 0.01 bromophenol) containing DTT (10 mg/mL) followed

by 15 minutes in the same buffer containing iodoacetamide (25 mg/

mL). The equilibrated immobilized pH gradient (IPG) strips were
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affixed to 12% SDS gels and sealed with an agarose sealing solution

(25 mM Tris, 192 mM, glycine, 0.1% SDS, 0.5% [w/v] agarose, and

0.02% bromophenol blue). Electrophoresis was performed on an

Ettan Dalt-6 (GE Healthcare, Chicago, Illinois) at 1 W per gel (10�C)

until the dye front reached the bottom of the gel.

2.6 | Image acquisition and analysis

Gels were scanned at 3 wavelengths (473 nm for Cy2, 532 nm for

Cy3, 635 nm for Cy5 labeled samples) using a Typhoon FLA 9500

laser scanner (GE Healthcare) at 100 μm resolution and analyzed using

ImageQuant (GE Healthcare) software. All gels were fixed overnight in

10% methanol and 7.5% acetic acid until spot picking.

Multiplex gel images were alalyzed using the DeCyder 2-D Dif-

ferential Analysis Software (v 6.5 GE Healthcare), which consists

of the following automated steps: spot detection, background sub-

traction, in-gel normalization, gel artifact removal, gel-to-gel spot

matching, and statistical analysis. Automated spot detection was

verified by manual editing. Each spot on a gel contains proteins

from 2 of the 3 groups (normal or SCL or LPE) and the IS, which

are distinguished by their fluorescent signatures (dyes). The signal

from each dye-labeled group is used to calculate an average pixel

intensity of that dye in the spot, which is used to compare the

fluorescent intensity to the same spot (as matched by the soft-

ware) on all gels after normalization against the fluorescent inten-

sity of the IS, which is common to all gels in the analysis. DeCyder

compares the normalized intensities of all spots among groups and

reports differences as a fold-change, which is correlated to the

amount of protein (or proteins) within that spot relative to a partic-

ular group. Statistical significance of the change is obtained by

analyzing biological replicates for all conditions.25,26

2.7 | Spot picking and protein processing

Spots of interest (positive or negative fold change) were excised from the

fixed gels using an Ettan Spot Handling Workstations (GE Healthcare,

Chicago, Illinois) and in-gel protein digestion was performed using recom-

binant porcine trypsin (Promega, Madison, Wisconsin). Tryptic peptides

were extracted and later concentrated by SpeedVac (Thermo Fisher Sci-

entific, Waltham, Massachusetts). Peptides were analyzed by nanoflow

liquid chromatography tandem mass spectrometry, with proteins identi-

fied using the MASCOT search engine (v2.2). The feline genome (UniProt)

was searched using the following parameters for protein identification:

(a) 1 missed cleavage by trypsin; (b) monoisotopic peptide masses;

(c) peptide mass tolerance of 1.2 Da; and (d) fragment mass toler-

ance of 0.8 Da. Furthermore, oxidation of methionine (variable mod-

ification) and carbamidomethylation (fixed modification) of cysteine

were taken into consideration by MASCOT in the protein identifica-

tion. A minimum of 2 matching peptides were required for protein

identification. All identifications were verified using Scaffold

(Proteome Software, Portland, Oregon).

2.8 | Western blotting

The same samples used for 2D DIGE were used for Western

blot analysis. Selected proteins identified as potential biomarker

candidates by 2D DIGE and nanoflow liquid chromatography tan-

dem mass spectrometry (malate dehydrogenase-1, MDH 1; malate

dehydrogenate-2, MDH 2; apolipoprotein, APO; annexin IV, ANXA4;

annexin V, ANXA5) were validated using standard Western blotting

techniques. Protein samples (10 μg per lane) were heated to 65�C

for 15 minutes after addition of a reducing Laemmli sample buffer,27

separated on precast gels (BIO-RAD, 8-16% Mini PROTEAN TGX),

and transferred to polyvinylidene difluoride (PVDF, Millipore, Bur-

lington, Massachusetts) membranes. The PVDF membranes were

blocked in 5% nonfat dried milk (NFDM) 0.1% Tween-phosphate-

buffered saline (T-PBS) overnight at 4�C and incubated with primary

antibodies diluted in 5% NFDM 0.1% T-PBS solution overnight at

4�C. Membranes were washed sequentially in 5% NFDM 0.1% T-

PBS (50 mM Tris, 150 mM NaCl, 5 mM EDTA, 0.1% SDS, 0.1%

sodium deoxycholate, 1% Tween) and incubated with a horserad-

ish peroxidase (HRP)-conjugated goat anti-rabbit secondary anti-

body (1:20000, Abcam, ab6721, Cambridge, Massachusetts) in 5%

NFDM 0.1% T-PBS for 2 hours at room temperature. The PVDF

membranes were washed in 5% NFDM 0.1% T-PBS and radio-

immunoprecipitation assay (RIPA) buffer, incubated with a chemi-

luminescent substrate (SuperSignal West Pico PLUS, Thermo

Fisher Scientific, Waltham, Massachusetts), and the signal was

detected using an Amersham Imager 600 (GE Healthcare, Chicago,

Illinois). Densitometry was performed using the ImageJ software

(NIH, Bethesda, Massachusetts).

The following primary antibodies were used: MDH 1 (1:6000,

Abcam, ab180152, Cambridge, Massachusetts), MDH 2 (1:32000,

Abcam, ab46193, Cambridge, Massachusetts), apolipoprotein (1:2000,

Abcam, ab64308, Cambridge, Massachusetts), annexin IV (1:600,

Abcam, ab33009, Cambridge, Massachusetts), annexin V (1:4000,

Abcam, ab14196, Cambridge, Massachusetts). Equal protein loading

for each sample was confirmed by immunoblotting for beta-actin

(1:20000 for MDH2 and ANXA5; 1:40000 for MDH1; 1:80000 for

APO and ANXA4, Abcam, ab6721, Cambridge, Massachusetts) as

reference.

2.9 | Statistical analysis

Patient demographics were compared using Mann-Whitney or Fish-

er's exact tests and Dunn's multiple comparisons test (GraphPad Prism

version 7.0 for Mac, GraphPad Software, La Jolla, California). Data

analysis for 2D DIGE was performed using the DeCyder 2-D Differen-

tial Analysis Software (v 6.5, GE Healthcare).25,26 Differential expres-

sion of normalized protein spot intensities was compared using 1-way

analysis of variance (ANOVA) and post hoc Student's t test. Differ-

ences in spot intensities were considered statistically significant at

P < .05, with a minimum fold change of ± 2.0. False discovery rate

was controlled by application of the Benjamini-Hochberg procedure
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at q ≤ 0.05. For Western blot analysis, densitometric ratios were

transformed by the following formula to equalize variances among the

groups: Log (100 * relative protein abundance ratio of interest). Log-

transformed densitometric values were compared by 1-way ANOVA

and used for post hoc sample size calculation (JMP 15.0, SAS Institute,

Cary, North Carolina). Statistical significance was set at P < .05.

3 | RESULTS

3.1 | Patients and procedures

Six cats classified as healthy controls were enrolled in this study,

and samples of the upper small intestinal tract of these individuals

served as controls. All cases were reevaluated using an owner ques-

tionnaire and were free of clinical signs of FCE for a median of

641 days (range, 342 to 821 days) after endoscopic biopsy collec-

tion. One of the cats developed clinical signs of FCE approximately

513 days postendoscopy that were diet responsive, but the cat was

clinically normal until that time.10

Based on integration of results from histopathology, immuno-

histochemistry, and PARR, 6 cases were classified as LPE and

8 cases as SCL.20-22 Patient demographics are shown in Table 1.

Although no significant age difference was found between healthy

cats and cats with LPE or SCL, cats with SCL were significantly

older than cats with LPE (P = .008). In addition, cats with LPE

(P = .05) had a significantly lower body condition score than did

healthy control cats.

3.2 | Histopathology, immunohistochemistry, and
clonality analysis

The pathologist rated the number and quality of all submitted

samples as “good” or “very good.” Cases classified as LPE had

samples from the upper and lower small intestinal tract available.

All samples had histopathological evidence of LPE with polyclonal

rearrangements on clonality testing. Upper small intestinal biopsy

specimens classified as SCL had a histopathological diagnosis of

SCL, dense CD3+ infiltrates in the epithelium, lamina propria or

both, and clonal rearrangements on clonality testing.

Biopsy specimens from clinically healthy control cats had

mostly mild histopathologic changes, as previously reported.10

None of the healthy cats enrolled in the study were found to have

clonal rearrangements in samples of the upper small intestinal

tract. Supplemental Table 1 provides details for signalment, clini-

cal, ultrasonographic, endoscopic, and histopathologic findings and

follow-up data on the healthy control cats. Supplemental Table 2

provides WSAVA scores for samples of the upper small intestinal

tract of all cats enrolled.

3.3 | 2-Dimensional fluorescence difference gel
electrophoresis

A total of 2349 matching spots were identified, of which 9 were

differentially expressed among all 3 groups (i.e., healthy controls,

LPE, SCL; .01 < P < .001; Figure 1; Table 2). Eight of these 9 also

were differentially expressed between cats with LPE and cats with

SCL (.0015 < P < .04). Spots 1063 and 1065 were immediately

adjacent to each other and showed 3.6-fold and 3.2-fold increased

protein abundance, respectively. Cytosolic and mitochondrial

malate dehydrogenases (MDH 1 and 2), Na+/H+ exchange regula-

tory cofactor NHE-RF1, and inorganic pyrophosphatase (PPi) were

identified by tandem mass spectrometry. Spot 1112 showed a

5.6-fold increase between healthy cats and cats with SCL and a

3.8-fold increase between cats with LPE and those with SCL. This

spot contained annexin 5, ADP-sugar pyrophosphatase isoform

X1, an adiponectin precursor, and phosphoglycolate phosphatase

based on mass spectrometry identification. The sole protein identi-

fied in spot 1116 was annexin A4 (ANXA4) with an increased abun-

dance in cats with SCL of 2.3-fold and 2-fold compared to healthy

cats and cats with LPE, respectively. Spot 1301 was the only 1 of

the 9 protein spots that showed decreased abundance when com-

paring cats with SCL or LPE to healthy cats (−2.1 and −2.4-fold,

respectively). This spot contained apolipoprotein A-I. A complete list

TABLE 1 Demographic characteristics of healthy cats, cats with lymphoplasmacytic enteritis (LPE), and cats with alimentary small cell
lymphoma (SCL)

Healthy LPE SCL P value Healthy vs LPE Healthy vs SCL LPE vs SCL

Number of cats 6 6 8 NA NA NA NA

Median age in years (range) 8 (3–7) 7 (2–10) 12 (7-15) .00a >.99b .11b .01b

Median BW in kg (range) 5.04 (4.01-6.47) 4.61 (2.49-4.99) 4.12 (2.96-5.24) .20a NA NA NA

Median BCS (range) 5 (5-9) 4 (3-5) 3.5 (2-6) .02a .05b .06b >.99b

Sex 2 FS, 4 MN 2 FS, 4 MN 3FS, 5 MN NA NA NA NA

Breeds 6 DSH 1 DMH, 2 DLH, 3 DSH 7 DSH, 1 DLH NA NA NA NA

Note: BCS, body condition score: 1-3: underweight, 4-5 ideal, 6-9 overweight.
aKruskal-Wallis test.
bDunn's multiple comparison test.
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of spot numbers, identified proteins, and fold changes is shown in

Table 2.

3.4 | Western blotting

Five proteins were selected for Western blot analysis based on their ori-

gin species (Felis catus), number of identified peptides, and biological

functions: malate dehydrogenase-1 (MDH 1), malate dehydrogenase-2

(MDH 2), apolipoprotein (APO), annexin IV (ANXA4), and annexin V

(ANXA5). Because of to the limited quantity of available protein extract,

not all samples and not all proteins were used for Western blot analysis.

The selected proteins were assessed for their contribution to the

altered relative abundance in the small intestinal proteome of cats with

LPE (n = 5), and SCL (n = 4, except for APO and ANXA4 for which

n = 5, and ANXA5 for which n = 3) compared with healthy controls

(n = 5; Table 3).

Comparison of the relative mean densitometric values showed no

significant differences for any of the proteins interrogated by Western

blot analysis: MDH 1 (P = .31), MDH 2 (P = .65), ANXA4 (P = .51),

ANXA5 (P = .20), and APO (P = .06). Annexin A4 was not observed

during Western blot analysis for some cats in each group (Table 3).

4 | DISCUSSION

In this prospective study, we compared the mucosal proteomes of

cats with LPE and cats with SCL to those of healthy control cats using

2-D DIGE and nanoflow liquid chromatography tandem mass spec-

trometry. Differential expression of selected proteins was assessed by

Western blot analysis for the purposes of validation.

Discovery proteomics approaches have been utilized previously to

identify unknown biomarkers for a variety of different diseases and con-

ditions.28 However, because protein biomarkers are commonly scarce

and untargeted proteomics experiments are “fishing expeditions,” prote-
omic approaches commonly suffer from data noise that can overwhelm

the signal.28 One approach to overcome this dilemma is to investigate

the proteome in the affected tissue first, hypothesizing that the abun-

dance of an unknown protein biomarker should be highest in the

affected tissue.29 Once a biomarker candidate has been identified,

F IGURE 1 Representative examples of a 2-dimensional difference in gel electrophoresis (2D-DIGE) imaged using the ImageQuant software
and analyzed by the DeCyder software. A, Representative fluorescent protein profiles of a gel containing protein samples extracted from the
small intestinal mucosa of a cat with lymphoplasmacytic enteritis (LPE) labeled with Cy2 (top left), a cat with intestinal small cell lymphoma (SCL)
labeled with Cy5 (top middle), a pooled internal control labeled with Cy3 (top right), and the overlay image (bottom) as seen in the ImageQuant
software. B. Representative view of gel images uploaded into DeCyder software and analyzed by the Biological Variation Analysis module. Top:
black and white images of gels containing protein samples from a cat with LPE (left) and SCL (right). Bottom: Enlarged region and 3-D view of
upregulated spot 1065 within the respective gels. The pink area demarcates the area analyzed by DeCyder for protein spot intensity. The yellow
cylinder represents the area that can be picked during spot picking and analyzed by mass spectrometry for protein identification
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targeted approaches can be applied to other, less-invasively obtainable

samples such as biofluids, and can identify even low abundance proteins

with high sensitivity.29

Two-dimensional DIGE has been used as a strategy for biomarker

discovery in various diseases in humans including inflammatory bowel

disease,30 colon cancer,31 and lymphoma.32

TABLE 2 Summary of proteins from differentially expressed spots found on 2-dimensional fluorescence difference gel electrophoresis and
subsequently identified by tandem mass-spectrometry

Spot Identified protein

Biological process according to the Gene

Ontology database Fold =a Fold =b Fold =c # Pep-tides

ANOVA

P value q value

1063 Inorganic pyrophosphatase Metabolic processes, negative prognostic

indicator for certain cancer types

ns 4.20 3.64 8 .00 .00

1063 Na(+)/H(+) exchange regulatory

cofactor NHE-RF1

Cytoskeleton, part of Wnt pathway ns 4.20 3.64 10 .00 .00

1063 Malate dehydrogenase,

cytoplasmic

Metabolic processes, supports glycolysis in

cancer cells

ns 4.20 3.64 3 .00 .00

1063 Malate dehydrogenase,

mitochondrial

Metabolic processes ns 4.20 3.64 2 .00 .00

1065 Inorganic pyrophosphatase Metabolic processes, negative prognostic

indicator for certain cancer types

ns 3.55 3.21 7 .00 .00

1065 Na(+)/H(+) exchange regulatory

cofactor NHE-RF1

Cytoskeleton, part of Wnt pathway ns 3.55 3.21 8 .00 .00

1065 Malate dehydrogenase,

cytoplasmic

Metabolic processes, supports glycolysis in

cancer cells

ns 3.55 3.21 4 .00 .00

1065 Malate dehydrogenase,

mitochondrial

Metabolic processes ns 3.55 3.21 2 .00 .00

1112 Annexin A5 Negative regulation of apoptotic processes ns 5.59 3.84 17 .00 .01

1112 ADP-sugar pyrophosphatase

isoform X1

Energy metabolism ns 5.59 3.84 3 .00 .01

1112 Adiponectin precursor Adiponectin: control of lipid metabolism

and insulin-sensitivity, anti-inflammatory

ns 5.59 3.84 3 .00 .01

1112 Phosphoglycolate phosphatase Metabolic processes ns 5.59 3.84 2 .00 .01

1116 Annexin A4 Membrane-fusion, Exocytosis, de-regulated

in a variety of cancers

ns 2.25 1.99 18 .01 .01

1202 Rho GDP-dissociation inhibitor 1 Control Rho proteins involved in cell

polarity, migration and division,

associated with metastasis and resistance

to drug-induced apoptosis

ns 3.25 3.58 7 .01 .01

1202 Endoplasmic reticulum resident

protein 29

Protein processing within the endoplasmic

reticulum

ns 3.25 3.58 4 .01 .01

1216 Rho GDP-dissociation inhibitor 1 Control Rho proteins involved in cell

polarity, migration and division,

associated with metastasis and resistance

to drug-induced apoptosis

ns 6.30 5.48 12 .00 .00

1216 Rho GDP-dissociation inhibitor 2 Cytoskeleton ns 6.30 5.48 5 .00 .00

1216 Endoplasmic reticulum resident

protein 29

Protein processing within the endoplasmic

reticulum

ns 6.30 5.48 7 .00 .00

1301 Apolipoprotein A-I HDL assembly and reverse transport of

cholesterol to the liver, protective role in

cancer development

−2.08 −2.40 ns 5 .00 .01

1575 Nucleoside diphosphate kinase B Metabolic processes ns 2.56 2.66 4 .00 .01

1577 Nucleoside diphosphate kinase B Metabolic processes ns 2.72 2.63 5 .00 .01

Note: ns, not significant. Fold changes are given for proteins considered statistically significant by DeCyder software criteria, that is, statistically significant

at P ≤ .05, with a minimum fold change of ± 2.0.
aFold change LPE vs healthy, P = .004.
bFold change SCL vs healthy 0.001 < P < .02.
cFold change SCL vs LPE 0.0015 < P < .04.
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Proteins from different sources such as from a control group and

a diseased group are covalently labeled with different color fluores-

cent dyes.33 Labeled protein lysates are mixed and separated by their

isoelectric points in the first dimension followed by separation by

their mass in the second dimension of electrophoresis, leading to an

array of protein spots. Gels are scanned using different wavelength

lasers.17,33 The fluorescent dyes tagged to the proteins excite and

emit the laser light at different wavelengths and thus can project dif-

ferent images of the same gel.17,33 Digital images are collected and

overlaid and spot intensities compared among different protein sam-

ples. To overcome intergel variations, an IS is included in each gel.26

The IS consists of a pool of all samples analyzed within 1 experiment

and thus allows for normalization.26 Protein spot intensities are mea-

sured relative to the IS, which is the same in every gel, thus decreasing

between-gel variability.26 Differentially expressed protein spots repre-

sent potential biomarker candidates.12 Selected spots subsequently

can be excised and analyzed by tandem mass spectrometry to identify

the proteins within the spots.17,33

Major advantages of 2D DIGE are the broad range of proteins

that can be analyzed at once as well as the simultaneous comparison

of different samples within the same gel or within the same experi-

ment.17,33 This decreases between-gel variability, eliminates the need

for technical replicates, and improves the precision of protein quantifi-

cation.34 The main disadvantage is the inherently low throughput with

typical 2D DIGE platforms holding a maximum of either 6 or 12 gels

only,35 making 2D DIGE a time- and resource-consuming technique

and the comparison of different experiments in 2D DIGE challenging.

In addition, proteins with similar mass and charge may be captured in

the same spot, dependent on gel size and resulting resolution.17,33,34

As with all untargeted experiments, results of 2D DIGE must be veri-

fied by a second targeted method such as Western blotting.17

To our knowledge, ours is the first study characterizing the muco-

sal proteome in clinically healthy, client-owned cats, cats with LPE,

and cats with SCL. This 2D DIGE-based approach identified 9 differen-

tially expressed protein spots among the 3 groups, of which 8 also

were differentially expressed in the small intestinal mucosa of cats

TABLE 3 Western blot results for malate dehydrogenase 1 (MDH1), malate dehydrogenase 2 (MDH2), apolipoprotein (APO), annexin IV
(ANXA4), and annexin V (ANXA5) in small intestinal biopsies of cats with lymphoplasmacytic enteritis (LPE; n = 5), and small cell lymphoma (SCL;
n = 3, 4, or 5 depending on the protein) compared to healthy control cats (Healthy; n = 5)
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with LPE compared to cats with SCL, with a minimum fold change of

200% (absolute 2.0-fold change). Within these spots, 14 proteins war-

ranting further investigations as potential biomarkers for CE in cats

were identified using mass spectrometry (Table 2).

Several of these proteins previously have been found to be

involved in inflammatory or neoplastic processes, whereas others do

not appear to have recognized affiliations with a pathologic condition.

However, the same protein may have a variety of different biological

or pathological functions depending on location, time of translation

from RNA, posttranslational modifications, or accumulation in tissue.

In addition, many biological functions are still to be elucidated. There-

fore, lack of an apparent inflammatory or cancer-related pathway

does not necessary exclude a protein's value as a potential biomarker.

Because of limited sample quantity, we were unable to verify all pro-

teins identified during 2D DIGE by Western blot analysis. The 5 proteins

MDH1, MDH2, ANXA4, ANXA 5, and APO found in 5 different spots

during 2D DIGE were interrogated by Western blot analysis. Of those,

none were confirmed to be differentially expressed between groups.

Proteins found by 2D DIGE but not included in our Western

blot verification included Na+/H+ exchange regulatory cofactor

NHE-RF1 (scaffold protein potentially enhancing the Wnt path-

way), endoplasmic reticulum protein 29 (endoplasmic reticulum

secretion factor, upregulated in various cancers36), and inorganic

pyrophosphatase (PPi; various metabolic processes involving

phosphate-dependent second messenger systems). All of these

proteins are involved in ubiquitous and critical metabolic path-

ways, and differential protein expression has been described in dif-

ferent types of cancer in humans such as breast cancer,37-39 lung

cancer,40 ovarian cancer,41 hepatocellular carcinoma,42 and colo-

rectal cancer.43

However, differential expression of the above-mentioned pro-

teins was not verified by Western blot analysis and therefore their

promise as biomarker candidates is uncertain.

Our study had several limitations. Results of 2D DIGE and tandem

mass spectrometry for MDH1, MDH2, ANXA4, ANXA5, and APO were

not confirmed by Western blot analysis, likely because the study was

underpowered. A post hoc sample size calculation based on the densi-

tometric Western blot data showed that between 22 and 152 cases per

experimental group would have been necessary to achieve 80% power.

Small sample size is a limiting factor in many proteomics experiments in

general and in gel-based experiments in particular. Ours, and most other

commercially available gel systems, allow for a maximum of 12 gels to

be run in parallel.35 However, doing so would require multiple experi-

ments, increasing technical variability and data noise. A better option

for future experiments would be to use larger scale high throughput

techniques such as mass spectrometry-based methods or protein micro-

array technology.44 Furthermore, Western blotting and densitometry

are known to have limited sensitivity for detecting small changes,45,46

and housekeeping proteins in Western blotting have been described to

potentially vary between healthy and diseased states.47 The previously

mentioned small sample size together with the technical limitations of

these techniques could have contributed to the observed results based

on immunoblotting.

Because of limited sample availability, we were unable to verify all

proteins using Western blot analysis. Our samples were obtained from

client-owned cats with spontaneous CE or from client-owned healthy

animals. Therefore, we were faced with limitations with regard to collec-

tion of endoscopic biopsy specimens and the risks and benefits associ-

ated with such a procedure. Moreover, although 2D DIGE has a

relatively high resolution, proteins of similar mass and charge often can

be found in the same protein spot (Table 2). In our study, up to 4 differ-

ent proteins were found in 1 protein spot. Therefore, it is possible that

proteins not interrogated by Western blot analysis were responsible for

the identified differences in spot intensities.

We used client-owned cats either presented for signs of CE (i.e., LPE

and SCL groups) or as a part of a regular health evaluation (i.e., healthy

control cats). Therefore, factors such as genetics and environment were

not controlled and likely increased biological variability. To minimize

biological variability (and thus data noise) as much as possible, we

included only cats that were categorized as healthy or as having LPE

or SCL based on current EuroClonality/BIOMED-2 guidelines for inter-

pretation and reporting of Ig/TCR clonality testing in suspected

lymphoproliferations.21,22,48 Only cases with consistent results among

histopathology, immunohistochemistry and clonality testing were

enrolled, whereas cases that showed inconsistent results among

tests were excluded from the study. However, controlling for all

other factors such as breed, housing or diet would have made our

study clinically irrelevant. Cats in the healthy control group did show

mostly mild histopathologic changes in the upper small intestinal

mucosa, as previously reported.10 However, our results indicated

that histopathological changes and clonality results were not predic-

tive for the development of clinical disease.10 Moreover, studies by

other groups also found poor correlation between intestinal ultrasono-

graphic findings and health status49 or histopathologic changes.50 Over-

diagnosis, overtreatment and false positive results have become major

concerns in human medicine and led to several statements and guide-

lines issued by the U.S. Preventive Services Task Force,51 National

Comprehensive Cancer Network52 and the EuroClonality/BIOMED-2

consortium.21,22,48 Overdiagnosis is defined as identification of an

abnormality where detection will not benefit the patient and is present

when increased disease incidence coincides with unchanged morbidity

and mortality (i.e., outcome).53 Overdiagnosis will lead to overtreatment

with potential harmful consequences to the patient.54,55 Control cats in

our study were free of clinical signs at least 6 months before and

342 days after enrollment, histopathologic changes were mostly mini-

mal or mild, and results of clonality analysis all were reported as poly-

clonal (Supplemental Table 1). Therefore, we believe that our control

group can be considered healthy and, in conjunction with demographic

characteristics similar to the FCE group, it was appropriate to answer

the research question. Although the presence of histopathologic abnor-

malities in the clinically healthy control group may explain the lack of

differentially expressed proteins in the intestinal mucosa, our study

aimed to identify clinically applicable biomarkers. Including only cats

with normal histopathology would bias the results and is unlikely useful

as a diagnostic marker in the clinical setting. Lastly, the sampling site

and endoscopic equipment used for intestinal biopsies was not
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standardized, and samples likely included duodenal and jejunal tissue.

Although we cannot exclude that this may have led to failure to identify

biomarkers in the mucosa, biomarker identification aims to develop min-

imally invasive biomarkers that can be measured in media such as serum

or urine. If a biomarker cannot be identified in the affected homoge-

nized tissue, it is unlikely to be present in meaningful quantities in other

tissue or body fluids.

Finally, it has been hypothesized that LPE and SCL in cats may

not be 2 distinct disease processes but rather represent a continuum

of the same disease.4,5,8 In addition, alimentary SCL in cats often is

accompanied by inflammatory lesions.5 Therefore, a molecular bio-

marker that reliably differentiates between the 2 may not be present.

However, a recent study published by our group using histology-

guided mass spectrometry found distinct molecular fingerprints within

the mucosa of cats with LPE and SCL that could differentiate between

LPE and SCL with a sensitivity of 87% and specificity of 92%.11

In conclusion, we were unable to identify a biomarker candidate for

the differentiation of LPE from SCL in cats using 2D DIGE and Western

blot verification. Future experiments should focus on use of different

techniques such as mass spectrometry-based methods or protein micro-

array technology for the identification of protein biomarker candidates

in cats with CE. Our study also may serve as a benchmark for sample size

and power calculations for future proteomics studies in cats.
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