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Abstract
The adenomatous polyposis coli (APC) protein is crucial to homeostasis of normal intestinal
epithelia because it suppresses the β-catenin/TCF pathway. Consequently, loss or mutation of the
APC gene causes colorectal tumors in humans and mice. Here, we describe our use of
Multidimensional Protein Identification Technology (MudPIT) to compare protein expression in
colon tumors to that of adjacent healthy colon tissue from ApcMin/+ mice. Twenty-seven proteins
were found to be up-regulated in colon tumors and twenty-five down-regulated. As an extension
of the proteomic analysis, the differentially expressed proteins were used as “seeds” to search for
co-expressed genes. This approach revealed a co-expression network of 45 genes that is up-
regulated in colon tumors. Members of the network include the antibacterial peptide cathelicidin
(CAMP), Toll-like receptors (TLRs), IL-8, and triggering receptor expressed on myeloid cells 1
(TREM1). The co-expression network is associated with innate immunity and inflammation, and
there is significant concordance between its connectivity in humans versus mice (Friedman: p
value = 0.0056). This study provides new insights into the proteins and networks that are likely to
drive the onset and progression of colon cancer.
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INTRODUCTION
Colorectal cancer (CRC) is the third leading cause of cancer-related death in the United
States 1. Seventy-five percent of CRCs occur sporadically, and the rest are hereditary. About
five percent of hereditary CRC results from a germ-line mutation in the adenomatous
polyposis coli (APC) gene 2, 3. Even in sporadic CRC, the APC gene is usually inactivated
by mutations 4, leading many to consider APC the colorectal cancer gene 5. Other than
genetic testing for mutations in APC, there are few biomarkers that can guide clinical
management of CRC 6. In addition, classic chemotherapies remain the mainstay of CRC
treatment. Clearly then there is a pressing need for accurate diagnostic/ prognostic
biomarkers, and for new drugs to help reduce the mortality of CRC.
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The ApcMin/+ mouse is an accepted model of human CRC because it contains a germ-line
mutation in the Apc gene 7. Tumors and body fluids from this strain of mice have been
subjected to transcriptome profiling 8, 9. Proteomic analysis has also been used to search for
insights into the onset and progression of CRC. Xu et al studied distal colons from wild-type
mice and compared them to intestinal adenomas from ApcMin/+ mice 10; while Huttlin et al
compared the proteome of colon tumors of ApcMin/+ mice to that of normal tissue of wild-
type mice 11. Ang et al analyzed fecal samples from ApcMin/+ mice 12. Here, we perform the
first comparison of the proteome of colon tumors to that of adjacent non-tumor tissue in the
ApcMin/+ mouse. We identify twenty-seven proteins that are up-regulated and twenty-five
down-regulated in colon tumors. The identity of these proteins provide new insights into
molecular changes that give rise to tumors and reveal new avenues that can be targeted for
therapeutic intervention.

As an extension of straightforward proteome comparisons between tumor and non-tumor
tissue, we also sought to determine if a network of co-regulated proteins/genes is associated
with colon tumors in the ApcMin/+ mouse. This approach was taken in response to the
increasing interest in network and pathway-based target discovery, which largely stems from
the notion that complex phenotypes, like that of cancer, must arise from coordinated changes
to a network of interacting genes and/or proteins 13. With this idea in mind our criteria for
such a co-expression network were: i) that it exist in human and mouse so that studies in
animal models can be reasonably extrapolated to the clinical condition; ii) that the network
be highly cohesive, meaning that connections between individual members of the network
be proximal, and achieve high statistical significance; and iii) that we have high confidence
that members of the network are expressed as proteins (not just as transcripts), so they can
be detected as biomarkers and/or be targeted with drug therapy. To identify such a network,
protein “seeds” identified by proteomics were used to search a database for co-expressed
genes (COXPRESdb) 14. This search identified a highly cohesive network of 45 genes,
mostly associated with inflammation. Based on the fact that the central nodes of the network
are up-regulated at the level of protein, and that a representative set of additional nodes are
up-regulated at the level of transcript, we conclude the network is up-regulated in CRC and
that it might represent a viable therapeutic target.

MATERIAL AND METHODS
Animal Husbandry and Tissue Collection

All animal procedures were approved by the IACUC of the Sanford-Burnham Medical
Research Institute. C57BL6/J-ApcMin/+ mice were purchased from The Jackson Laboratory
and bred in the Institute’s animal facility. Genotyping was conducted using the protocol
provided by The Jackson Laboratory. Mice were housed in conventional cages under a 12 h
light/12 h dark cycle with free access to Teklad Global 18% Protein Rodent Diet and tap
water. Mice were sacrificed at ages 17, 21 and 25 weeks, and the colons were collected and
rinsed with phosphate-buffered saline (PBS), pH 7.4. We found ~60% of the mice contained
at least one visible tumor in the colon. The colon was cut vertically to expose the inner
epithelia and then rinsed with PBS to remove fecal matter. Tumors in the distal colon were
excised under a dissecting microscope. Non-tumor colon tissue was excised from a site at
least 0.5 cm from the collected tumor. The samples collected at 25 weeks were used for
proteomic profiling; those collected at 17 weeks and 21 weeks were used for quantitative
PCR validation of the reconstructed co-expression network. The average body weights of
these mice are 20.5 ± 2.7 g for 17 weeks (n=4, female), 21.3 ± 3.1 g for 21 weeks (n=4,
female) and 21.2 ± 3.6 g for 25 weeks (two female and one male).
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Protein Extraction and MudPIT
Freshly collected colon tumors, or adjacent non-tumor tissue, were placed directly into 200
μL of 6 M guanidine-HCl (Sigma) held at 100ºC, and homogenized. After centrifugation,
the supernatant was collected and proteins in the sample were reduced with TCEP, alkylated
with iodoacetamide, and digested overnight with trypsin. Trifluoroacetic acid was then
added to a final concentration of 0.1%. The resulting peptides were purified with a Zip-Tip
C18 resin and then re-suspended in 5% formic acid. Finally, the protein concentration was
measured with a Nanodrop spectrophotometer (Thermo Scientific).

An automated 2D NanoLC-LTQ system was used for this study. The system consists of an
Eksigent Nano-2D LC, an autosampler, a switch valve, a strong cation exchange (SCX)
loading column, a C18 trap column (Agilent), a capillary separation column, and a LTQ ion
trap mass spectrometer (Thermo Electron). A fused-silica column (250 μm i.d.) with 3 cm of
SCX resin (Whatman) and a microfilter frit (Upchurch) was used as a loading column. The
loading column was connected between the exit of Channel 1 and the C18 trap column of
the Eksigent Nano-2D system. The 15 cm capillary separation column (100 μm i.d.) packed
with Magic C18 resin (Michrom Bioresources) was mounted on the Michrom ADVANCE
electrospray source.

The sample (25 μg) of tryptic peptides was loaded by the autosampler onto a SCX column in
buffer A (2% acetonitrile, 0.1% formic acid) at a flow rate of 10 μL/min. After sample
loading and washing, seven sequential elution cycles were applied to elute proteins from the
separation column. The flow rate was maintained at 500 nL/min. The first elution cycle (45
min) was run with a linear gradient of 0 to 100% buffer B (98% acetonitrile, 0.1% formic
acid). The following cycle was initiated by loading 5 μL of salt solution followed by a
desalting wash, and then a 90 min linear gradient of 0 to 100% buffer B. In each successive
cycle, the isocratic salt concentration increased from 10% to 100% buffer C (500 mM
ammonium acetate, 2% acetonitrile, 0.1% formic acid). Peptides from each cycle were
directly eluted into the LTQ, which was controlled by Xcalibur software. Tandem mass
spectrometry (MS/MS) spectra were collected during the LC/MS runs. Each scan was set to
acquire a full MS scan, followed by MS/MS scans on the four most intense ions from the
preceding MS scan. Relative collision energy for collision-induced dissociation was set at
35%. Three replicate runs were performed for each sample, and all peptides identified in
separate runs were pooled into one list for further analysis.

Protein Identification and Quantification
A database of semi-tryptic peptides, generated from the NCBI mouse database, was
imported into SorcererTM 2 (SageN Research). The MS/MS spectra obtained from MudPIT
were automatically extracted and searched against the database using Sorcerer SEQUEST.
For the search, 57 Da was added to all cysteines to account for carboxyamidomethylation.
An additional 42 Da was permitted on N-terminal residues to account for potential
acetylation, and 16 Da was permitted on methionines to account for potential oxidation.

The results from the SEQUEST searches were automatically filtered, organized, and
displayed by PeptideProphet and ProteinProphet (Institute for Systems Biology).
ProteinProphet computed a probability score from 0 to 1 for each protein, based on peptides
assigned to MS/MS spectra and analyzed by PeptideProphet. To minimize false positive
identifications, the following criteria were used: i) proteins were considered present only if
two peptides from its sequence were observed, ii) the threshold of adjusted probability score
for each peptide was set at ≥ 0.85, and iii) the threshold of probability score for protein
identification was set at ≥ 0.85. The false positive rate using these criteria was below 1%,
based on decoy database analysis.
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To quantify the relative differences in protein expression we used label-free methods based
on spectrum counts 15, 16. Because comparisons were made between multiple MS runs on
replicate samples, the spectral counts from all runs were first normalized using the
normalize.quantiles routine 17. This step minimized variations between MudPIT runs and
stochastic differences in biological replicates. The normalized spectral counts were then
imported into GeneSpring and statistically different protein levels were identified by t-tests.

Similarity of the Co-expression Network in Human Versus Mouse
In gene co-expression networks, each gene corresponds to a node. The neighbors of a node i
are the nodes/genes that are connected to the node i. Two genes are connected by an edge
with a weight indicating the distance (rank, ς). A gene co-expression network can be
represented by a distance matrix D = [dij], where dij is the distance of a connection between
two nodes i and j. All co-expression networks considered in this paper were represented in a
form of connectivity graphs. Every co-expression network has been defined by Obayashi et
al., 2008 14 so that every pair of connected gene-nodes is weighted by two asymmetric
distances (ranks). Thus, every gene-node in the network can be characterized as an array of
distance-pairs (vertex degree: {Vd}). To evaluate the conservation of the network between
mouse and human, we investigated the topological overlap of the network using a mouse
and human distance matrix (Dm ≠ Dh) at a given vertex degree (Vd=10). The distance matrix
was compiled for nine orthologous central nodes (Ωij=9) and their 32 non-redundant
secondary nodes as described under Results. From all overlapping pairs of nodes {Vmax},
defined here as mouse-human connectivity, only 10 pairs {Vd} that include the MS-
identified gene products were assembled into the distance matrix (Dh,m). We formed a
statistical null-hypothesis that postulates: the mouse and human networks (Nm ~ Nh) are
similar, if the difference of distance (rank, dς) among orthologous nodes (dς[Ω9]) each
represented by vertices (dς[Ω9] ∀ [V10]) in a distance-matrix (Dm=dς[Ω9]∀[V10] →
Dh=dς[Ω,9]∀[V,10]) are similar. An analysis was performed to test networks of different
size, and with different vertex degrees (Vd=10) using Friedman 18 and Wilcoxon 19 tests for
the paired observations.

RNA Purification and Quantitative RT-PCR (qPCR)
RNA purification and RT-PCR were performed as described previously 20. Briefly, RNA
was isolated from colon tissues with TRIZOL reagent (Invitrogen, CA) and the RNeasy
Mini Kit (Qiagen, CA). cDNA was synthesized using SuperScript First-Strand Synthesis
System (Invitrogen, CA). qPCR was carried out on a Mx 3000P Real-Time PCR System
(Stratagene, CA) using SYBR Green PCR Master Mix (Applied Biosystems, CA), and
diluted cDNA as template. The primers were designed using the Primer-Blast program at the
NCBI website, and the primer sequences are listed in Supplemental Table 1. Values
obtained from qPCR were normalized to the expression of GAPDH. Differences in RNA
expression between colon tumor and matched adjacent non-tumor colon tissue were
expressed as fold change for cancer versus normal tissue.

RESULTS
Proteins Identified in Tumor and Non-tumor Tissue in the Colon of ApcMin/+ Mice

Proteins expressed in tumor and adjacent non-tumor tissue of colons of three ApcMin/+ mice
were identified by MudPIT. More than 1000 proteins were identified in each tissue sample
(Table 1, Supplemental Figure 1, Supplemental Table 2), and greater than 2,400 proteins
were identified in the entire analysis. Of these, 993 proteins were expressed in tumors from
all mice, and 865 proteins were expressed in the non-tumor tissue from all mice. The global
functions of these two sets of protein were assessed with the DAVID Bioinformatics
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Resources from NCBI (http://david.abcc.ncifcrf.gov) (Supplemental Fig. 2), but no major
distinctions in the global functions of the two sets of proteins were evident.

Proteins Differentially Expressed in Tumor Versus Non-tumor Tissue
Proteins that are differentially expressed in tumor versus adjacent non-tumor tissue were
identified based on statistical analyses of spectral counts. Spectral counts were first
normalized with a statistically based quantile normalization method 17, 21, 22, and then
proteins with significant differences in normalized expression were identified with a Welch
t-test (parametric test, variances not assumed equal). The results of these analyses are shown
in a “Volcano Plot” where statistical significance of each protein is plotted as a function of
the difference in spectral count between samples (Fig. 1). To narrow our analysis to the
proteins of highest significance we used a 1.6-fold change in expression, and a p-value of
0.05 as our thresholds. Using these criteria 52 proteins were differentially expressed: 27
were upregulated in tumors and 25 were downregulated. All of the 52 differentially
expressed proteins that were identified from the Welch t-test also fit a beta-binomial
distribution by maximum likelihood estimation 23 (Table 2 and Table 3).

Computational Reconstruction of a Co-expression Network Linked to Colon Cancer
The 52 differentially expressed proteins were used to search for networks of genes linked by
co-expression. Two primary criteria were used to identify such networks. First, they must be
highly cohesive, a measure of the statistical significance of their connectivity based on gene
co-expression. Second, the network must have similar features in human and mouse because
we reason that similarity across species would provide another measure of the significance
of the network, and that it could guide the use of the ApcMin/+ mouse as a model of the
human disease.

A straightforward three-step process was used to identify co-expression networks (Fig. 2). In
Step I, we used the proteins identified from MudPIT as “seeds” to identify a core co-
expression network. This was accomplished by submitting the gene IDs of all upregulated
and downregulated proteins to the NetworkDrawer tool (within COXPRESdb;
http://coxpresdb.hgc.jp/top_tool.shtml). This tool returns the set of seeds that are also linked
by gene co-expression calculated for human and mouse genes across 63 different tissues
including colon 14. In our case, 9 of the 27 upregulated proteins were found to be part of a
statistically significant co-expression network, but none of the downregulated proteins were
linked by co-expression.

In Step II, the nine-gene network of up-regulated genes/proteins was expanded by searching
for additional co-expressed genes. This was accomplished by assembling a list (from
COXPRESdb) of the top 10 co-expressed genes for each of the 9 core nodes (Fig. 3A). The
list was manually filtered to remove genes that are absent in either the mouse or human, and
genes for which there is no co-expression data. The list was consolidated by removing
redundant secondary nodes; genes that are co-expressed with more than one of the nine core
nodes. This expansion yielded a network of 41 co-expressed genes whose co-expression
patterns are statistically similar in human and mouse (Wilcoxon P=0.0073, Friedman
P=0.0056).

In Step III, to visualize the topology of the network, and to allow for limited automated
expansion, we submitted the gene IDs of the 41 member network to the NetworkDrawer
tool, which automatically displays the connectivity between nodes in the network (Fig. 3B).
However, NetworkDrawer also has an automated feature that adds other nodes based on data
from human genes and tissues that fit criteria as defined by the algorithm embedded in the
tool. Consequently, 18 additional human genes were added to yield a 59 member human

Zhu et al. Page 5

J Proteome Res. Author manuscript; available in PMC 2012 May 6.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

http://david.abcc.ncifcrf.gov
http://coxpresdb.hgc.jp/top_tool.shtml


network. We present the entire 59 member human network for the sake of completeness
(Fig. 3B), but for statistical comparisons 11 of the automatically added nodes were excluded
because they lack counterparts in mice or because there is no data available in COXPRESdb.
Three other nodes (DEFA4, CD1D, and APQ9) were excluded because their inclusion
interfered with statistical similarity. Therefore, only four of the nodes (Fig. 3B, grey nodes
with bold names and black dot on the right) that were added automatically by the
NetworkDrawer tool, could be preserved in the network while still maintaining statistical
similarity with mouse (Friedman: p = 0.0311, Wilcoxon: p = 0.0582). Thus, the co-
expression network linked to colorectal cancer has 45 members.

Quantitative RT-PCR was used to verify that members of the co-expression network are
upregulated in colon tumors compared to adjacent non-tumor tissue. Nine representative
genes were selected because their connectivity to other genes in the network ranged from
low (connected to less than five other nodes) to high (connected to more than 10 other
nodes). All nine representative genes were found to be upregulated in tumors compared to
adjacent tissue, and some of these were upregulated by more than five-fold (Fig. 4). In
addition, similar patterns of expression of the nine genes were observed between mice that
were 17 weeks of age and 21 weeks of age, showing that the co-expression network is not
simply a result of the onset of morbidity.

The Co-expression Network is Linked to Inflammation
To determine if the network is similar to any known cellular pathways, we tested its overlap
with an extensive list of pathway ontologies listed on the PANTHER (Protein ANalysis
THrough Evolutionary Relationships) Classification System (www.pantherdb.org/). Based
on the binomial distribution function 24 (p<0.001), the network is similar to three known
pathways: 1) the toll-like receptor (TLR) signaling pathway (p<0.00005), the interleukin
(IL) signaling pathway (p<0.002), and 3) the inflammation pathway, which showed the
strongest positive coordinated association with the gene network (p= 0.00000009; 9 e-8).
Thus, this network is named CRC-INF-45.

DISCUSSION
The primary outcomes of this study are: 1) the identification of 27 proteins with elevated,
and 25 protein with reduced expression in colon tumors compared to adjacent non-tumor
tissue of the ApcMin/+ mice; 2) the development of a straightforward method for
reconstructing co-expression networks using proteins identified by proteomics as seeds to
search for co-expressed genes; 3) the identification of a network of 45 gene/proteins that are
linked by co-expression, associated with inflammation, and that are up-regulated in colon
tumors of the ApcMin/+ mice. Together these observations provide the new molecular targets
for follow-up research on progression of colon tumors.

Some of the proteins we found to be over-expressed in colon tumors were previously linked
to other types of cancer. One of these is the nuclear protein apoptosis inhibitor 5 (Api5; also
called AAC-11). It is upregulated in B cell leukemia 25, in non-small cell lung cancer 26, and
in cervical cancer 27, but this study is the first evidence that it could be linked to CRC. Api5
is apparently necessary for E2F-induced apoptosis 28, probably because it binds to Acinus
and prevents Acinus mediated DNA fragmentation 29. The fact that knock down of Api5
sensitizes tumor cells to chemotherapeutic drugs29 is also consistent with this mechanism of
action. Api5 expression has also been suggested to be a prognostic marker. Taken together,
these findings indicate that Api5 is likely to be reasonable therapeutic target for colorectal
cancer.
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Ras-GTPase activating protein-SH3-domain-binding proteins 2 (G3bp2) is another protein
up-regulated in tumor tissue. This protein interacts with IκBα and IκBα/NFκB complexes,
and has been shown to be over-expressed in human breast cancer tissues 30. As far as we are
aware, over expression of G3bp2 has not previously been described in colorectal cancer, and
it is possible that its increased expression in tumors may indicate modulation of NFκB
activity. There is also evidence that Api5 is regulated by NFκB 31, so it is conceivable that
up-regulation of G3bp2 is functionally linked to the observed up-regulation of Api5.

Interestingly no proteins were found to be absent in tumors compared to non-tumor tissue.
However, a single protein, UDP glucuronosyltransferase 1A7, is expressed at levels 10-fold
lower in tumor compared to non-tumor tissue. This protein acts as a detoxifying enzyme by
adding glucuronidate to polycyclic aromatic hydrocarbons and heterocyclic amines, both of
which are known environmental carcinogens that can give rise to CRC. In fact,
polymorphisms in the gene encoding UDP glucuronosyltransferase 1A7 are risk factors to
CRC, and these polymorphisms give rise to truncated form of the enzyme 32. In conjunction
with these studies, the fact that we observe UDP glucuronosyltransferase 1A7 to be
substantially lower in tumors suggests that its down-regulation may contribute to tumor
onset in the ApcMin/+ mice.

In an effort to expand the scope of our proteomic study we established a strategy to identify
gene co-expression networks that encompass some of the differentially expressed proteins
identified by proteomics. The strategy is straightforward in approach, and simply uses all
proteins that are identified as differentially expressed to search the COXPRESSdb to
identify the proteins that are linked together through a gene co-expression network. With
this strategy we identified a single cohesive co-expression network (called CRC-INF-45)
that encompasses nine of the 27 proteins up-regulated in tumors of the ApcMin/+ mice.
Inspection of the genes within this network shows them to be mostly involved in
inflammatory response. In fact, four of the genes within CRC-INF-45 are also members of a
network of interacting genes involved in the systemic inflammatory response to bacterial
endotoxin 33. Since mechanistic links between inflammation and cancer are now becoming
widely accepted 34–36, inflammatory networks are of increasing interest, especially in CRC
where clinical experience has shown that patients with inflammatory bowel disease (IBD),
particularly ulcerative colitis (UC), have increased risk of developing CRC (see review 34–
36). Several interleukins and their receptors that have been previously associated with CRC
35, are also prominent in CRC-INF-45. These include IL-1B, a gene with polymorphisms
associated with colon cancer recurrence 37 and IL-6, which is high in the serum of patients
with CRC and is associated with metastasis and decreased survival 38. IL-8 is also
encompassed within CRC-INF-45, and its mRNA levels are increased in precancerous
adenomas, and rise even further in later stages of CRC 39. However, interleukins and their
receptors are probably not optimal therapeutic targets because they can either stimulate or
inhibit tumor growth and progression 35. For example, IL-17 promotes angiogenesis and
tumor growth 40, but can also inhibit tumor growth through T-cell activation 41.

More viable targets within CRC-INF-45 include the triggering receptor expressed on
myeloid cells-1 (TREM1), which is expressed approximately ten-fold higher in tumor than
in normal adjacent tissue (Table 2). TREM1 is a transmembrane receptor expressed on
monocytes and neutrophils, and it contains a single extracellular Ig-like ligand binding
domain a transmembrane region, and a cytoplasmic tail 42. While the ligand for TREM-1 is
not yet known, occupancy of this receptor induces signaling through the transmembrane
adapter protein DNAX activation protein 12 (DAP12). The end-result is amplification in
secretion of pro-inflammatory cytokines 43. TREM-1 is already receiving attention as a drug
target because inhibition of its function attenuates inflammation in inflammatory bowel
disease 44.
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The topology of CRC-INF-45 also provides support for the Toll-like receptors (TLRs) as
potential therapeutic targets. TLRs are pattern recognition receptors that play critical roles in
initiating both innate and adaptive immune responses against microbial pathogens. In the
gut, they also help maintaining intestinal homeostasis 45. As with many immune receptors,
ligand binding to TLRs initiates a signaling cascade that activates NF-κB, a pro-
inflammatory transcription factor, and numerous studies have suggested TLRs promote
tumorigenesis through pro-inflammatory effects. Consistent with this view, TLRs are over-
expressed in many tumor types, and in one small study with CRC patients TLR2 mRNA
levels correlated with advanced CRC 46. In addition, a microsatellite polymorphism in TLR2
has been associated with colorectal cancer 47. Although not as extensively studied, TLR6
has been shown to be over-expressed in mucosa-associated lymphoid tissue (MALT)
lymphoma 48, which is associated with Helicobacter pylori infection 49. These published
studies, in conjunction with the fact that both TLR2 and TLR6 are members of CRC-
INF-45, suggest that antagonists of TLR2 and/or TLR6 may have anti-tumor effects in CRC.

One central node of CRC-INF-45 that has not previously been associated with CRC is the
anti-microbial peptide cathelicidin (CAMP; also known as LL-37). Cathelicidin is over-
expressed in lung 50, breast 51, prostate 52 and ovarian 53 cancers; it appears to have pro-
invasive effects 54, to suppress apoptosis 55 and to be mitogenic 56. At least some of the pro-
tumorigenic effects of cathelicidin probably arise from its ability to stimulate recruitment of
mesenchymal stem cells to tumors 25. Our finding that cathelicidin is a central node of CRC-
INF-45, in addition to the findings by others, suggest that cathelicidin has an importance
role in tumorigenesis and illustrate its potential as a therapeutic target in CRC.

Proteomic analysis requires a substantial amount of starting material, so to obtain colon
tumors of sufficient size, we allowed the mice to live to 25 weeks of age. At this time point
the animals have a considerable tumor burden in the small intestine, so it conceivable that
general morbidity could potentially contribute to expression of CRC-INF-45. However, the
study was performed by comparing tumor tissue to non-tumor adjacent tissue, so any
systemic illness or morbidity should be eliminated from the MudPIT analysis. The PCR
studies that confirm the expression of CRC-INF-45 were performed on animals at 17 weeks
of age, which also have a high tumor burden, but these comparisons also involved the
comparison of tumor to adjacent non-tumor tissue. So, while we cannot exclude the
possibility that systemic illness, as a result of tumor burden, contributes to expression of
CRC-INF-45, the simplest interpretation of our findings is that this network is up-regulated
because of the formation of a microenvironment of inflammatory cells. Future work will
dissect the time frame in which CRC-INF-45 becomes apparent.

The present study is not the first to use proteomics to search for differentially expressed
proteins in ApcMin/+ mice, but there are substantial differences between the prior studies and
the comparison reported here. With the intent of identifying potential biomarkers for CRC,
Caprioli’s group used laser capture microdissection and MS to identify proteins that are
over-expressed in the top vs. the bottom of crypts from adenomas from ApcMin/+ mice 10. In
another study, Huttlin et al compared the proteome of colon tumors of ApcMin/+ mice to that
of normal tissue of wild-type mice 11. While we identified nine of the ten proteins that were
observed to be differentially regulated by Huttlin et al in at least one mouse pair in our study
(Supplemental Table 2), none of these reached our threshold for significance.

Other investigators have also proposed a “seeding” strategy for identifying larger networks
based on proteins identified from proteomics 57. However, an important distinction between
the networks reconstructed by Nibbe et al, and that reported here is that Nibbe et al
reconstructed a protein-protein interaction network, as opposed to a co-expression network
of genes, as is reported here. That protein-protein interaction network is largely based on
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protein-protein interactions documented in the Human Protein Reference Database (HPRD),
all of which are based on information in the literature which is manually extracted,
interpreted and curated. As stated by the developer of HPRD, there is no established gold
standard for determining the existence of a protein-protein interaction, so it can be difficult
to evaluate the significance of such networks. Given the possible uncertainty of that strategy,
we elected to limit our study to reconstruction of a co-expression network that is not biased
by human interpretation, because the transcriptomic data used for the search is obtained
from transcriptome profiling data in NCBI GEO 14.

In conclusion, we have used a proteomics-driven approach to reconstruct a co-expression
network implicated in CRC: the CRC-INF-45 network. This network provides a
comprehensive view, which may lead to the direct identification of genes underlying CRC,
and provides a bridge to link individual genes to the complex traits of CRC. Importantly, we
noted that up-regulated genes are associated with inflammation, which is known to play a
significant role in cancer. Although more research is required to detail the interactions
between the immune and gastrointestinal systems at the molecular level, this study has
revealed a unique inflammatory network involved in CRC, and provides critical information
for development of therapeutic strategies against colorectal cancer.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Volcano plot of statistical analysis of identified proteins in non-tumor colon tissue
versus colon tumor
To identify differentially expressed proteins in colon tumors, the normalized spectrum
counts of each protein were analyzed by Welch t-test using GeneSpring. Proteins that
exhibit at least a 1.6-fold up (left) or down (right) expression in the tumor tissue compared
to non-tumor tissue (spots that lie outside of the green lines) and that have a significant p-
value (<0.05) (shown in red) are considered to be proteins that are different between tumor
and non-tumor tissue.
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Figure 2. Schema of Network Reconstruction
The three steps used to generate CRC-INF-45 are outlined.
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Figure 3. Co-expression CRC-INF-45 network in colon tumors of ApcMin/+ mice
(A) Proteins that are upregulated in tumor tissue were used to search COXPRESSdb for co-
regulated genes within an average path length (rank) of three. In addition to the four nodes
identified by MudPIT (large shaded nodes; Ltf, Camp, S100a8 and S100a9), this search
yielded five additional core genes (open nodes; Cd177, Mmp8, Trem1, IL8rb and Csf3r).
This nine-member core network was subsequently expanded to 41 genes (small circles) by
identifying the top ten co-regulated genes for each core gene that is also co-expressed in
humans. Black small circles indicate genes that are members of the core network, shaded
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small circles show genes that are shared among the core genes, and white circles are unique
to the specific core member.
(B) Topology of the co-expression CRC-INF-45 network. To view the topology of
connectivity, the 41 genes co-expressed in the mouse and human were submitted to
NetworkDrawer tool from COXPRESSdb. The nine core genes are blue hatched nodes. All
the other genes in the 41 member network are shown as white nodes. The automated
NetworkDrawer tool included 18 additional linked genes (grey nodes). The four genes that
contribute to the conservation of the network have a black dot to the right of the node. Nine
representative genes with high connectivity were selected for quantification by quantitative
PCR (red arrowheads); the number of nodes (edges) that each of these genes connect, based
on co-expression data, is shown in black. The dotted grey lines represent co-expression
linkages; the solid black lines represent protein-protein interactions identified using
NetworkDrawer.
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Figure 4. Members of the co-expression CRC-INF-45 network are upregulated in colon tumors
compared to adjacent non-tumor tissue
Tissue RNA was isolated from four sets of matched colon tumor and adjacent colon tissue of
17 and 21 week old ApcMin/+ mice and used as template in qPCR assays as described in
Materials and Methods section. Specific primer sets (Supplemental Table 1) were used to
quantify mRNA encoding Mmp8, Csf3r, Il8rb, Trem1, Lrg1, Il1b, Fpr1, Fpr2, and Il1r2; red
arrowheads in Figure 3B. The qPCR was performed in duplicate, and values were
normalized to expression of GAPDH prior to calculating the difference in the level of
expression in tumor vs. normal tissue. All results are presented as mean ± SEM.
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Table 1

Number of proteins identified by MudPIT.

Tumor Non-tumor Common in T/N pair

Mouse # 1 1802 1496 1275

Mouse # 2 1329 1237 1030

Mouse # 3 1546 1411 1251

Total 2220 1970

Common in 3 mice 993 865
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