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To identify sequential alterations of the genome, transcriptome, and proteome during colorectal cancer progression, we have

analyzed tissue samples from 36 patients, including the complete mucosa-adenoma-carcinoma sequence from 8 patients. Com-

parative genomic hybridization (CGH) revealed patterns of stage specific, recurrent genomic imbalances. Gene expression

analysis on 9K cDNA arrays identified 58 genes differentially expressed between normal mucosa and adenoma, 116 genes

between adenoma and carcinoma, and 158 genes between primary carcinoma and liver metastasis (P < 0.001). Parallel analysis

of our samples by CGH and expression profiling revealed a direct correlation of chromosomal copy number changes with

chromosome-specific average gene expression levels. Protein expression was analyzed by two-dimensional gel electrophoresis

and subsequent mass spectrometry. Although there was no direct match of differentially expressed proteins and genes, the

majority of them belonged to identical pathways or networks. In conclusion, increasing genomic instability and a recurrent pat-

tern of chromosomal imbalances as well as specific gene and protein expression changes correlate with distinct stages of colo-

rectal cancer progression. Chromosomal aneuploidies directly affect average resident gene expression levels, thereby contrib-

uting to a massive deregulation of the cellular transcriptome. The identification of novel genes and proteins might deliver mo-

lecular targets for diagnostic and therapeutic interventions. This article contains Supplementary Material available at http://

www.interscience.wiley.com/jpages/1045-2257/suppmat. VVC 2006 Wiley-Liss, Inc.{

INTRODUCTION

The progression of colorectal cancer is defined

by the sequential acquisition of genetic alterations

(Fearon and Vogelstein, 1990). On the cytogenetic

level, many of these aberrations can be visualized

as specific chromosomal gains and losses. These

aneuploidies result in a recurrent pattern of

genomic imbalances, which is specific for these

tumors and strictly conserved (Ried et al., 1996).

For instance, one of the earliest acquired genetic

abnormalities during colorectal tumorigenesis are

copy number gains of chromosome 7 (Bomme et

al., 1994). These trisomies can already be observed

in benign polyps and can emerge in otherwise sta-

ble, diploid genomes. At later stages, e.g., in

adenomas with high-grade dysplasias or in invasive

carcinomas, additional specific cytogenetic abnor-

malities become common, such as gains of chromo-

some and chromosome arms 8q, 13, and 20q, and

losses that map to 8p, 17p, and 18q (http://cgap.

nci.nih.gov/Chromosomes/Mitelman). These chromo-

somal aneuploidies are accompanied by specific

mutations in oncogenes and tumor suppressor

genes, including KRAS, APC, and TP53 (Vogelstein

and Kinzler, 2004). It is therefore likely that both

chromosomal aneuploidies and specific gene muta-

tions contribute to tumorigenesis. However, it

remains yet to be explored which systematic,

global alterations of the cellular transcriptome are

required for the sequential steps of cellular immor-

talization and transformation. The immediate con-

sequences of chromosomal aneuploidies remain

elusive vis-a-vis the deregulation of the cellular

transcriptome during the genesis of colorectal can-

cer. Available methodology for parallel gene
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expression profiling now allows one to address

these questions (Schena et al., 1996). Similarly,

proteomic techniques have rapidly evolved and

have the potential to be used to monitor disease

specific alterations (Misek et al., 2004). For in-

stance, two-dimensional gel electrophoresis (2DE)

can be used to identify differentially expressed

peptides and subsequent mass spectrometry can

then be used for protein identification (Opper-

mann et al., 2000). Such approaches enable dis-

cernment of tumor specific quantitative or qualita-

tive changes of protein patterns. In an attempt to,

first, identify gene expression patterns and genetic

pathways associated with malignant transforma-

tion, second, analyze how precisely chromosomal

aneuploidies affect resident gene expression levels,

and third, discover novel diagnostically and thera-

peutically relevant biomarkers of colon cancer pro-

gression, we have mapped genomic imbalances

and associated gene and protein expression

changes in a series of well-characterized, microdis-

sected surgical specimens from colon cancer

patients. In several cases, multiple tissue samples

were collected at various disease stages from the

same patients.

MATERIALS ANDMETHODS

Clinical Samples

The study is based on colorectal adenocarci-

noma specimens from 36 patients (20 male, 16

female). None of these patients had signs of hered-

itary predisposition for colorectal cancer (e.g.,

FAP, HNPCC). The tumors were diagnosed at the

University Hospital Schleswig-Holstein, Campus

Lübeck, Germany. Tissue samples were collected

during surgery from different stages of the ade-

noma-carcinoma-sequence comprising 16 normal

mucosa specimen, 17 adenomas, 20 primary spo-

radic colorectal carcinomas, and 13 liver metastases

adhering to the guidelines of the local ethical

review board. None of the patients received neoad-

juvant therapy prior to operation. We were success-

ful in collecting the complete sequence of normal

mucosa-adenoma-carcinoma for eight individual

patients, paired normal mucosa and carcinoma

samples from an additional eight patients, and

paired carcinoma and metastasis from two patients.

All samples were stained with hematoxylin & eosin

and re-evaluated by one experienced pathologist

(S.K.). Tumor staging was done according to the

UICC system and the histological differentiation

was assessed according to the WHO classification.

Before further processing, all normal mucosa sam-

ples and adenomas were microdissected. Normal

mucosa was taken from the colectomy specimen in

secure distance to the present carcinoma by the pa-

thologist. According to the assessment of the pa-

thologist, the obtained normal mucosa did not har-

bor adenomatous or cancer tissue. Each sample

was divided into two parts: one for simultaneous

DNA and RNA extraction, and one for protein

extraction. For protein extraction, a subfraction of

the obtained samples was checked for the amount

of representative tumor or epithelial cells, respec-

tively, by Giemsa staining. Samples were used only

when containing at least 80% tumor cells. The

main fraction of cells was then used for protein

extraction and the protein pellets were frozen at

�808 until further processing for 2DE. The clinical

data are summarized in Table 1.

Image Cytometry

Image cytometry was performed on Feulgen-

stained histological sections. The staining proce-

dure, internal standardization, tumor cell selection,

and analysis were based on methods described pre-

viously (Auer et al., 1980). In brief, all DNA-values

were expressed in relation to the corresponding

staining controls, which were given the value 2c,

denoting the normal diploid DNA-content. All

specimens were divided into two main groups: (i)

diploid cases with a distinct peak in the normal 2c

region and no cells exceeding 5c, (ii) aneuploid

cases with a main peak around the 4c region and

varying numbers of cells (>5%) exceeding 5c.

Comparative Genomic Hybridization

DNAwas extracted from fresh frozen tissue sub-

sequent to RNA extraction using Trizol (Invi-

trogen, Carlsbad, CA) according to the manufac-

turer’s protocol. Quality of DNA and RNA was

assessed by gel electrophoresis and spectrophoto-

metric analysis prior to comparative genomic hy-

bridization (CGH) or expression array analysis.

The DNA was then labeled by nick-translation

using biotin-11-dUTP (Roche Diagnostic Corpora-

tion, Indianapolis, IN) as described previously

(Ried et al., 1996). Genomic DNA from cytoge-

netically normal individuals was labeled with

digoxigenin-12-dUTP (Roche Diagnostic Corpora-

tion, Indianapolis, IN) and was used as control. Si-

multaneous hybridization of the test and control

DNA was performed on karyotypically normal

metaphase chromosomes using an excess of Cot1-

DNA (Invitrogen). The biotin-labeled sequences

were visualized with avidin-FITC (Vector Labora-

tories, Burlingame, CA) and the digoxigenin la-
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beled sequences were detected with a mouse-

derived antibody against digoxigenin followed by a

secondary rhodamine conjugated anti-mouse anti-

body (Sigma–Aldrich, Milwaukee, WI). Detailed

protocols can be retrieved from http://riedlab.nci.

nih.gov. Quantitative fluorescence imaging and

CGH analysis was performed using Leica CW4000

Karyo V1.0 software (Leica Imaging Systems, Cam-

bridge, UK). Interpretation of changes at chromo-

some regions 1pter and chromosomes 16, 19, and 22

required careful examination because these loci are

prone to artifacts due to the high proportion of re-

petitive sequences. CGH profiles of all cases as well

as CGH comparison tools can be found at http://

www.ncbi.nlm.nih.gov/sky/skyweb.cgi.

Microarray Analysis

Total RNA was extracted using Trizol (Invi-

trogen, Carlsbad, CA) followed by Qiagen RNeasy

column purification (Qiagen, Valencia, CA). All

samples were hybridized against human reference

RNA of the same lot (Stratagene, La Jolla, CA; lot

no. 0810006) using a slightly modified protocol

from Hedge et al. (2000). Extraction and hybridiza-

tion protocols can be viewed in detail at http://

www.riedlab.nci.nih.gov. In brief, 20 lg of total

RNAwas reverse transcribed using random primers

and converted into cDNA using reverse transcrip-

tase. After incorporation of aminoallyl-conjugated

nucleotides, the RNA was indirectly labeled with

Cy3 (tumor RNA) and Cy5 (reference RNA)

(Amersham, Piscataway, NJ). Each sample was

hybridized against the reference RNA in a humid

chamber (ArrayltTM Hybridization Cassette, Tele-

Chem Intl., Sunnyvale, CA) for 16 hr at 428C,
washed, and scanned using an Axon GenePix

4000B Scanner (Axon Instruments, Union City,

CA). We used custom-prepared arrays obtained

from the National Cancer Institute’s Advanced

Technology Center (ATC). All arrays contained

9,128 cDNAs denatured and immobilized on a

poly-L-lysine-coated glass surface, covering on av-

erage 28.8% of the total number of genes localized

on any particular chromosome arm. All hybridiza-

tions were performed on one print batch. The gene

annotation file for these arrays is Hs-UniGEM2-

v2px-32Bx18Cx18R.gal. GenePix software version

4.0.1.17 was used to apply the GAL file through an

interactive gridding process: all images of the

scanned microarray slides were meticulously

inspected for artifacts. Empty spots and aberrant

spots and slide regions were flagged for exclusion

from analyses (Korn et al., 2004). Based on RNA

quality assessment and hybridization quality con-

trols, arrays of 3 normal mucosa samples, 8 adeno-

mas, 15 carcinomas, and 7 liver metastases were

used to identify differentially expressed genes.

Log ratios for each spot were calculated as follows:

in each channel, the signal was calculated as fore-

ground mean minus background median. If the sig-

nal was less than 100 in any single channel, the

signal value in that channel was set to 100. If the

signal was less than 100 in both channels, the spot

was flagged as unreliable and not used in any fur-

ther analyses. For all remaining (nonflagged) spots,

a log ratio was calculated as log2[(green signal)/(red

signal)]. M versus A plots were constructed with

vertical (y) axis corresponding to the log ratio and

average of the log red and green signals on the hor-

izontal (x) axis. An intensity-based normalization

curve was estimated by applying a locally weighted

regression (lowess) smoother to the M versus A plot.

The lowess curve was calculated using the statistical

software Splus (version 6.0, Release 2, Insightful Cor-

poration). Normalization was accomplished by sub-

tracting the lowess curve-determined correction factor

from each log ratio. To avoid unduly influencing

results by a few very extreme expression ratios, any

normalized log ratios >5 or <�5 (i.e., ratios >32 or

<1/32) were truncated at 5 or �5 prior to subsequent

statistical analyses. Comparisons of gene expression

between stage groups (normal mucosa, adenoma,

carcinoma, metastasis) were performed using two-

sample pooled-variance t-statistics. Unless otherwise

noted, a gene was considered differentially expressed

between groups if the two-sample t-statistic calcu-

lated for that gene reached statistical significance with

P < 0.001. This conservative significance level was

used to control the average number of false positive

findings for each two-group comparison to no more

than one false positive per thousand genes tested.

To examine the association between gene expres-

sion and gene copy number changes (measured by

CGH), CGH and gene expression data were used

only from those tissue samples for which both analy-

ses could be performed in parallel (Table 1). For

each array and particular chromosome arm, a chro-

mosome arm-level average log expression ratio was

calculated as the average of the log expression ratios

observed for that array for all genes known to reside

on that chromosome arm. For gene copy number

changes, the 500 ratio measurements per chromo-

some of tumor/reference calculated by Leica

CW4000 imaging and analysis software (Leica,

Cambridge, UK) were equally distributed over the

total number of bp for each chromosome and plot-

ted using Excel (Microsoft, Redmond, WA). The

500 ratio values per chromosome were log trans-
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formed before the average genomic copy number of

each chromosome arm was calculated using the data

points corresponding to each arm, excluding values

that mapped to the centromeric and pericentro-

meric heterochromatic regions. Average ratio values

for the p-arm of the acrocentric chromosomes 13,

14, 15, 21, and 22 and the entire Y chromosome

were not determined. A linear mixed model was

applied for each chromosome arm separately. The

dependent variable in each linear mixed model was

the chromosome arm level average log expression

ratio. Independent variables in each model were the

continuous CGH values (fixed effect), disease stage

(normal mucosa, adenoma, carcinoma, metastasis) as

categorical fixed effects, and random subject effects.

A correlation was considered to be statistically sig-

nificant with P < 0.05.

Biological Pathway Analysis

As an exploratory approach, we used Ingenuity

Pathways Analysis (IPA) software (Ingenuity, Moun-

tain View, CA) to assess the involvement of signifi-

cantly differentially expressed genes in known path-

ways and networks. The term ‘‘pathway’’ is used to

refer to canonical pathways that annotate genes of

interest to known metabolic or signaling cascades as

described in the Kyoto Encyclopedia of Genes and

Genomes (KEGG, www.genome.jp/kegg). Networks,

however, are determined by IPA as groups of genes

that interact with a defined gene of interest, i.e., in

our analysis a gene significantly differentially ex-

pressed among certain stages of colorectal tumori-

genesis. In the here presented analysis, ‘‘focus

genes’’ are defined as genes that were differentially

expressed (P < 0.001) in our group comparisons and

that additionally were part of IPA database genes.

IPA networks can include several genes or proteins

and also allow identification of indirect interactions

between focus genes. Thus, focus genes are used to

map molecular networks that indicate how these

genes of interest may influence each other above

and beyond already known interaction maps as

derived from, e.g., KEGG pathways. The IPA gen-

erated networks are listed in a certain order, with

the top networks having a lower likelihood, that the

generation of the networks was serendipitous.

Confirmation of Gene Expression Changes by

Quantitative RT-PCR (Taqman)

cDNAs were prepared by reverse transcribing

25 ng of total cellular RNA using the Single-Strand

cDNA Synthesis Kit (Diagnostic Corporation, India-

napolis, IN) according to manufacturer’s protocol.

Quantitative-PCR (Q-PCR) analysis was performed

using TaqMan probes (Applied Biosystems, Foster

City, CA) according to the manufacturer’s instruc-

tions, in 10 ll final volumes, in 384-well microtiter

plates (Haslett et al., 2002). Thermocycling condi-

tions using an Applied Biosystems ABI-7900 SDS

were as follows: 508C for 2 min, 958C for 10 min, 40

cycles of 958C for 10 sec, and 608C for 1 min. Specific

primers for Q-PCR of GAPDH, GUS, and 18S as

housekeeping genes and differentially expressed

genes (APC, MYC, EAF1, EGR1, EPHA7, HRG,
MFAP4, SERPINA1, OPCML, and CLCA1) were de-

signed using Applied Biosystems Assay-by-Design

primer design software, and their sequences are pro-

prietary. The differentially expressed genes were

selected randomly from those genes that were signifi-

cantly differentially expressed in more than two-

stage comparisons. Accurate quantification of each

mRNA was achieved using the normalization of the

sample DCT values to one reference. This value, is

referred to as the DDCT-Sample value (DDCT-Sample ¼
DCT-Sample � DCT-Reference). The target mRNA ex-

pression was normalized separately to GAPDH, GUS,
and 18S expression, and the relative expression was

calculated back to the controls for each cell type.

The confirmation of the cDNA expression analysis

by TaqMan was done by comparing the average

expression levels between stage groups, e.g., if the

trend of increasing or decreasing cDNA expression

over the sequence of malignant transformation was

the same as assessed by TaqMan.

Proteomic Analysis

A subset of the samples processed for CGH and

gene expression was also analyzed by two-dimen-

sional gel electrophoresis and subsequent mass

spectrometry (Table 1). A detailed description of

proteomic sample processing has been published

by Roblick et al. (2004).

RESULTS

Here we describe a comprehensive evaluation of

sequential alterations of the genome, transcriptome,

and proteome during colorectal tumorigenesis in

individual patients. We were interested in identify-

ing dynamic changes during early steps of malignant

transformation, tumor progression, and metastasis,

and in deciphering how chromosomal aneuploidies

affect the transcriptional equilibrium of cancer cells.

Aneuploidy

As a first approximation to genomic alterations

during tumorigenesis, we measured the nuclear

DNA content using static image cytometry. All nor-

mal mucosa samples were diploid. Aneuploid cell
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populations were observed in two of nine adenomas

and all of the primary colon carcinomas and liver me-

tastases (data not shown). These results are consist-

ent with previously reported analyses and confirm

the sequential genomic destabilization during tumor-

igenesis (Steinbeck et al., 1994; Ried et al., 1996).

We then analyzed the samples using CGH to gain

insight into the chromosomal distribution of genomic

imbalances. Eleven normal mucosa samples, 13 col-

orectal adenomas, 16 colorectal adenocarcinomas,

and 12 liver metastases were successfully analyzed.

We did not detect genomic copy number changes in

the normal mucosa samples. Specific gains of chro-

mosomes or chromosome arms 7 and 20q (both in

23% of cases), and 13 (15%) were mapped in the

adenomas. The carcinoma samples showed gains on

20q (88%), 7p (50%), 7q, 8q, 13, 20p, and X (all

44%), and a loss of 18 (56%), 4q (44%), and 8p

(31%). Gains of chromosomes or chromosome arms

20q (92%), 8q (67%), 7p, and 13 (58%), 7q and 20p

(50%), and X (42%) and losses of 18q (83%) and 8p

(67%) were observed in the metastases. By dividing

the frequency of observed copy number imbalances

with the respective case numbers, we calculated an

average number of copy number alteration (ANCA)

index. The ANCA was 0.92 in the adenomas, 6.5 in

the carcinomas, and 6.75 in the metastases, indicat-

ing increasing genomic instability during tumor pro-

gression. The increasing ANCA index was signifi-

cant for the progression from normal mucosa to

adenomas (P < 0.05) and carcinomas (P < 0.001)

and metastasis (P < 0.001). Localized high-level

copy number increases (high-level gain defined here

as more than three copies of that particular chromo-

some present) were detected more frequently in the

metastases (1.25) than in the primary carcinomas

(0.44) and adenomas (0.08). This increase of amplifi-

cations was significant between each stage compari-

son (P < 0.02). The summary of the results and a

comparison between the three stages is presented in

Figure 1A. Patterns of genomic imbalances in indi-

vidual cases can be retrieved from http://www.ncbi.

nlm.nih.gov/sky/skyweb.cgi according to the case

annotation listed in Table 1.

Gene Expression by cDNA Arrays

We next wished to identify how global gene

expression levels were affected during tumorigene-

sis. Total RNA of each sample was hybridized on

9K cDNA arrays against a human reference RNA

pool (Stratagene). After RNA quality assessment

and hybridization quality controls, 3 normal mu-

cosa samples, 8 adenomas, 15 carcinomas, and 7

metastases were included in the analysis. Median-

normalized, truncated log ratios were used for t-test
group comparison analysis. Here, we report only

three stage comparisons: normal mucosa versus ad-

enoma samples, adenoma versus carcinoma sam-

ples, and carcinoma versus metastasis samples. A

total of 368 genes were differentially expressed

between the four stages of colorectal cancer pro-

gression (P < 0.001). Of those, 58 genes were dif-

ferentially expressed between normal mucosa and

adenoma (20 genes were upregulated, 38 genes

had lower expression levels); 116 genes were dif-

ferentially expressed between adenoma and carci-

noma (80 elevated, 36 decreased), and 158 genes

were differentially expressed between primary car-

cinoma and liver metastasis (138 elevated, 20

decreased). Complete lists of these genes can be

found as supplementary information (Supplemen-

tary Tables 1a–1d; Supplementary material for this

article can be found at http://www.interscience.

wiley.com/jpages/1045-2257/suppmat). A list of sig-

nificantly differentially expressed genes that occur

in more than one stage comparison, together with

genes that constitute focus genes as defined by IPA

(see below), is provided in Table 2. As shown in

the principal component analysis (PCA)-plot in

Figure 1B, differences in gene expression profiles

of unsupervised data allow separation of adenomas,

carcinomas, and metastases.

In an attempt to decipher the involvement of

deregulated genes in genetic networks, we used

IPA software (Ingenuity, Mountain View, CA). The

application of IPA-based algorithms to our data set

identified 50 individual pathways that were affected

by gene expression changes of at least one focus

gene (see Materials and Methods for definition of

IPA terminologies). The number of affected path-

ways increased with stage progression: six pathways

were affected by four focus genes in the transition

from normal mucosa to adenoma; 14 pathways by

nine focus genes from adenoma to carcinoma; and

17 pathways by 13 focus genes in the progression

from carcinoma to metastasis (data not shown).

We then selected further for pathways that were

affected in more than one stage comparison and

identified 20 pathways (Table 3). Of these 20 path-

ways, 14 were affected by four focus genes, reflect-

ing the multiple functions of any one of those focus

genes. Ten pathways were affected in all three-

stage comparisons, namely apoptosis signaling, B-

cell receptor signaling, G1/S checkpoint regulation,

G2/M damage checkpoint regulation, ERK/MAPK

signaling, fructose and mannose metabolism, integ-

rin signaling, NF-kB signaling, PI3/AKT signaling,

and PPAR signaling.
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In addition to canonical pathways that were

related to genes differentially expressed during se-

quential tumorigenesis, we also analyzed which of

the identified genes were selected as focus genes

in high-ranked networks as identified by IPA. In

the progression from normal mucosa to adenoma,

the focus genes EPHB2, TKT, SLC27A2, and

YWHAE were found to be involved in Network 1.

EPHB2 is known to have an increased expression

in colon cancer and was expressed 7.1-fold higher

Figure 1. A: Comparison of genomic imbalances in sporadic adeno-
mas (A, n ¼ 14), sporadic colorectal carcinomas (SCC, n ¼ 15), and
liver metastases of SCC (M, n ¼ 12). Bars on the left side of the chro-
mosome ideogram denote a loss of sequence in the tumor genome,
bars on the right side a gain. The number of alterations per chromo-

some is normalized to 10 cases for each disease stage. B: Principal com-
ponent analysis (PCA; centered correlation (Pearson) as distant metric)
of gene expression for adenomas (red), primary carcinomas (green),
and liver metastases (blue).
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in the adenomas and 4.3-fold higher in the carcino-

mas compared with normal mucosa (both P <
0.001) (Liu et al., 2002). TKT is expressed in acute

myeloid leukemia blast cells with a trisomy 8 and

was 2.3-fold higher expressed in the adenomas

when compared with normal mucosa (P < 0.001)

(Virtaneva et al., 2001). SLC12A2 has been shown

in mouse models to be downregulated by CTNNB1
(b-catenin) or upregulated by MYOD1 (myogenic

factor 3) (Bergstrom et al., 2002; Gounari et al.,

2002). Hypermethylation of the MYOD1 gene in

patients with colorectal cancer has also been

described as a prognostic factor for shorter survival

times (Hiranuma et al., 2004). In our analysis,

SLC12A2 was initially highly expressed in the ade-

noma versus normal mucosa samples (5.3-fold, P <
0.001) and then significantly lower expressed in

the carcinomas compared with the adenomas (0.4-

fold, P < 0.001), however, still higher than the nor-

mal mucosa (2.3-fold, not significant). YWHAE is

involved in cell division and its homozygous dele-

tion triggers carcinogenesis in small cell lung carci-

noma (Konishi et al., 2002). It was expressed 2.21-

fold higher in the adenomas (P < 0.001) compared

to normal mucosa and 0.63-fold lower expressed in

the carcinoma compared to the adenomas (P <
0.001). During the progression from adenoma to car-

cinoma, 16 focus genes mapped to Network 1, and

during progression from carcinoma to metastasis 17

focus genes were found to be involved in Network

1. A complete list with associated fold expression

changes is provided as supplementary data. We also

found that mean gene expression levels of 616

genes increased constantly (yet not necessarily sig-

nificantly by individual t-test comparisons) from

normal mucosa to adenoma, carcinoma, and metas-

tasis, while they decreased for 1,100 genes. We were

also interested in correlating the results of our

expression profiling with known canonical genetic

pathways involved in colorectal tumorigenesis. We

therefore extracted the expression levels of 22 genes

involved in such pathways from our expression data,

including MYC, EGFR, CTNNB1, APC, WAF1, and
others. The results are presented in Figure 2A and

show that although the majority of these genes are

altered consistent with data in the literature, most

of them did not reach the threshold of significance

that we applied to our dataset.

Confirmation of Gene Expression Changes

by Quantitative RT-PCR

Expression levels of 14 genes were analyzed by

quantitative reverse transcriptase-PCR for all dif-

ferent stages using three different housekeepingT
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genes (GAPDH, GUS, 18S) as internal controls.

These experiments confirmed the array expression

values for 11 of 14 genes (APC, MYC, EGR1,
EPHA7, HRG, MFAP4, SERPINA1, CLCA1,
EPHB2, TKT, and YWHAE), thus attesting to the

reliability of our array expression data. For the

three remaining genes (OPCML, EAF1, and

SLC27A2), the array derived expression values

could be confirmed only for certain stage compari-

sons (data not shown).

Correlation of Chromosomal Aberrations

and Gene Expression Changes

Specific chromosomal aneuploidies are recurrent

genomic alterations in epithelial cancers. It is there-

fore of fundamental biological significance to under-

stand how precisely these aneuploidies deregulate

the cellular transcriptome. We conducted a statistical

analysis using linear mixed models (see Material and

Methods, Microarray analysis subsection) to exam-

ine the association between chromosomal arm copy

number changes as detected by CGH and changes

of arm-specific average gene expression levels. For

instance, chromosome arm 7p was gained in ten of

the samples analyzed, and the average gene expres-

sion levels on this chromosome arm were signifi-

cantly upregulated (P < 0.0001) (Table 4). A similar

result was obtained for several other chromosome

arms that were commonly subject to copy number

changes in colorectal carcinomas, such as 7q, 8p and

8q, 13q, 18p and 18q, and 20p and 20q. The results

for these chromosome arms with a significance of

P < 0.05 are illustrated in Figure 3A. Figure 3B

shows the average gene expression for those samples

without any copy number alteration (left) and the

average gene expression for those samples with a

loss or gain of that arm (right). The majority of chro-

mosomal copy number changes (69%) exerted direct

effects on resident gene expression levels. This asso-

ciation was, however, not uniform; for instance, we

could not detect a correlation of genomic copy num-

ber and average expression levels for chromosome

arm 17p, which is frequently lost. The results are

summarized in Table 4.

Correlation of Gene and Protein

Expression Changes

A total of 14 normal mucosa specimens, 9 adeno-

mas, 14 carcinomas, and 2 metastases included in

this study were part of a larger tissue collection that

was analyzed also for protein expression profiling

using two-dimensional gel electrophoresis (Table 1).

These results were presented separately by Roblick

et al. (2004). A total of 112 polypeptide spots were

TABLE 3. Canonical Pathways Involved in Colorectal Carcinogenesis as they Relate to Networks (NW) and Focus
Genes/Proteins Identified by Ingenuity Pathways Analysis (IPA)a

Canonical pathways

N versus A A versus Ca Ca versus M Benign vs malignant

NW Focus genes NW Focus genes NW Focus genes NW Focus protein

Apoptosis signaling 1 1 NFKB2 1/2/4 1
B cell receptor signaling 7 1/2 NFKB2, EGR1 2 1
Cell cycle: G1/S checkpoint

regulation
1 1 1/2/4 2

Cell cycle: G2/M DNA damage
checkpoint

1 YWHAE 1 YWHAE 1/4

Death receptor signaling 1 NFKB2 2 1/2 HSPB1
ERK/MAPK signaling 4 1/2/4 1/2/4 PRKCG 1/2 HSPB1
Estrogen receptor signaling 1/8 2 PCK1 1/6
Fatty acid metabolism 3 SLC27A2 6 CYP2E1
Fructose and mannose metabolism 4 SORD 4 SORD 2
G-protein-coupled receptor signaling 1 NFKB2 1/2 PRKCG 1
IL-6 signaling 1 NFKB2, CEBPB 2/4 1/2 HSPB1
Integrin signaling 1 1/2 ARPC2 1/4 2 ACTB, ACTG1
NF-kB signaling 1 1/2 NFKB2 2/14 1
PI3/AKT signaling 1 YWHAE 1 YWHAE 1/2/4
PPAR signaling 1 1 NFKB2 2/4 1/6
Purine metabolism 2 GUCY1B3 1/2/7 NP, GUCY1A2
SAPK/JNK signaling 1 1/4 1
Starch and sucrose metabolism 1 1/2 NP
T cell receptor signaling 1/2 NFKB2, LCP2 2/4 1
VEGF signaling 1 YWHAE 1 YWHAE 2 ACTB, ACTG1

aThe selected focus genes and proteins were significantly differentially expressed in between stage progressions from normal mucosa (N) via adenoma

(A) to invasive carcinoma (Ca) and metastasis (M).
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selected using Boolean analysis and the Mann–

Whitney test (P < 0.05) and showed at least a two-

fold differential expression between the four stages

of carcinogenesis. Of those polypeptides, 72 could

be characterized by mass spectrometry. Interest-

ingly, these 72 polypeptides belong to 42 individ-

ual proteins, suggesting a high frequency of post-

translational modifications, such as phosphoryla-

tion. For 27 of these 42 proteins, the corresponding

cDNA was included on our microarray platform.

Figure 2. A: Expression profiles of genes known to be important in colorectal carcinogenesis that were
also present on the used array platform (plotted is the expression ratio of these genes as compared to the
reference RNA as obtained by the cDNA expression arrays). B: Summary figure of genomic, transcrip-
tional, and proteomic changes along the ‘‘adenoma-carcinoma-sequence.’’
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Out of those 27 differentially expressed proteins,

12 corresponding genes showed a similar trend in

transcriptional expression as observed for transla-

tional changes; however, it did not reach signifi-

cance (Supplementary Table 2).

Our analysis of genetic changes during sequen-

tial cellular transformation of colon epithelium in

individual patients revealed disturbances of multi-

ple genetic pathways. In addition, chromosomal

aneuploidies directly impact on resident gene

expression levels, therefore enhancing the com-

plexity of transcriptional deregulation in colorectal

carcinomas and associated metastases beyond mere

expression changes of specific oncogenes or tumor

suppressor genes.

DISCUSSION

Here we report a comprehensive characterization

of sequential genomic, transcriptional and proteomic

alterations during colorectal tumorigenesis (Fig. 2B).

We determined the degree of genomic instability

during carcinogenesis by DNA content measure-

ments and CGH and analyzed global gene expres-

sion profiles using cDNA arrays. Microarray-based

gene expression profiling was complemented by

identification of protein expression levels.

TABLE 4. Regression Analysis of Chromosomal Aberrations and Average Gene Expression per Chromosomal Arma

Map P-value Loss Partial loss No aberration Partial gain Gain Amplicon Number of cases

1p 0.002 0 0 30 0 0 0 30
1q <0.0001 0 0 27 0 3 0 30
2p 0.001 0 0 29 0 1 0 30
2q 0.275 0 0 29 0 1 0 30
3p <0.0001 1 0 29 0 0 0 30
3q 0.375 0 0 30 0 0 0 30
4p 0.005 3 0 27 0 0 0 30
4q 0.458 6 0 24 0 0 0 30
5p 0.003 0 0 29 0 1 0 30
5q 0.084 2 1 27 0 0 0 30
6p <0.0001 0 0 29 0 1 0 30
6q 0.886 0 0 26 0 3 1 30
7p <0.0001 0 0 19 0 10 1 30
7q 0.009 0 0 21 1 8 0 30
8p <0.001 8 0 22 0 0 0 30
8q 0.024 0 0 20 1 8 1 30
9p <0.001 3 0 27 0 0 0 30
9q <0.0001 3 0 27 0 0 0 30
10p 0.003 1 0 28 0 1 0 30
10q 0.044 1 0 28 0 1 0 30
11p <0.0001 1 0 29 0 0 0 30
11q 0.009 1 0 29 0 0 0 30
12p 0.018 0 0 26 1 3 0 30
12q <0.001 0 1 27 0 2 0 30
13q <0.001 0 0 19 0 8 3 30
14q <0.0001 1 0 28 0 1 0 30
15q <0.001 4 0 26 0 0 0 30
16p 0.468 0 0 29 0 1 0 30
16q 0.628 0 0 29 0 1 0 30
17p 0.294 4 0 26 0 0 0 30
17q 0.309 1 0 26 0 3 0 30
18p <0.0001 8 0 21 0 1 0 30
18q 0.022 12 2 15 0 1 0 30
19p 0.353 1 0 29 0 0 0 30
19q 0.358 0 0 29 0 1 0 30
20p <0.0001 3 0 18 0 9 0 30
20q 0.036 0 0 10 0 16 4 30
21q 0.565 4 0 26 0 0 0 30
22q 0.363 2 0 28 0 0 0 30
Xp <0.0001 0 0 21 0 8 1 30
Xq 0.040 1 0 20 0 8 1 30

aThe "P-value" column gives the P-values for the association of arm-level expression with CGH results after adjusting for stage type (e.g. normal mucosa,

adenoma, carcinoma, or metastasis). Significant P-values and correlations are highlighted in bold.
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Our CGH analyses confirmed the importance of

specific chromosomal aneuploidies during colorectal

tumorigenesis. As reported previously by us and

others, gains of chromosomes and chromosome arms

7, 8q, 13q, and 20q, as well as losses that map to 8p,

17p, and 18q are common (Ried et al., 1996; Bardi

et al., 1997). Despite gross variation in the nuclear

DNA content (genomic aneuploidy) specific chromo-

somal imbalances are constantly selected for. We

therefore consider it important to evaluate how these

aneuploidies affect global gene expression profiles. It

is for this reason that the results from expression profil-

ing were analyzed not only for the purpose of gene

discovery and identification of potential biomarkers

for diagnostic purposes, but also to address transcrip-

tional deregulation as a consequence of aneuploidy.

In a first step, we identified genes differentially

expressed between normal colon mucosa and adeno-

Figure 3. Correlation between gene expression and alterations of
chromosome copy number. A: The average gene expression value (y-
axis) is plotted against the average CGH ratio value (x-axis) for each of
the 30 samples (including normal mucosa, adenomas, carcinomas, and
metastasis samples) for which both the analyses had been performed.
The P-value is indicated. The directionality of the copy number change
most commonly observed is indicated as a gain (+) or loss (�) preced-
ing the chromosome number. B: The average expression of each gene

along the length of the chromosome is plotted for those samples with-
out (left) copy number alteration, and to the right with a full loss (18q)
or full gain (7p, 8q, 13q, 18q, 20p, and 20q) as indicated in Table 4. These
plots correspond to the graphs in A. Information about the number of sam-
ples in each category are included in Table 4. Blue, genes with increased
expression relative to the reference RNA; red, genes with decreased
expression relative to the reference RNA.
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mas (n ¼ 58), adenomas and carcinomas (n ¼ 116),

and carcinomas and metastases (n ¼ 158). While

the number of deregulated genes increased

sequentially during progression from one stage to

another, we observed redundancy in terms of

involvement of gene networks and affected path-

ways. For instance, for all three comparisons, the

genes that were sequentially up- or downregulated

during malignant transformation belonged to net-

works that influence signaling pathways involved

in cell cycle control, apoptosis, angiogenesis, and

proliferation. Our results are therefore consistent

with the interpretation that during the transition

from normal colorectal mucosa to adenomas, carci-

nomas, and metastases several genetic pathways

are altered in specific ways. Regarding the expres-

sion levels of genes known to be involved in ca-

nonical signaling pathways, we noted that not all

were altered in expected directions. For instance,

we observed downregulation of EGFR and the

oncogenes FOS and JUN, which is anti-intuitive.

However, we detected upregulation of MYC and

HIF1, while expression of the tumor suppressor

genes TGFBR2, APC, and CDKN1A decreased, as

expected. Of the significantly differentially ex-

pressed genes, several were affected in more than

one stage comparison, such as, e.g., HRG, PPID,
EPHA7, and EPHB2. These genes also showed a

low intragroup SD but a large intergroup mean ex-

pression difference and could therefore serve as

biomarkers for stage-specific diagnosis or as novel

therapeutic targets. Interestingly, the Wnt pathway

target genes EPHB2, CD44, MYB, and SLC12A2
showed a significant elevated expression level in

the adenomas, when compared with normal mu-

cosa, indicating a strong involvement of the Wnt

pathway in early malignant transformation (see also

the Wnt homepage of Roel Nusse at http://www.

stanford.edu/*rnusse/wntwindow.html) (van de

Wetering et al., 2002). While the CTNNB1 ex-

pression itself increased over the sequence of ma-

lignant transformation (Fig. 2A), this change was

not significant according to our conservative

threshold level.

We also identified 42 differentially expressed

proteins that underwent frequent posttranslational

modification. Only 5% of these proteins are mem-

brane proteins, whereas 84% of these are localized

in the cytoplasm. This distribution could simply

reflect that differentially expressed proteins are

less frequent cytoskeletal proteins. Alternatively, it

could well be that the pH-range as well as the reso-

lution capacity of the 2-DE technique preselects

for cytoplasmatic proteins. This preselection could

account for the fact that no direct match of differ-

entially expressed genes and proteins could be

observed. On our array platform presenting

*10,000 gene transcripts (which covers around a

third of the entire human genome), only 27 tran-

scripts corresponding to 42 differentially expressed

proteins could be directly compared for their

expression. Out of those, 12 genes showed a similar

trend but did not reach our conservative signifi-

cance level (Supplementary Table 2). Table 3

shows that differentially expressed genes and pro-

teins, however, did interact within the same canon-

ical pathways. From yeast and mammalian model

systems, it is well known that gene and protein

expression can differ from each other. Especially

protein pairs encoded by coexpressed genes inter-

act with each other more frequently than with ran-

dom proteins. Furthermore, the mean similarity of

expression profiles is significantly higher for re-

spective interacting protein pairs than for random

ones (Grigoriev, 2001).

Comparison with published studies proved to be

difficult (Shih et al., 2005). This was mainly due to

the fact that most published comparisons focused

on differential gene expression comparing normal

epithelium and cancer, rather than specific stage

comparisons in individual patients. Comparison

was further complicated by the fact that virtually

all studies used different array platforms. Despite

these impediments several consistent changes

became obvious (see also Supplementary Tables

3a–3d); as in at least three independently con-

ducted studies (Notterman et al., 2001; Takemasa

et al., 2001; Bertucci et al., 2004; Kim et al., 2004;

Shih et al., 2005), we observed the specific upregu-

lation of SLC12A2 (solute carrier family 12, mem-

ber 2) and SORD (sorbitol dehydrogenase) and the

pronounced downregulation of SEPP1 (selenopro-

tein P, plasma, 1), providing supporting evidence

that all three genes might play a yet underesti-

mated role in the progression of colorectal cancers.

We also extracted from our dataset expression lev-

els of genes known to be involved in colorectal tu-

morigenesis. Very few reached the significance lev-

els required in our analysis; however, most changed

in expected directions.

The genesis of solid tumors is accompanied, if

not caused, by the acquisition and maintenance of

specific chromosomal aneuploidies. These aneu-

ploidies can emerge in premalignant adenomas,

where they can be the first detectable genomic

alteration (Bomme et al., 1994). In many instances,

mutations of common tumor suppressor genes,

such as TP53, are not required for the acquisition
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of these abnormalities (Steinbeck et al., 1994).

Once present, these specific chromosomal aneu-

ploidies are faithfully maintained, even in highly

advanced primary tumors and in their local and dis-

tant metastases (and after prolonged tissue culture

ex vivo as well) (Ried et al., 1999; Ghadimi et al.,

2000; Platzer et al., 2002). It is therefore reasonable

to postulate a prominent selective role for genomic

imbalances during carcinogenesis. The collection

of primary adenoma and tumor samples that we

have used here is no exception. The CGH analysis

mirrored results from our own group and others as

previously described (Bomme et al., 1994; Ried

et al., 1996). This strict conservation of genomic

imbalances that so clearly defines colorectal carci-

nomas prompted us to identify the immediate con-

sequences of chromosomal aneuploidies on resi-

dent gene expression levels. This question has

been addressed in several tumor entities and in ex-

perimental systems, and the balance of evidence

suggests that genomic imbalances result in massive

and global deregulation of cellular transcriptomes

that affect average expression levels of genes on

aneuploid chromosomes (Phillips et al., 2001;

Hyman et al., 2002; Matzke et al., 2003; Upender

et al., 2004; Heidenblad et al., 2005; Grade et al.,

2006; Tsafrir et al., 2006). We were then eager to

explore the relationship of genomic imbalances

and gene expression levels during colorectal tu-

morigenesis. Our results indicate that there is in

general a significant correlation of chromosomal

copy number and average transcriptional activity of

resident genes. This correlation applies to almost

all chromosomes that are frequently affected in

colorectal tumors; however, a few exceptions exist.

For instance, gene expression levels on the short

arm of chromosome 17 seem to be counter intui-

tive if compared to the observed chromosome arm

copy number decrease. It remains to be established

whether this particular effect on chromosome arm

17p is a reflection of local transcriptional upregula-

tion by a compensatory pathway or, e.g., through

chromatin remodeling events, or whether upregu-

lation of expression levels of 17p genes is a result

of gene expression changes that occur elsewhere in

the genome.

In conclusion, increasing genomic instability, an-

euploidy and a recurrent pattern of chromosomal

aberrations are accompanied by distinct gene- and

protein-expression patterns that correlate with cer-

tain stages of colorectal cancer progression. It

became also evident that specific and recurrent

chromosomal aberrations exert a strong and direct

influence on average gene expression levels of all

resident genes on the affected chromosomes. We

confirmed low and high expression levels of canon-

ical genes involved in colorectal tumorigenesis and

identified novel cancer-associated transcripts. In

addition, differentially expressed proteins undergo

extensive posttranslational modifications. Selected

genes and proteins now warrant further validation

in prospective studies for use in diagnostics and

potentially as therapeutic targets.
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