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ABSTRACT

Background: While carcinogenesis in Sporadic Colorectal Cancer (SCC) has been
thoroughly studied, less is known about Ulcerative Colitis associated Colorectal Cancer
(UCC). This study aimed to identify and validate differentially expressed proteins
between clinical samples of SCC and UCC to elucidate new insights of UCC/SCC
carcinogenesis and progression.

Results: Multiplex-fluorescence two-dimensional gel electrophoresis (2-D DIGE)
and mass spectrometry identified 67 proteoforms representing 43 distinct proteins.
After analysis by Ingenuity Pathway Analysis® (IPA), subsequent Western blot
validation proofed the differential expression of Heat shock 27 kDA protein 1 (HSPB1)
and Microtubule-associated protein R/EB family, member 1 (EB1) while the latter one
showed also expression differences by immunohistochemistry.

Materials and Methods: Fresh frozen tissue of UCC (n = 10) matched with SCC
(n = 10) was investigated. Proteins of cancerous intestinal mucosal cells were obtained
by Laser Capture Microdissection (LCM) and compared by 2-D DIGE. Significant spots
were identified by mass spectrometry. After IPA, three proteins [EB1, HSPB1, and
Annexin 5 (ANXA5)] were chosen for further validation by Western blotting and tissue
microarray-based immunohistochemistry.

Conclusions: This study identified significant differences in protein expression
of colorectal carcinoma cells from UCC patients compared to patients with SCC.
Particularly, EB1 was validated in an independent clinical cohort.

INTRODUCTION [1]. Although incidence of Ulcerative Colitis associated
Cancer (UCC) has decreased with the help of preventive

Patients with long-standing Ulcerative Colitis (UC) colonoscopy and advanced UC treatment [2], it is still the

are at 2.4-fold increased risk for colorectal carcinoma primary cause of death in those patients [3]. Clinically,
via mechanisms that remain incompletely understood UCCs show features divergent from SCC, e.g. younger

www.impactjournals.com/oncotarget 54939 Oncotarget



age at onset, higher frequency of simultaneous tumors,
and widespread, flat mucosa within large fields of genetic
abnormalities [4—6]. Due to the challenging distinction
from the surrounding inflammatory tissue, early
endoscopic detection of UCC is difficult.

Riddel et al. postulated that UCCs do not develop
through the adenoma-carcinoma-sequence but follow a
colitis-dysplasia-carcinoma-sequence [7-9]. In this context,
several investigations have identified genomic differences
between SCC and UCC and proved divergence by
Comparative genomic hybridization (CGH) analysis, loss of
heterozygosity, number of amplifications, and altered genes
[4, 10-13]. However, aneuploidy and genetic abnormalities,
e.g. mutations in the adenomatous polyposis coli (4PC),
tumor protein 53 (7P53), B-cell lymphoma 2 (BCL-2) and
V-Ki-ras2 Kirsten rat sarcoma viral oncogene homolog
(KRAS) genes, exist in both, SCC and UCC, but with
different frequency and timing [14—19]. On protein level,
comparative analyses were derived from paraffin embedded
tissues or cell culture and described different regulations
in Heat shock protein 47, Toll-like receptor 4, B-Catenin,
CD44, Claudin-1 and Claudin-2 [20-23] between SCC
and UCC. However, no data have been published yet that
evaluate intact proteins from fresh frozen SCC and UCC
samples with high tumor representativity. Most clinical
proteomics studies do not include representative tumors
and thus profile samples with different ratios between
tumor cells and stroma and apoptotic/necrotic cells. One
possibility to procure highly representative sub-populations
of cells from complex heterogeneous tissue samples is to
use Laser Capture Microscopy (LCM). In combination
with fluorescence-based multiplex two-dimensional gel
electrophoresis (2-D DIGE), intact proteins inclusive their
isoforms, alternative splice variants and post-translational
modifications are detectable and quantifiable [24].

Against this background, we performed LCM on
fresh frozen samples in order to analyze the proteome of
UCC and SCC specimens by means of 2-D DIGE, mass
spectrometry and pathway analysis. Identified candidate
proteins were further validated using Western blot and
immunohistochemistry of clinical tissues compiled on a
microarray. For overall study design, please see Figure 1.

RESULTS

2-D DIGE analysis

The number of the commonly detected spots in all gels
was 1,030. Hereof, 199 spots showed statistical significance
(p <0.05) including a fold change between 1.18 and 2.95
(Supplementary Table 1). Hierarchical clustering of samples
showed high discriminating potential and clear separation
between the SCC and UCC group (Figure 2). Of the
differentially expressed proteomforms, 67 were identified by
MALDI mass spectrometry belonging to 43 distinct proteins.
26 proteins were upregulated and 41 were downregulated in

UCC compared to SCC. Exemplary gel and spot images are
depicted in Supplementary Figure 1. Mass spectrometry data
of the identified spots are given in Supplementary Table 2.

Functional interpretation and networking of
proteins

The Ingenuity Pathways Knowledge Base was used
to reveal different locations, functions and processes of
identified proteins. Regarding the cellular location, the
majority of the proteins were located in the cytoplasm
(75%). The major biological process categories included
cell growth and proliferation, cellular movement, post-
translational modification, protein folding and DNA
replication, recombination, and repair. IPA analysis
of functional associations pointed to three significant
networks: Network 1-Neurological Disease, Psychological
Disorders, Post-Translational Modification (score 60),
Network 2-Gastrointestinal Disease, Hepatic System
Disease, Metabolic Disease (score 32), and Network 3—
Cell Signaling, Cellular Assembly and Organization,
Dermatological Diseases and Conditions (Score 8)
(Figure 3). Network 1 with 24 proteins (ACTB, AHCY,
ALDH2, ANXA2, ANXAS, ATP5B, COMT, ECHSI,
GSTO1, GSTP1, HNRNPC, HSP90AB1, HSPAS, HSPAS,
HSPBI1, HSPD1, PPA1, RPSA, RUVBL2, SNRNP200,
TUBAIB, TUBB4B, UBA1l, YWHAZ), network 2
with 15 proteins (ALB, ANXA3, APRT, CTSD, DST,
GANAB, GSS, KRT16, EB1, MVP, NDUFS3, NME1,
OPA1, PRDX3, SPECCIL), and network 3 with five
proteins (ACTR3, GCC2, KRT19, NME1, SUCLA2) are
associated with cancer as top disease (p < 0.022) as well
as with v-myc avian myelocytomatosis viral oncogene
homolog (MYC, p <0.001) as upstream regulator. Our set
of proteins was further analyzed using the IPA biomarker
filter which allows matching the input protein list with
known disease profiles and lists of biomarkers known for
a disease. Selecting large intestine cancer and colon cancer
cell lines as filtering criteria, 34 of the proteins (ACTB,
ACTR3, AHCY, ALDH2, ANXA2, ANXA3, ANXAS,
ATP5B, CTSD, GANAB, GCC2, GSS, GSTO1, GSTP1,
HNRNPC, HSP90AB1, HSPAS, HSPAS, HSPB1, HSPD1,
KRT19, EB1, MVP, NDUFS3, NMEI1, OPAl, PPAI,
PRDX3, SPECCIL, SUCLA2, TUBA1B, TUBB4B,
UBA1, YWHAZ) were identified as markers associated
with colon cancer. Top canonical pathways, diseases and
functions are summarized in Supplementary Table 3. All
targets were evaluated for their biological function by an
individual IPA database search. Cancer- and inflammation-
relevant candidates were subsequently subjected to a
Pubmed-based literature search using the following
term: (7x”[tiab]) AND (cancer[tiab] OR tumorf[tiab]
OR carcinoma[tiab]) AND Humans[Mesh] AND
English[lang]), whereby “x” stands for each candidate
after IPA search. Bibliographies of the articles discovered
were additionally checked for relevant citations.

www.impactjournals.com/oncotarget

Oncotarget



Validation of selected proteins by Western blot
and immunohistochemistry

Based on IPA analysis, expression differences,
biological function and literature search, Microtubule-
associated protein R/EB family, member 1 (EBI),
Heat shock 27 kDA protein 1 (HSPB1), and Annexin 5
(ANXAS) were further evaluated by Western blot using
the same patient cohort as for 2-D DIGE plus additional
six normal mucosa samples of SCC patients. The
measured band intensities of tested proteins were exactly
normalized to the total protein and displayed as relative
intensities. The results confirmed the abundance levels for
EB1 and HSPB1 obtained by the 2-D DIGE experiment
(Figure 4): The protein levels of EB1 in the SCC group
were significantly higher than in the UCC group (p
=0.0019). EBI expression in samples of healthy controls
were slightly lower than in UCC (not significant) and
significantly lower compared to SCC (p = 0.0005). The

levels of HSPB1 were lower in SCC compared to UCC
and showed higher values in healthy controls compared
to UCC and SCC. Both comparisons did not reach
significance. ANXAS was not congruent in its expression
with the initial 2-D DIGE data (data not shown).

In order to further validate the EB1 expression
changes in SCC compared to normal mucosa in an
independent larger clinical cohort, TMA sections were
evaluated by IHC. Immunopositivity (IP) of 68 stained
samples revealed EB1 with a significant stronger positivity
in SCC (median: 0.6990) compared to normal mucosa
(median: 0.5294; p = 0.0007; Figure 5). Exemplary
stainings are presented in Supplementary Figure 2.
Within the SCC group, no association between EBI1
immunopositivity and clinicopathological parameters
(positive versus negative for metastasis, UICC I/II versus
UICC III/IV cancers, and patients with a survival of less
versus more than 60 months; Supplementary Figure 3)
were observed. Best combination of sensitivity and

Proteomic analysis of Colitis Ulcerosa associated
colorectal Cancer (UCC n=10) and Sporadic
Colorectal Cancer (SCC n=10)
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Figure 1: Overall workflow of the study design. *target reached significance in individual validation steps. DEP = differential

expressed protein.
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specificity for EB1 differentiating SCC from normal
mucosa was 44.0 % and 97.7 %, respectively (cut-off:
0.716; Figure 5). Manual scoring of the staining confirmed
these findings.

DISCUSSION

This study identified differential expressed proteins
between SCC and UCC while elucidating insights of SCC
and UCC carcinogenesis and progression.

In this context, significant differences in protein
expression between samples with SCC and UCC were
detected by multiplex-fluorescence two-dimensional gel
electrophoresis (2-D DIGE). To overcome the problem
of tissue heterogeneity and to improve accuracy by
measuring proteomic changes directly within malignant
and healthy cells, upfront sample enrichment using
Laser Capture Microdissection (LCM) was performed.
Mass spectrometric identification revealed in total 67
proteoforms representing 43 unique proteins that interact
in signal pathways of cell growth and maintenance,
energy pathways, and metabolism. Five of the identified

Color Key

proteins showed at least three discriminative isoforms
and underlined the potential of the 2-D DIGE approach
in detecting different activity status of molecules. HSP90,
for example, was identified four-times and is known to
quickly adapt to changes in the intracellular environment
through post-translational modifications [25].

Two proteins (EB1 and HSPB1) proofed their
differential expression also by Western blot and tissue
microarray-based immunohistochemical analyses: while
EB1 was validated significantly, HSPB1 did not reach
significance but showed the same trend as observed in
2-D DIGE experiment. While the latter might potentially
be due to a limited antibody specificity, Western blot of
ANXAS showed no significance between groups and did
not correlate with 2-D DIGE expression data.

HSPB1 (located on chromosome 7ql11.23) is a
member of the heat shock protein (HSP) family that
have been defined as proteins induced by heat shock and
other environmental stress and developmental changes.
Upon stress induction, HSPB1 translocates from the
cytoplasm to the nucleus and is implicated in protein-
protein interactions, e.g. folding, translocation, and

Figure 2: Heat map of normalized expression values for the identified proteins differentially expressed between
Ulcerative Colitis associated Colorectal Cancer (UCC) and Sporadic Colorectal Cancer (SCC) samples. Samples for
each group are shown. Yellow outlines indicate targets for downstream validation studies. Green, high expression; red, low expression.
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aggregation. During a stressed cell state, HSPB1 functions
as a chaperone, while in an unstressed state, it is thought
to provide cytoskeletal structural stability [26]. Many of
the functions of HSPB1 suggest important roles in several
cancers including stomach, breast, ovary and prostate [27].
Overexpression of HSPB1 was found to be associated
with poor prognosis for patients with meningioma [28].
Moreover, it has been shown that HSPB1 accumulation
reduces the apoptotic process induced by alkylating
agents in colorectal cancer cells [29]. So far, HSPBI
has not been evaluated in studies compromising UCCs.
By means of 2-D DIGE, we could now show a higher
expression of HSPB1 in UCCs compared to SCCs which
was confirmed in trend by Western blotting. Interestingly,
HSPBI1 upregulation is associated with the appearance of
mutations in the 7P53 gene [30]. As this mutation is an
early event during UCC carcinogenesis [31], our results
are in line with the literature and stress the hypothesis
of different pathways including different timing of gene
mutations during UCC and SCC carcinogenesis. Our study
showed highest expression levels in normal colonic tissue
which stands in contrast to previous studies [27]. However,
published data did not evaluate proteins from fresh frozen
SCC and UCC samples with high tumor representativity
using Laser Capture Microscopy (LCM).

In contrast to the higher expression of HSPBI1
in UCCs, EB1 was higher expressed in SCCs. EB1 is
a binding protein of the tumor suppressor gene APC
(adenomatous polyposis coli) which is known to play an
important role during colorectal cancer development [32].
The elevated expression of EB1 was previously reported in
several malignancies including liver cancer [33, 34], gastric
carcinoma [35], esophageal squamous cell carcinoma

Extracellular Space
sPECEIL

[36], and breast cancer [37]. Besides these, the expression
differences of EB1 between SCC and UCC has not been
investigated prior to the present report. For SCC, Sugihara
and colleagues suggested that EB1 was overexpressed in
tumor cells in correlation with poor prognosis [38]. In
our study applying now LCM coupled with 2-D DIGE,
the protein level of EB1 was significantly lower in UCCs
compared to SCCs. Subsequent quantitative Western
Blot analysis confirmed these findings (p = 0.0019) and
detected additionally a strong enhancement in SCC
compared to normal intestinal mucosa (p = 0.0005). EB1
levels in UCCs were higher by trend compared to normal
mucosa. Our TMA-based validation including software-
based evaluation supported high levels of EB1 in SCC:
while EB1 immunoreactivity was weak or absent in
normal mucosa, carcinomas showed moderate to strong
immunoreactivity (p = 0.0007; Figure 5).

It was previously proposed that the APC-EBI1
interaction regulates the mitotic spindle, chromosome
alignment and cellular proliferation [39, 40]. Hence,
dysregulation of the APC-EBI, e.g. through APC mutation
and/or EB1 overexpression, may promote spindle defects
and aberrant chromosomal segregation which in turn
initiates cancer development and progression. With
APC mutations as an early event in SCC carcinogenesis,
it seems therefore reasonable to suggest that APC-
EBI1 relations are abrogated which results in a higher
protein level of unbound EB1. The abrogation of APC-
EB1 interactions including the contribution to cancer
progression has been also speculated earlier [32, 41, 42].
Although the mutational APC status of the sample cohort
was not available, newly acquired 4APC mutations are rare
for UCCs [43] and thus may increase the probability of
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Figure 3: IPA-based pathway networks of differentially expressed proteins between ulcerative colitis associated
colorectal cancer (UCC) and sporadic colorectal cancer (SCC). Red and green designations indicate up- and down-regulated
proteins in the SCC compared to the UCC group. Yellow circles indicate targets for downstream validation studies.
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undisturbed APC-EBI1 interactions and a lower amount
of unbound EBI1. In combination with a minor higher
expression in UCCs compared to normal mucosa, our
data supported the evidence that the carcinogenesis
pathway in UCCs is distinct to that of SCCs. From a
histological perspective, sporadic tumors tend to follow
the adenoma-carcinoma-sequence with the stepwise
accumulation of genetic mutations in onco and tumor
suppressor genes [44]. However, colitis-associated
colorectal cancer progress through the pathway of low-
(LGD) and high-grade dysplasia (HGD) to carcinoma
and is less well explored with significant differences in
the requirement and timing of genetic and epigenetic
alterations [45]. Profound differences of UCC and SCC
carcinogenesis were supported just recently by Yaeger
et al., who found different genomic variances in UCCs
compared to SCCs by next-generation-sequencing [43]. In
addition, translational regulation of genes might contribute
to the different cancer development pathways: although
Habermann et al. described a chromosomal gain of 20q11
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to 20q13 in both SCC and UCC by means of CGH [13], a
higher EB1 (located on chromosome 20q11.21) expression
on protein level was not detected in UCCs in the current
study. Interestingly and although chemotherapy response
in UCCs results less often in complete response or stable
disease (Engelhardt et al., 2011), standard therapy regimes
do not differ from those for SCCs (e.g. fluorouracil,
irinotecan, oxaliplatin). Advanced individual therapy
concepts focus on well characterized mutations, e.g. KRAS
and BRAF, and thus stress the understanding of tumor
biologies for individualized medicine. In this context, our
results might present valuable information to individualize
UCC from SCC therapies in the future.

In summary, EB1 and HSPB1 were detected as
differential expressed proteins between UCC and SCC. To
our knowledge, this is the first study that systematically
identified and validated differentially expressed proteins
between UCC and SCC with respect to enriched tumor
representativity. The results provide novel insights of the
carcinogenesis and progression of SCC and UCC.
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Figure 4: (A) Western blot results of validated target proteins EB1 (left) and HSPBI (right). EBI is significantly lower expressed in
healthy controls whereas HSPB1 showed a trend to be higher expressed in healthy controls (***0.0001 < P <.001; **0.001 < P < 0.01).
Plots show relative protein expressions (volume with normalization against total protein) of each sample as well as median and interquartile
range of each group. (B) Representative multiplex Western blot image of EB1. While the total proteome used for normalization is presented
inred (G-Dye 300), the detected protein EB1 is displayed in green colors (G-Dye 200). SCC, Sporadic Colorectal Cancer; UCC, Ulcerative
Colitis associated colorectal Cancer; aSCCm, adjacent Sporadic Colorectal Cancer mucosa; MW, molecular weight.
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MATERIALS AND METHODS

Patients and tissue samples

The analyzed material consisted of 20 surgically
resected colorectal tumors obtained from ten patients
surgically treated for SCC and ten patients operated for
UCC at the Department of Surgery, University Hospital
Schleswig-Holstein, Campus Liibeck. In addition, six
samples of adjacent normal intestinal mucosa of SCC
patients were obtained for evaluation by Western blotting.
An in-house compiled tissue microarray (TMA) contained
independent samples of sporadic carcinomas at different
tumor stages (n = 60) and adjacent mucosa (n = 30).
All clinicopathological data of both patient series are
presented in Table 1A and 1B. The study was approved by
the local Ethics Committee of the University of Liibeck
(#07-124).

Laser capture microdissection (LCM)

Cancerous and normal intestinal mucosal cells were
obtained by Laser Capture Microdissection (LCM). LCM
technique was optimized according to previous reports
[46, 47]. 40 um-thick frozen sections were cut from tumor
tissues and stained by toluidine blue. Cancerous and non-
neoplastic adjacent SCC mucosa cells were recovered
under microscopic observation with the assistance of an
ultraviolet laser (Zeiss Axiovert 200M, Palm Microbeam,;
Focus 63-64; Energy 79-84; LPC 100). A 3.2 x 10° mm?
tissue area was collected for each sample. The recovered
cells were lysed in RLT buffer (Qiagen, Germantown,
USA) and proteins were extracted by means of the
AllPrepMini kit (Qiagen). Samples were purified with

the ReadyPrep 2-D Cleanup Kit (Bio-Rad Laboratories,
Hercules, USA), diluted in 20 pl DIGE buffer [30 mmol/L
TRIS, 7 mol/L urea, 2 mol/L thiourea, 4% (w/v) CHAPS]
and stored at —80°C until further use. Protein concentration
was determined by the fluorescence-based EZQ-
Quantitation Kit (Life Technologies, Carlsbad, USA).

Multiplex fluorescent two-dimensional
gel-electrophoresis (2-D DIGE)

Proteins for 2-D DIGE analysis were labeled with
the Refraction-D™ labeling kit (NH DyeAGNOSTIC,
Halle, Germany). While a total of 50 ug protein per
sample was mixed with Tris-HCI (1.5 mol/L, pH 8.8)
and 50 nmol/L G-100 or G-200, respectively, a pooled
internal standard (50 pg) for exact quantification was
set up of Tris-HCI (1.5 mol/L, pH 8.8) and 50 nmol/L
G-300. After incubation in darkness at 4°C for 30 min,
each reaction was terminated by adding 10 mmol/L lysine
on ice for 10 min. Samples and internal standard were
combined and diluted with rehydration sample buffer
[7 mol/L urea, 2 mol/L thiourea, 2% (w/v) CHAPS,
2% (v/v) ampholytes (pH 4-7, SERVA Electrophoresis,
Heidelberg, Germany) and a trace of bromophenol blue]
to a final volume of 450 pl. 24 cm Immobiline Dry Strips™
(pH 4-7, GE Healthcare, Illinois, USA) were used for
isoelectric focusing which was carried out in a Protean®
112™ [EF cell (Bio-Rad Laboratories) at 20°C reaching
approximately 57,700 Vhs. One UCC sample with one
matched SCC sample and the pooled standard were
applied per gel strip. After equilibration (Buffer Kit for 2D
HPE™ Gels, SERVA Electrophoresis), horizontal second
dimension was executed using precast plastic-backed
12.5% acrylamide gels (2DHPE™ Large Gel NF 12.5%
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Figure S: Tissue-microarray-based immunohistochemical evaluation of EB1 by means of Image scope comparing
adjacent Sporadic Colorectal Carcinoma mucosa (aSCCm) and Sporadic Colorectal Carcinomas (SCC). Red line
represents the cut-off value for the normal mucosa and SCC comparison with highest sensitivity and specificity (left). (***0.0001 <

P<0.001).

www.impactjournals.com/oncotarget

54945

Oncotarget



Table 1A: Patient cohort of the two-dimensional gel electrophoresis and western blot

Clinical parameter Healthy controls® ucer SCC
Sex [male/female] 2/4 4/5 6/4
Age 71.8 43.7 68.9
UICCI 1 2
UICC I 3 3
vUICC I 5 5
Grading [1/2/3] 0/3/6 0/9/1

“Healthy controls were obtained from adjacent non-neoplastic mucosa and were not included in the 2-D DIGE analysis
*Two UCC samples (male, 36 years, UICC II, grading 3 and male, 37 years, UICC II, grading 2) could not be included in
the Western blot analysis

SCC: Sporadic Colorectal Cancer; UCC: Ulcerative Colitis associated Colorectal Cancer

Table 1B: Patient cohort of the in-house compiled tissue microarray of Sporadic Colorectal
Cancer (SCC) and adjacent normal colon tissues set as healthy controls

Clinical parameter Healthy controls SCC
Sex [male/female] 16/14 30/30
Age 56.7 68.7
UICC 1 7
ulCcC 11 23
UICC III 30
Grading [1/2/3] 3/41/16
S-year status [alive/death] 33/27
Survival [months] 0.5-183.1
Kit, 0.65 x 200 x 255 mm, SERVA Electrophoresis). ng/ul sequencing grade trypsin (Promega, Madison, USA)
2-D DIGE images were acquired using a Typhoon FLA in 25 mmol/L NH,HCO, 2%ACN. Proteins were digested
9000 scanner (GE Healthcare). Detected spots were in-gel at 37°C overnight (16 h). Peptides were extracted
matched and analyzed using Progenesis SameSpots® for 60 min with 7 pl of 1% trifluoroacetic acid (TFA) and
(v4.1, Nonlinear Dynamics, Newcastle, UK). Briefly, all directly applied to a Prespotted AnchorChip MALDI
2-D DIGE images are grouped according to the gels and target (Bruker Daltonics, Bremen, Germany) according
aligned to a selected reference image. Alignment at the to the manufacturer’s instructions. Subsequently, samples
pixel level removed any positional variation introduced were analyzed in an Ultraflex MALDI-TOF/TOF mass
during the electrophoresis and imaging processes and thus spectrometer (Bruker Daltonics). Peptide mass fingerprint
provides a direct and accurate comparison. Spots were spectra were accumulated by 600 shots with a resolution
automatically co-detected on all images in the analysis higher than 2,000 based on Centroid peak detection
and normalized in their spot volume against the applied algorithm. Acquired mass spectra were automatically
internal standard. Spots that showed significant expression calibrated and annotated using FlexAnalysis as part of the
differences (p < 0.05) between groups were picked using Compass 1.3 software (v2012, Bruker Daltonics). SNAP
a robotic spot picker (GE Healthcare). Based on statistical peak picking algorithm was used in the mass range of 850 to
outlier calculation, one UCC sample was detected and 3,900 m/z with a signal to noise ratio of 2.5. Calibration was
subsequently excluded from further analysis. carried out by using an internal mass calibration list of 91
labspecific contaminants masses. For protein identification,
Mass spectrometric protein identification results from each individual protein spot were used to search
a human subset in the Swiss-Prot 2012 (20,245 sequences)
Gel plugs were washed alternating in 25 mmol/L nonredundant database by means of Mascot search engine
ammonium bicarbonate and 25 mmol/L NH,HCO, in 50% (v2.2, Matrix Science Ltd., London, UK) in consideration
(v/v) acetonitrile. Neat Acetonitril was added and removed. of the following settings: (i) enzyme “trypsin”, (ii) species
Dried gel plugs were rehydrated in 7 pl icecold solution of 3.5 “human”, (iii) fixed modifications ‘“carbamidomethyl”,
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(iv) optional modifications “methionine oxidation” and (v)
missed cleavages “1”. Mass tolerance was set to 100 ppm.
Using these settings, a Mascot score > 52 was taken as
significant (p < 0.05).

Functional analysis of identified proteins

Ingenuity pathway analysis (IPA, Qiagen) was
used to determine the connectivity between identified
proteins, their biofunction and localization. Only
direct relationships were included in the analysis. Each
protein symbol was mapped to its own protein object in
the Ingenuity Pathways Knowledge Database. Protein
identities showing different expression trends between
SCC and UCC among their proteoforms were excluded.
Based on unsupervised IPA and on literature review
we selected three proteins (EB1, ANXAS, HSPB1) for
further validation using quantitative Western blot and
immunohistochemical analysis.

Quantitative fluorescence-based multiplex
western blotting (QWB)

Quantitative western blotting was performed
by using total protein normalization. Total protein
was pre-labeled with G-Dye-300 fluorescence dyes
(NH DyeAgnostic) according to manufacturer’s
recommendations and separated by sodium dodecyl
sulfate (SDS)-Page (Criterion™ TGX™ precast Gel,
4-12%; Bio-Rad Laboratories) at constant 200 V for
35 min in a Criterion™ Vertical Electrophoresis Cell (Bio-
Rad Laboratories). Labeled proteins were transferred onto
a PVDF membrane (Immobilon®-FL PVDF, 0.45 pm,
Merck Millipore, Billerica, USA) using a Trans-Blot®
Turbo™ Transfer System (Bio-Rad Laboratories).
Membranes were blocked at room temperature for 1 h
with 2 % Amersham ECL Prime Blocking Agent (GE
Healthcare), dissolved in 1 x TBS with 0.1 % Tween-20
(pH 7.6, Cell Signaling, Danvers, USA) and incubated
with monoclonal primary antibodies against anti-ANXAS5
(#TA307564, anti-rabbit, 1:1,000; OriGene Technologies,
Rockville, USA), anti-EB1 (#SC-47704, anti-mouse,
1:100; Santa Cruz Biotechnology, Dallas, USA) and anti-
HSPB1 (Ab00314—-1.1, anti-mouse, 1:1,000; Absolute
Antibody,Oxford, UK). Blots were incubated for 1 h at
room temperature with Cy3-labled goat-anti-mouse or
goat-anti-rabbit secondary antibodies (Amersham ECL™
Plex CyDye-Conjugated Antibodies, GE Healthcare)
diluted 1:2,500 in 2% blocking buffer. Final protein
fluorescence visualization at 532 nm and 648 nm was
carried out with a Typhoon FLA 9000 laser scanner (GE
Healthcare). Densitometric analyses of loaded total protein
and antibody-targeted protein bands were performed
using the ImageQuant TL software (GE Healthcare). Each
specific antibody-targeted protein band (532 nm channel
detection) was normalized against the loaded total protein

(648 nm channel detection). The density of a given protein
band was measured as the total volume under the three-
dimensional peak. Background subtraction was set to
rolling ball for antibody-targeted protein bands. After 2-D
DIGE profiling, two additional UCC samples showed an
insufficient protein amount for Western Blot validation
and were thus excluded from downstream experiments.

Tissue microarray of healthy controls and SCCs

Immunohistochemical analysis was performed on
4 pm sections of a formalin-fixed, paraffin-embedded
tissue microarray (TMA) of an independent cohort of 60
colorectal carcinomas as well as 30 corresponding adjacent
normal mucosa specimens as described previously [48].
All colorectal cancer samples were equally subdivided
into carcinomas with lymph node positive and negative
metastasis, UICC I/Il and UICC III/IV cancers, and
patients with a survival of less and more than 60 months
(Table 1B). Sections were incubated with a primary
antibody against EB1 (1:10,000, monoclonal, Santa Cruz
Biotechnology) overnight at 4°C. Staining was performed
using the avidin-biotin complex (ABC) and counterstaining
with hematoxylin, followed by dehydration and mounting.
Immunopositivity of EB1 was analyzed using an automated
computer system with positive pixel count: Digital
microscopy (Pannoramic DESK, 3D Histech, Budapest,
Hungary) scanned each slide from which histological
representative regions were assessed quantitatively by Image
Scope (v9.1, Aperio, Vista, USA). The methodical approach
allowed the analysis of distinct cell populations of non-
neoplastic epithelial crypts or tumor cells excluding stromal
cells. One senior pathologist (C.T.) reviewed all slides after
H&E staining. Immunopositivity of the molecular markers
were collected as continues variables ranging from 0 to 1.

Statistical analysis

2-D DIGE results with differences in expression levels
between the two groups were analyzed with SameSpot®
software followed by hierarchical clustering. Statistical
analysis of Western blotting and immunohistochemistry
were performed by GraphPad Prism®. Mann-Whitney-U
and Kruskal-Wallis tests were calculated with alternative
hypotheses based on observed expression differences in
2-D DIGE gel data. For immunohistochemistry, duplicated
TMA-cores per case were averaged. Kaplan-Meier curves
were calculated and tested for significant differences by the
logrank test. Fisher’s exact and Mann-Whitney-U tests were
used to compare sex and age, respectively. For each test, a
significance level of 5% was used.
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2-D  DIGE:  multiplex-fluorescence  two-
dimensional gel -electrophoresis; ANXAS: Annexin

www.impactjournals.com/oncotarget

54947

Oncotarget



5; APC: adenomatous polyposis coli; BCL-2: B-cell
lymphoma 2; CGH: Comparative genomic hybridization;
EB1: microtubule-associated protein R/EB family,
member 1; HSPBI1: heat shock 27 kDA protein 1;
[HC: immunohistochemistry; I[PA:Ingenuity pathway
evaluation; KRAS: V-Ki-ras2 Kirsten rat sarcoma
viral oncogene homolog genes; LCM: Laser Capture
Microdissection; PCA: principal component analysis;
qWB: quantitative fluorescence-based multiplex western
blotting; SCC: sporadic colorectal cancer; SDS: sodium
dodecyl sulfate (SDS)-Page; TMA: tissue microarray;
TP53: tumor protein 53 (TP53); UCC: ulcerative colitis
associated colorectal cancer; UICC: Union internationale
contre le cancer

Authors’ contributions

TG and SLK performed result analysis, Statistical
evaluation, proteomic experiments, and wrote the
manuscript. KFK and MO contributed to the sample
collection and ploidy experiments. GGH, SS, and KS
collected clinical data and contributed to the validation
studies. SH and SL performed mass spectrometric
experiments. CT and KK reviewed histological samples
and contributed to the sample preparation. JKH designed
the study and wrote the manuscript. All authors read and
approved the final manuscript.

ACKNOWLEDGMENTS AND FUNDING

Grants from the Ad Infinitum Foundation and
the Werner & Clara Kreitz Foundation are gratefully
acknowledged. This study was performed in collaboration
with the North German Tumorbank Colorectal Cancer
(DKH #108446), the Surgical Center for Translational
Oncology — Liibeck (SCTO-L), and the Interdisciplinary
Center for Biobanking - Liibeck (ICB-L).

CONFLICTS OF INTEREST

All authors declare that they have no competing
financial, professional or personal interest.

REFERENCES

1. Jess T, Rungoe C, Peyrin-Biroulet L. Risk of colorectal
cancer in patients with ulcerative colitis: a meta-analysis
of population-based cohort studies. Clin Gastroenterol
Hepatol. 2012; 10:639—645.

2. Jess T, Simonsen J, Jorgensen KT, Pedersen BV,
Nielsen NM, Frisch M. Decreasing risk of colorectal cancer
in patients with inflammatory bowel disease over 30 years.
Gastroenterology. 2012; 143:375-381.

3. Lakatos PL, Lakatos L. Risk for colorectal cancer in
ulcerative colitis: changes, causes and management
strategies. World J Gastroenterol. 2008; 14:3937-3947.

10.

I1.

12.

13.

14.

15.

Gerling M, Meyer KF, Fuchs K, Igl BW, Fritzsche B,
Ziegler A, Bader F, Kujath P, Schimmelpenning H,
Bruch HP, Roblick UJ, Habermann JK. High Frequency
of Aneuploidy Defines Ulcerative Colitis-Associated
Carcinomas: A Prognostic Comparison to Sporadic
Colorectal Carcinomas. Ann Surg. 2010; 252:74-83.
Goldgraber MB, Humphreys EM, Kirsner JB, Palmer WL.
Carcinoma and ulcerative colitis, a clinical-pathologic study.
1. Cancer deaths. Gastroenterology. 1958; 34:809-839.
Zisman TL, Bronner MP, Rulyak S, Kowdley KV,
Saunders M, Lee SD, Ko C, Kimmey MB, Stevens A,
Maurer J, Brentnall TA. Prospective study of the
progression of low-grade dysplasia in ulcerative colitis
using current cancer surveillance guidelines. Inflamm
Bowel Dis. 2012; 18:2240-2246.

Okayasu I. Development of ulcerative colitis and its
associated colorectal neoplasia as a model of the organ-
specific chronic inflammation-carcinoma sequence. Pathol
Int. 2012; 62:368-380.

Riddell RH, Goldman H, Ransohoft DF, Appelman HD,
Fenoglio CM, Haggitt RC, Ahren C, Correa P, Hamilton
SR, Morson BC, Sommers SC, Yardley JH. Dysplasia in
inflammatory bowel disease: standardized classification
with provisional clinical applications. Hum Pathol. 1983;
14:931-968.

Vogelstein B, Fearon ER, Hamilton SR, Kern SE,
Preisinger AC, Leppert M, Nakamura Y, White R,
Smits AM, Bos JL. Genetic alterations during colorectal-
tumor development. N Engl J Med. 1988; 319:525-532.
Aust DE, Willenbucher RF, Terdiman JP, Ferrell LD,
Chang CG, Moore DH 2nd, Molinaro-Clark A, Baretton GB,
Loehrs U, Waldman FM. Chromosomal alterations in ulcerative
colitis-related and sporadic colorectal cancers by comparative
genomic hybridization. Hum Pathol. 2000; 31:109-114.

Odze RD, Brown CA, Hartmann CJ, Noffsinger AE, Fogt F.
Genetic alterations in chronic ulcerative colitis-associated
adenoma-like DALMs are similar to non-colitic sporadic
adenomas. Am J Surg Pathol. 2000; 24:1209-1216.

Scarpa M, Castagliuolo I, Castoro C, Pozza A,
Scarpa M, Kotsafti A, Angriman [. Inflammatory
colonic carcinogenesis: a review on pathogenesis and
immunosurveillance mechanisms in ulcerative colitis.
World J Gastroenterol. 2014; 20:6774—6785.

Habermann JK, Upender MB, Roblick UJ, Kruger S,
Freitag S, Blegen H, Bruch HP, Schimmelpenning H,
Auer G, Ried T. Pronounced chromosomal instability and
multiple gene amplifications characterize ulcerative colitis-
associated colorectal carcinomas. Cancer Genet Cytogenet.
2003; 147:9-17.

Agoff SN, Brentnall TA, Crispin DA, Taylor SL, Raaka S,
Haggitt RC, Reed MW, Afonina IA, Rabinovitch PS,
Stevens AC, Feng Z, Bronner MP. The role of
cyclooxygenase 2 in ulcerative colitis-associated neoplasia.
Am J Pathol. 2000; 157:737-745.

Brentnall TA, Crispin DA, Rabinovitch PS, Haggitt RC,
Rubin CE, Stevens AC, Burmer GC. Mutations in the p53

www.impactjournals.com/oncotarget

54948

Oncotarget



16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

gene: an early marker of neoplastic progression in ulcerative
colitis. Gastroenterology. 1994; 107:369-378.

Bronner MP, Culin C, Reed JC, Furth EE. The bcl-2
proto-oncogene and the gastrointestinal epithelial tumor
progression model. Am J Pathol. 1995; 146:20-26.

Kern SE, Redston M, Seymour AB, Caldas C, Powell SM,
Kornacki S, Kinzler KW. Molecular genetic profiles of colitis-
associated neoplasms. Gastroenterology. 1994; 107:420-428.

Rubin CE, Haggitt RC, Burmer GC, Brentnall TA,
Stevens AC, Levine DS, Dean PJ, Kimmey M, Perera DR,
Rabinovitch PS. DNA aneuploidy in colonic biopsies
predicts future development of dysplasia in ulcerative
colitis. Gastroenterology. 1992; 103:1611-1620.

Tarmin L, Yin J, Harpaz N, Kozam M, Noordzij J,
Antonio LB, Jiang HY, Chan O, Cymes K, Meltzer SJ.
Adenomatous polyposis coli gene mutations in ulcerative
colitis-associated dysplasias and cancers versus sporadic
colon neoplasms. Cancer Res. 1995; 55:2035-2038.

Araki K, Mikami T, Yoshida T, Kikuchi M, Sato Y, Oh-
ishi M, Kodera Y, Maeda T, Okayasu I. High expression
of HSP47 in ulcerative colitis-associated carcinomas:
proteomic approach. Br J Cancer. 2009; 101:492-497.

Fukata M, Chen A, Vamadevan AS, Cohen J, Breglio K,
Krishnareddy S, Hsu D, Xu R, Harpaz N, Dannenberg AJ,
Subbaramaiah K, Cooper HS, Itzkowitz SH, et al. Toll-like
receptor-4 promotes the development of colitis-associated
colorectal tumors. Gastroenterology. 2007; 133:1869—1881.

Mikami T, Mitomi H, Hara A, Yanagisawa N, Yoshida T,
Tsuruta O, Okayasu I. Decreased expression of CD44,
alpha-catenin, and deleted colon carcinoma and altered
expression of beta-catenin in ulcerative colitis-associated
dysplasia and carcinoma, as compared with sporadic colon
neoplasms. Cancer. 2000; 89:733-740.

Weber CR, Nalle SC, Tretiakova M, Rubin DT, Turner JR.
Claudin-1 and claudin-2 expression is elevated in
inflammatory bowel disease and may contribute to early
neoplastic transformation. Lab Invest. 2008; 88:1110-1120.

Strohkamp S, Gemoll T, Habermann JK. Possibilities and
limitations of 2DE-based analyses for identifying low-
abundant tumor markers in human serum and plasma.
Proteomics. 2016; 16:2519-2532.

Hall JA, Forsberg LK, Blagg BS. Alternative approaches to
Hsp90 modulation for the treatment of cancer. Future Med
Chem. 2014; 6:1587-1605.

Doshi BM, Hightower LE, Lee J. HSPBI, actin filament
dynamics, and aging cells. Ann N Y Acad Sci. 2010;
1197:76-84.

Calderwood SK, Khaleque MA, Sawyer DB, Ciocca DR.
Heat shock proteins in cancer: chaperones of tumorigenesis.
Trends Biochem Sci. 2006; 31:164—172.

Assimakopoulou M. Human meningiomas: immunohi
stochemical localization of progesterone receptor and heat
shock protein 27 and absence of estrogen receptor and PS2.
Cancer Detect Prev. 2000; 24:163—168.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Graner MW, Cumming RI, Bigner DD. The heat shock
response and chaperones/heat shock proteins in brain
tumors: surface expression, release, and possible immune
consequences. J Neurosci. 2007; 27:11214-11227.

Alexandrova EM, Marchenko ND. Mutant p53 - Heat Shock
Response Oncogenic Cooperation: A New Mechanism of
Cancer Cell Survival. Front Endocrinol (Lausanne). 2015;
6:53.

Yashiro M. Ulcerative colitis-associated colorectal cancer.
World J Gastroenterol. 2014; 20:16389-16397.

Su LK, Burrell M, Hill DE, Gyuris J, Brent R, Wiltshire R,
Trent J, Vogelstein B, Kinzler KW. APC binds to the novel
protein EB1. Cancer Res. 1995; 55:2972-2977.

Orimo T, Ojima H, Hiraoka N, Saito S, Kosuge T,
Kakisaka T, Yokoo H, Nakanishi K, Kamiyama T, Todo S,
Hirohashi S, Kondo T. Proteomic profiling reveals the
prognostic value of adenomatous polyposis coli-end-binding
protein 1 in hepatocellular carcinoma. Hepatology. 2008;
48:1851-1863.

Fujii K, Kondo T, Yokoo H, Yamada T, Iwatsuki K,
Hirohashi S. Proteomic study of human hepatocellular
using gel
electrophoresis with saturation cysteine dye. Proteomics.
2005; 5:1411-1422.

Nishigaki R, Osaki M, Hiratsuka M, Toda T, Murakami K,
Jeang KT, Ito H, Inoue T, Oshimura M. Proteomic

carcinoma two-dimensional  difference

identification of differentially-expressed genes in human
gastric carcinomas. Proteomics. 2005; 5:3205-3213.

Wang Y, Zhou X, Zhu H, Liu S, Zhou C, Zhang G, Xue L,
Lu N, Quan L, Bai J, Zhan Q, Xu N. Overexpression of EB1
in human esophageal squamous cell carcinoma (ESCC)
may promote cellular growth by activating beta-catenin/
TCF pathway. Oncogene. 2005; 24:6637—6645.

Dong X, Liu F, Sun L, Liu M, Li D, Su D, Zhu Z, Dong JT,
Fu L, Zhou J. Oncogenic function of microtubule end-binding
protein 1 in breast cancer. J Pathol. 2010; 220:361-369.

Sugihara Y, Taniguchi H, Kushima R, Tsuda H, Kubota
D, Ichikawa H, Sakamoto K, Nakamura Y, Tomonaga T,
Fujita S, Kondo T. Proteomic-based identification of the
APC-binding protein EB1 as a candidate of novel tissue
biomarker and therapeutic target for colorectal cancer.
J Proteomics. 2012; 75:5342-5355.

Green RA, Wollman R, Kaplan KB. APC and EBI1 function
together in mitosis to regulate spindle dynamics and
chromosome alignment. Mol Biol Cell. 2005; 16:4609-4622.

Zhang T, Zaal KJ, Sheridan J, Mehta A, Gundersen GG,
Ralston E. Microtubule plus-end binding protein EBI is
necessary for muscle cell differentiation, elongation and
fusion. J Cell Sci. 2009; 122:1401-1409.

Tirnauer JS, Bierer BE. EB1 proteins regulate microtubule
dynamics, cell polarity, and chromosome stability. J Cell
Biol. 2000; 149:761-766.

Fodde R, Kuipers J, Rosenberg C, Smits R, Kielman M,
Gaspar C, van Es JH, Breukel C, Wiegant J, Giles RH,

WWW

.impactjournals.com/oncotarget

54949

Oncotarget



43.

44,

45.

Clevers H. Mutations in the APC tumour suppressor gene
cause chromosomal instability. Nat Cell Biol. 2001; 3:433-438.

Yaeger R, Shah MA, Miller VA, Kelsen JR, Wang K,
Heins ZJ, Ross JS, He Y, Sanford E, Yantiss RK,
Balasubramanian S, Stephens PJ, Schultz N, et al. Genomic
Alterations Observed in Colitis-Associated Cancers
Are Distinct From Those Found in Sporadic Colorectal
Cancers and Vary by Type of Inflammatory Bowel Disease.
Gastroenterology. 2016; 151:278-287 e276.

Fearon ER, Vogelstein B. A genetic model for colorectal
tumorigenesis. Cell. 1990; 61:759-767.

Humphries A, Jawad N, Ignjatovic A, East J, Leedham SJ.
Carcinogenesis in ulcerative colitis. In: Shennak M, editor.
Ulcerative colitis from genetics to complications. InTech.
2012; p. 222.

46.

47.

48.

Espina V, Wulfkuhle JD, Calvert VS, VanMeter A, Zhou W,
Coukos G, Geho DH, Petricoin EF 3rd, Liotta LA. Laser-
capture microdissection. Nat Protoc. 2006; 1:586—603.

Kondo T, Hirohashi S. Application of highly sensitive
fluorescent dyes (CyDye DIGE Fluor saturation dyes) to
laser microdissection and two-dimensional difference gel
electrophoresis (2D-DIGE) for cancer proteomics. Nat
Protoc. 2006; 1:2940-2956.

Gemoll T, Roblick UJ, Szymczak S, Braunschweig T,
Becker S, Igl BW, Bruch HP, Ziegler A, Hellman U,
Difilippantonio MJ, Ried T, Jornvall H, Auer G, et al.
HDAC2 and TXNLI1 distinguish aneuploid from diploid
colorectal cancers. Cell Mol Life Sci. 2011; 68:3261-74.

www.impactjournals.com/oncotarget

54950

Oncotarget



