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Abstract

Purpose To evaluate a new strategy for profiling proteomic
changes in colorectal cancer (CRC).

Methodes We used laser capture microdissection (LCM) to
obtain cells from 20 CRC and paired normal mucosal tis-
sues. The differential proteins between the microdissected
tumor cells and normal mucosa epithelia were analyzed by
acetylation stable isotopic labeling coupled with L linear
ion trap Fourier transform ion cyclotron resonance mass
spectrometry (LTQ-FT MS). Western blotting was used to
assess the differential expression of proteins. We used bio-
informatics tools for cluster and ingenuity pathway analy-
sis of the differential proteins.

Results In total, 798 confident proteins were quantified and
137 proteins were differentially expressed by at least two-
fold, including 67 that were upregulated and 70 that were
downregulated in cancer. Two differential proteins, solute
carrier family 12 member 2 (SLC12A2) and Ras-related
protein Rab-10, were validated by Western blotting, and
the results were consistent with acetylation stable isotopic
labeling analysis. According to gene ontology analysis,
CRC-related differential proteins covered a wide range of
subcellular locations and were involved in many biological
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processes. According to ingenuity pathway analysis of the
differential proteins, the most relevant canonical pathway
associated with CRC was the 14-3-3-mediated signaling
pathway, and seven reliable functional networks including
cellular growth and proliferation, amino acid metabolism,
inflammatory response, embryonic development, carbohy-
drate metabolism, cellular assembly and organization, and
cell morphology were obtained.

Conclusions Combination of LCM, acetylation stable iso-
topic labeling analysis and LTQ-FT MS is effective for pro-
filing proteomic changes in CRC cells.

Keywords Colorectal cancer - Quantitative proteomics -
Laser capture microdissection - Acetylation stable isotopic
labeling

Introduction

Colorectal cancer (CRC) is one of the most commonly
diagnosed cancers and is listed as the third leading cause of
cancer-related deaths worldwide (Siegel et al. 2014). Treat-
ments for CRC have made great progresses in recent years
(Cunningham et al. 2004; Berretta et al. 2008; Douillard
et al. 2000). However, the responses to these treatments are
not always satisfactory. Thus, improved knowledge of can-
cer biology is required to understand the diversity of CRC
patients so as to guide treatment and improve the outcome
of patients (Popa-Velea et al. 2010). The development of
proteomics technology will help to provides deeper insights
into the biology of CRC (Hanash 2003).

Surgical tissue specimens are ideal for searching for pro-
tein markers through proteomic analysis. However, solid
tissues are complex structures composed of heterogene-
ous mixtures of morphologically and functionally distinct
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cell types. Analysis of whole tumor tissue samples compli-
cates the identification of tumor markers and may arouse
controversy (Li et al. 2007). Therefore, it is essential to
analyze specific cell types such as tumor cells or normal
epithelial cells to identify and define biologically impor-
tant processes. By isolating pure tumor cells, laser capture
microdissection (LCM) allows cell type-specific molecular
analysis of tumor tissues and provides new insights into
normal cell biology and pathogenic mechanisms (Datta
et al. 2015).

LCM has been widely used in comparative genom-
ics and is an attractive prospect in proteomics (Yonemori
et al. 2013). Unfortunately, the number of targeted cells
procured by LCM is generally small and the process of
harvesting enough cells for analysis is laborious and time-
consuming, which limits the differential proteome analy-
sis by conventional gel-based proteomics platforms such
as 2-D gel electrophoresis (2-DE) and 2-D differential gel
electrophoresis (2D-DIGE; Cheng et al. 2008). Recently,
a quantitative proteomics strategy based on stable isotopic
labeling combined with linear ion trap Fourier transform
ion cyclotron resonance mass spectrometry (LTQ-FT MS)
has been approved as a valuable and reliable differential
proteomic analysis strategy. This strategy can quantitatively
analyze samples with high precision and screen differen-
tially expressed proteins in high throughput simultaneously
(Umar et al. 2007).

In this study, LCM was used to harvest cells from 20
CRC and paired normal mucosal tissues. Protein expres-
sion patterns were compared between tumor cells and nor-
mal epithelial cells by means of d0/d3 acetylation labeling
coupled with LTQ-FT MS. Our study indicates that our
proteomic strategy possesses obvious advantages of allow-
ing analysis of small samples and providing high proteome
coverage for complex biological samples, and provides a
useful resource for CRC proteomics.

Materials and methods
Clinical samples

This study included tumor and paired normal tissues from
20 randomly selected patients with CRC who underwent
curative surgery at the Peking University People’s Hospi-
tal (PUPH), China. The clinical and pathological data for
the patients are summarized in Online Resource 1 Table S1.
None of the patients received neoadjuvant chemotherapy
before surgery. Tumor and normal tissues were obtained
at the time of surgery. Each sample was divided into two
parts: One was immediately snap frozen in liquid nitro-
gen and then stored at —80 °C for LCM or Western blot-
ting; the other was fixed in 10 % formaldehyde solution
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for hematoxylin and eosin (HE) staining. This study was
approved by the Ethics Committee of PUPH, and informed
consent was obtained from all participants.

LCM and protein extraction

LCM was performed with a laser microdissection and pres-
sure catapulting microscope (Palm, Bernried, Germany).
One 4-um and four 8-um thick frozen sections were pre-
pared from fresh tissues. The 4-um sections were stained
with HE for microscopic observation and location of the
desired cells, and the 8-um thick sections were subjected to
LCM (Fig. 1), approximately 3000 cells in each section for
a maximum of 30 min. Equal microdissected cells of each
sample from tumor tissues or matched normal mucosa were
pooled. The proteins were extracted from the pooled cells
using a urea lysis buffer containing 7 M urea, 2 M thiou-
rea, 100 mM DTT, 4 % CHAPS, and 1 x protease inhibitor
cocktail (Roche, Penzberg, Germany) and stored at —80 °C
until use. Protein concentrations were measured in dupli-
cate with the Bradford method.

Protein separation and in-gel digestion

Equal amounts of protein (20 pg) from noncancerous epi-
thelial cells and adenocarcinoma cells were boiled in SDS-
PAGE sample buffer, separated on the same 12 % SDS-
PAGE and stained with Coomassie Brilliant Blue. Each gel
lane was cut into 10 sections for in-gel microwave-assisted
tryptic digestion according to Sun et al. (2006). The excised
gel strips were chopped into ~1-mm? pieces and destained
twice with 50 % acetonitrile (ACN)/25 mM ammonium
bicarbonate solution. After dehydration in 100 % ACN for
10 min, the supernatants were discarded. The gel pieces
were rehydrated with trypsin solution (0.01 pg/uL trypsin
in 25 mM ammonium bicarbonate) on ice for 20 min and
then digested in a microwave oven at 750 W for 8 min, fol-
lowed by incubation overnight at 37 °C. The supernatants
were collected, and the tryptic peptides were extracted
from the gel sequentially with 5 % trifuloroacetic acid
(TFA) in the microwave oven at 750 W for 8 min, and with
2.5 % TFA, 50 % ACN in the microwave oven at 750 W for
8 min. The extracts were dried completely by centrifugal
lyophilization for further stable isotopic labeling.

Acetylation stable isotopic labeling

Gel pieces from normal epithelial cells were labeled with
dO acetylation of the N termini, while the CRC samples
were labeled with d3 acetylation. The labeling was per-
formed according to Everley et al. (2006) and Nuan et al.
(2007). One hundred microliters of 1 M O-methylisourea
(dissolved in 0.5 M carbonate buffer, adjusted to pH 11
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Fig.1 LCM of normal mucosa (a, ¢, e¢) and CRC (b, d, f). a, d 4 pm frozen sections stained with HE; b, e 10 um unstained frozen sections
before LCM; ¢, f 10 um unstained frozen sections after LCM. Magnification x 100

with 1 M NaOH) was added to the resultant peptides from
gel digestion and incubated at 37 °C for 2 h. The solutions
were adjusted back to pH 8.0 with 1 M HCI for acetylation.
Another 200 pg borate buffer was added to the solution
for the maintenance of pH value. DO-acetic anhydride and
d3-acetic anhydride were diluted in 1 M tetrahydrofuran.
The amount of diluted acetic anhydride was 1 pL per 50 pg
digested peptides. The acetylation reaction was preceded at
room temperature for 1 h. N-Hydroxylamine was used to
hydrolyze the esters formed during the acetylation reaction

incubating for 30 min (pH 11.0). Heavy-labeled (d3) sam-
ples were mixed with the corresponding light-labeled (d0)
samples, respectively, desalted using the solid phase extrac-
tion (Sigma, St Louis, MO, USA) column lyophilized, and
stored at —80 °C before use.

Protein identification and quantification

Ten labeled sample pairs were analyzed using LTQ-FT MS
(Thermo Electron, San Jose, CA, USA) with an Agilent
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1100 nano-flow liquid chromatography system. The LTQ-
FT MS data were searched against the IPI human 3.23
using local MASCOT (version 1.9) with a 95 % confidence
level. Based on the MASCOT results, the ratios of the
monoisotopic peaks between the light-labeled peptides and
heavy-labeled peptides were automatically calculated using
an in-house program and the protein ratios were calculated
from the average of all quantified peptides. The detailed
information is shown in Online Resource 2 Materials and
methods S1.

Western blotting

The expression levels of two dysregulated proteins in
the microdissected samples for acetylation labeling were
validated in the whole lysates of paired CRC and adja-
cent normal mucosa samples to confirm the results of the
proteomic approach. Primary antibodies were purchased
from the suppliers: Ras-related protein Rab-10 (RABI10;
rabbit polyclonal; 1:1000 dilution) from Proteintech (Chi-
cago, IL, USA) and solute carrier family 12 member 2
(SLC12A2; chicken polyclonal; 1:1000 dilution) from
GenWay Biotech (San Diego, CA, USA). To perform
Western blotting, 25 g protein was separated by 12 %
SDS-PAGE. Then proteins were transferred to nitrocellu-
lose membranes (Amersham Biosciences, Little Chalfont,
UK). The membranes were blocked with 5 % nonfat dried
milk in PBS containing 0.05 % Tween-20 for 1 h at room
temperature, and incubated with the primary antibodies
for 2 h at room temperature, or overnight at 47 °C. After
washing three times for 5 min each, the membranes were
incubated with the secondary antibody (1:10 000 dilution;
Jackson, West Grove, PA, USA) for 1 h at room tempera-
ture. Finally, target proteins were detected by ECL (Pierce,
Rockford, USA) and quantitated by densitometry using
ImageQuant image analysis system (Storm Optical Scan-
ner; Molecular Dynamics, Eugene, OR, USA). B-Actin
(mouse monoclonal; 1:1000 dilution; Santa Cruz Biotech-
nology, Santa Cruz, CA, USA) was used simultaneously as
a loading control.

Analysis of differential proteins

The differential proteins in CRC and normal epithelial cells
were analyzed by informatics tools. Gene Ontology (GO,
www.geneontology.org) was used to classify the differen-
tial proteins (ratios were >2.0 or <0.5) according to dif-
ferent subcellular location and biological function. Ingenu-
ity Pathways Analysis (IPA, Ingenuity Systems, Redwood
City, CA, USA, www.ingenuity.com) was applied for iden-
tifying the statistically relevant (P < 0.05) canonical path-
ways and functional networks related to the differential
proteins.
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Statistical analysis

All statistical analyses were performed using SPSS 19.0
software (SPSS, Inc., Chicago, IL, USA). A ¢ test was used
to assess the differences of protein expression between
tumor and normal mucosa.

Results
Protein identification and quantification

In total, 798 confident proteins were identified and quanti-
fied. One hundred and thirty-seven proteins showed at least
a twofold difference in expression level in CRC. Sixty-
seven proteins were upregulated (ratios >2.0), and 70 were
downregulated (ratios <0.5) in CRC cells compared with
normal epithelial cells (Online Resource Table S2).

Western blotting

To validate the results measured by d0/d3 acetylation anal-
ysis, we performed Western blotting with two protein anti-
bodies in the 20 paired CRC samples.

Expression of RAB10 and SLCI2A2 was higher in
pooled tumor cells than pooled normal epithelial cells by
3.2-fold and 3.0-fold, respectively, according to the acetyla-
tion stable isotopic labeling method coupled with LTQ-FT
MS. Through validation in the 20 paired CRC samples, sig-
nificant differences were observed between tumor and nor-
mal mucosa concerning both RAB10 and SLC12A2. Six-
teen cases showed an increase in RAB10 (Fig. 2), and 15
showed an increase in SLC12A2 (Fig. 3) in cancer tissues.

Analysis of differentially expressed proteins

According to GO analysis, the 137 differentially expressed
proteins (ratios >2.0 or <0.5) covered almost all categories
of subcellular localization and a variety of biological pro-
cesses. Most differential proteins were located in the cyto-
plasm, plasma membrane, nucleus and mitochondrial mem-
brane (Fig. 4a). With regard to functional distribution, the
two major groups of proteins were related to signal trans-
duction and molecular transport (Fig. 4b).

IPA of the differential proteins showed that multiple
canonical signaling pathways were significantly changed
in CRC (Table 1). The 14-3-3-mediated signaling pathway
was the most significant. According to network analysis,
seven reliable functional networks including cell growth
and proliferation (containing 25 differential proteins,
Fig. 5a), amino acid metabolism (containing 16 differen-
tial proteins, Fig. 5b), inflammatory response (containing
15 differential proteins, Fig. 5c¢), embryonic development
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Fig. 2 Cellular categorization of CRC-related differential proteins based on the annotations of GO. a Subcellular localization of differential pro-

teins. b Function distribution of differential proteins
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Fig. 3 Expression of RAB-10 in 20 paired samples of CRC (7) and
normal mucosa (V). The intensity of each band was measured with
ImageQuant image analysis system and normalized with B-actin. a

(containing 15 differential proteins, Fig. 5d), carbohydrate
metabolism (containing 14 differential proteins, Fig. Se),
cellular assembly and organization (containing 13 differen-
tial proteins, Fig. 5f), and cell morphology (containing 10
differential proteins, Fig. 5g) were obtained.

Discussion

Several tumor markers such as carcinoembryonic antigen,
carbohydrate antigen (CA)19-9), CA24-2, CAS50, CA72-4

Expression of RAB-10 was significantly upregulated in tumor tissues
compared with normal mucosa. b The difference in RAB-10 expres-
sion between (7) and (N) was evaluated by ¢ test

and tissue polypeptide antigen have been commonly used
in the diagnosis of CRC. However, clinical application of
these markers is limited by their lack of specificity and sen-
sitivity (Grotowski 2002; Fakih and Padmanabhan 2006;
Nicolini et al. 2010; Carpelan-Holmstrom et al. 2004).
With the rise of proteomics, oncologists have been actively
researching CRC-associated protein markers.

Proteomics analysis of CRC has yielded some mean-
ingful results, but has yet to find any biomarkers specific
and sensitive enough to be used in clinical practice, which
may be attributed to the fact that traditional proteomics
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Fig. 4 Expression of SLC12A2 in 20 paired samples of CRC (7) and
normal mucosa (N). The intensity of each band was measured with
ImageQuant image analysis system and normalized with B-actin. a

Table 1 Top 10 significantly changed canonical signaling pathways
in CRC

Ingenuity canonical pathway —log (P value)
14-3-3-mediated signaling 3.72E0.0
PI3 K/AKT signaling 3.55E00
IGF-1 signaling 3.2E00
ERK/MAPK signaling 2.59E00
Synthesis and degradation of ketone bodies 2.43E00
Valine, leucine and isoleucine degradation 1.89E00
Pyruvate metabolism 1.72E00
Pentose phosphate pathway 1.45E00
Glycolysis/gluconeogenesis 1.42E00
Nitrogen metabolism 1.36E00

platforms (e.g., 2-DE and 2D-DIGE) used in previous stud-
ies had obvious limitations such as: poor repeatability and
severe bias; only a limited number of the differentially
expressed proteins could be detected; and yet some impor-
tant molecular markers were missed (Gygi et al. 2000).
Therefore, it is necessary to improve the methods in studies
of tumor markers.

In this study, we applied LCM and d0/d3 acetylation
isotopic labeling combined with LTQ-FT MS to the analy-
sis of differentially expressed proteins in CRC for the first
time. With only 20 g proteins obtained by LCM, we iden-
tified and quantified 798 confident proteins, including 137
that were significantly differentially expressed (ratio >2
or <0.5) between colorectal adenocarcinoma and normal
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Expression of SLC12A2 was significantly upregulated in tumor tis-
sues compared with normal mucosa. b The difference of SLC12A2
expression between (7) and (N) was evaluated by ¢ test

mucosa. Among the differentially expressed proteins, many
dysregulated proteins in CRC, such as heat shock protein
10, S100A6, mortalin, annexin A4, alpha 1 antitrypsin,
and selenium binding protein 1, have shown consistency
with preceding proteomic research on CRC (Melle et al.
2006; Dundas et al. 2005; Duncan et al. 2008; Stulik et al.
2000; Li et al. 2008; Bi et al. 2006). Apart from the dif-
ferential proteins reported by other authors, we also found
many new proteins with no relevant research reports, or of
unknown function in CRC. These proteins may be related
to the occurrence and development of CRC, which could
provide abundant resources for screening of CRC tumor
markers and investigating the underlying mechanism of
carcinogenesis. Compared with 650 pg protein samples
needed for the strategy combining LCM and conventional
gel-based proteomics platforms (Cheng et al. 2008), only
a small amount of protein samples (20 pwg) was enough
for our strategy owing to high precision and high sensitiv-
ity of LTQ-FT MS. However, LCM is rather complicated
and time-consuming (30 min or more), it is maybe impos-
sible that this method will be generally and widely used for
many samples especially in protein analysis.

GO cellular localization analysis showed that the dif-
ferentially expressed proteins were distributed in almost all
categories of subcellular localizations including cytoplasm
(16 %), cell membrane (12 %), mitochondria (12 %), nuclei
(7 %), and cytoskeleton (7 %), which shows the advantage
of our strategy in tumor biomarker searching with better
proteome coverage to some extent. The results also implied
that it is necessary to carry out research on tumor markers
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Fig. 5 Biological network gen-
erated by IPA for differentially A
expressed proteins between
CRC and normal mucosa. Red
and green represent up- and
down-regulated proteins identi-
fied in this work; white indicates
proteins that were not in the
differentially expressed protein
lists but related to the network.
Solid arrows represent known
direct interactions, and dotted
arrows mean indirect interac-
tions
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of CRC and related carcinogenic mechanisms at the sub-
cellular level. GO function analysis showed that the dif-
ferentially expressed proteins were involved in a variety
of cellular biological processes, including signal transduc-
tion, molecular transport, differentiation, proliferation,
cell cycle, and material metabolism. Among which, signal
transduction-related proteins (15 %) was the most impor-
tant functional category. Disorders in the signal transduc-
tion system may cause abnormal expression of genes that
play a key role in the occurrence and development of cancer
(Krausova and Korinek 2012). Rab proteins, one of the Ras
superfamily members of monomeric GTPases, play impor-
tant role in regulating growth factor signaling to PI3 K/
AKT (Wheeler et al. 2015). In this study, we found RAB-
10, one member of Rab family, was upregulated signifi-
cantly in CRC for the first time, which indicates RAB-10
may have latent oncogenic potential in CRC carcinogenesis
through PI3 K/AKT signaling. Molecular transport proteins
(12 %) were the second most important functional category
of differential proteins we found. As a sodium—potassium-
chloride cotransporter,SLC12A2 plays an important role in
the regulation of cell volume and contributes to cancerous
features such as proliferation, migration and invasion (Bec-
chetti et al. 2013; Haas and Sontheimer 2010). Upregulated
expression of SLC12A2 indicates that important changes
in ion transport occur during the process of CRC and may
serve as a potential anticancer target.

In this study, IPA of the differential proteins between
CRC and normal mucosa showed that the most rel-
evant canonical pathway associated with CRC was the
14-3-3-mediated signaling pathway including molecules
such as tubulin beta-4, 14-3-3 theta, 14-3-3 gamma, 14-3-3
beta, 14-3-3 eta and tubulin beta-1. 14-3-3 proteins are a
family of conserved regulatory molecules expressed in all
eukaryotic cells. 14-3-3 proteins have the ability to regu-
late the ERK/MAPK pathway and the PI3 K/AKT path-
ways, which are key growth-promoting pathways asso-
ciated with the ability of cancer cells to proliferate in an
uncontrolled manner (Panagopoulos et al. 2013). It has
been demonstrated that expression of 14-3-3 proteins is
significantly elevated in several types of cancer (Wang
et al. 2011; Murata et al. 2012). Our results suggest that
the 14-3-3-mediated signaling pathway has important roles
in CRC and calls for further study. Seven functional net-
works with high confidence are represented by network
analysis, which are related to cellular growth and prolif-
eration, amino acid metabolism, mechanism of infection,
embryonic development, carbohydrate metabolism, cellu-
lar assembly and organization, and cell morphology. These
results showed that the carcinogenesis and development
of CRC is a complicated process, involving changes in a
variety of signaling pathways and complex functional net-
works. Further analysis of the key molecules in different
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pathway networks may provide important information for
the interpretation of the pathogenesis of CRC.

In conclusion, this study revealed many novel differ-
ential proteins in CRC compared with normal mucosa,
in addition to many previously reported CRC-associated
proteins. Abnormality of the 14-3-3-mediated signaling
pathway was an important event in the carcinogenesis and
development of CRC. We showed that the strategy combin-
ing LCM, acetylation stable isotopic labeling analysis and
LTQ-FT MS were effective for searching for novel bio-
markers and profiling proteomic alterations in CRC.
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