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The development of new blood and lymphatic vessels is a crucial event for cancer growth,

metastatic spread and relapse after therapy. In this work, the expression levels of chemo-

kines, angiogenic and angiostatic factors and their receptors were determined in paired

mucosal and tumour samples of patients with colorectal carcinoma and correlated with

clinical and histological parameters by advanced multivariate analyses. The most impor-

tant predictors to discriminate between tumour and paired normal mucosa turned out to

be the levels of expression of plexin-A1 and stromal cell-derived factor 1 (SDF-1), the for-

mer overexpressed and the latter downregulated in tumours. The levels of osteopontin

and Tie-2 transcripts discriminated between the presence and absence of lymph node infil-

tration, the former overexpressed in the presence of infiltration whilst the latter providing a

protective role. These results add support to the notion that the expression levels of

selected genes involved in new blood and lymphatic vessel formation represent trustable

biomarkers of tumour development and invasion and contribute to the identification of

novel molecular classifiers for colorectal carcinoma.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Colorectal cancer is one of the leading cancer-related causes

of death, responsible for approximately 400,000 deaths each

year worldwide.1 Surgery remains the only curative treatment

to date and, despite adequate intervention, disease recurs in

nearly half of the patients within 5 years, mainly because of

undetected metastatic spread.1,2 Thus, a better understand-

ing of the molecular mechanisms underlying tumour devel-
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opment and metastasis is essential for both diagnostic and

prognostic purposes.

Angiogenesis is a crucial event in tumour progression and

dissemination.3 When solid tumours grow, their core be-

comes hypoxic and activates a transcriptional cascade lead-

ing to new blood vessel formation,4 which is associated

with poor prognosis and relapse of the disease.3 Amongst

the genes responsible of tumour-associated angiogenesis,

the members of the vascular endothelial growth factor (VEGF)
.
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family (VEGF-A, B, C, D, E and PlGF – placental growth factor)

play a key role.5 Whereas it is generally agreed that vascular

endothelial growth factor receptor 2 (VEGFR-2)/KDR/Flk-1 is

the major receptor mediating the angiogenic effects of

VEGF-A,5 the role of VEGFR-1/Flt-1 (a receptor shared by

VEGF-A, VEGF-B and PlGF) is less understood and variably

proposed as an inhibitor or as an inducer of angiogenesis; re-

cently, a specific role of Flt-1 in mediating vascular permeabil-

ity, as well as mononuclear and tumour cell recruitment has

been suggested.5,6 VEGF-C and VEGF-D are key regulators of

lymphatic sprouting, mainly through their interaction with

VEGFR-3.7 It has become increasingly apparent that VEGF

receptors act in concert with other molecules, belonging to

the integrin, cadherin, neuropilin and Ephrin receptor fami-

lies.8,9 Consistently, different ephrins and semaphorins (neu-

ropilin ligands), originally identified as axonal guidance cues,

have recently been shown to affect vascular development.10

In addition to VEGF, other growth factors participate to the

angiogenic process, including members of the fibroblast

growth factor (FGF) family11 and angiopoietins, which control

vessel stability and maturation by interacting with their Tie

receptors.12–15

Chemokines also regulate both tumour angiogenesis and

lymphangiogenesis, either by directly stimulating endothelial

cell proliferation, as is the case of interleukin-8 (IL-8),16 or by

mediating mononuclear cell recruitment (e.g. monocyte che-

motactic protein-1 (MCP-1)17) and retention (e.g. stromal

cell-derived factor 1 (SDF-1)8). Finally, growing vessels are

invariably accompanied by extracellular matrix remodelling

by matricellular proteins, such as thrombospondin-1 and

osteopontin.19–21

As all these molecules regulate angiogenesis in experi-

mental animal tumours, their use as clinical biomarkers of

cancer stage and disease progression is particularly attractive.

However, a reliable assay to clearly define their contribution

to tumour progression in humans has never been estab-

lished.22 Several of the above-mentioned factors have been

studied by immunohistochemistry, which is notoriously

poorly quantitative and only detects a few markers at a

time.23,24 On the other hand, microarrays provide genome-

wide signatures expression profiles in cancer,24 but the ensu-

ing information is often redundant, poorly reproducible and

difficult to translate into useful clinical practise.25,26

Here we wanted to assess whether colorectal carcinoma

might be characterised and classified according to the expres-

sion levels of a series of selected, candidate genes, previously

associated to tumour angiogenesis and lymphangiogenesis.

2. Materials and methods

2.1. Patients selection and sample collection

Consecutive patients scheduled to undergo surgical resection

of tumour mass at the Department of Surgery of the Azienda

Ospedaliero-Universitaria ‘Ospedali Riuniti di Trieste’ of Trie-

ste, Italy were recruited for this study, with no specific criteria

for exclusion. All patients were enroled according to protocols

approved by the Ethical Committee of the Azienda Ospedali-

ero-Universitaria ‘Ospedali Riuniti di Trieste’, after written in-

formed consent was obtained. No patients enroled in the
study had received neither chemotherapy nor radiotherapy

prior to surgical resection. The tumour mass was entirely re-

moved and samples frozen at –80 �C in Solution D.27 Appar-

ently healthy mucosa samples were harvested for each

patient, at least 15 cm away from the tumour mass.

2.2. Clinical variables and tumour staging

For each patient, tumour paraffin inclusions were sectioned

and analysed by an independent group of pathologists. Tu-

mour diagnosis and staging were determined according to

commonly accepted criteria, including TNM and Dukes classi-

fication, UICC staging, grade, vascular and lymphatic extra-

parietal invasion, as routinely determined in all patients with

colorectal cancer.

2.3. RNA extraction and reverse transcription

RNA extraction was performed according to established pro-

cedures.27 Briefly, tissues in Solution D were homogenised

for RNA extraction by phenol/chloroform, followed by isopro-

panol precipitation. Pellets were resuspended in DEPC-water.

All RNA samples were treated with DNAse I for 15 min at

37 �C. Accurate quantification of RNA was performed by

means of RiboGreen� reagent (Molecular Probes, Eugene,

OR, USA) according to manufacturer’s instructions. One lg ex-

tracted RNA was mixed with the in vitro-transcribed murine

RNA coding for RANTES (regulated upon transcription, nor-

mally T-expressed, and presumably secreted) (7 ng) as a nor-

maliser and reverse transcribed with random hexameric

primers using a commercially available kit (Invitrogen, Carls-

bad, CA).

2.4. Quantitative PCR amplification

Quantification of the levels of expression of the panel of genes

under investigation was performed by real-time PCR using

TaqMan technology. Multiplex amplifications were carried

out in an ABI Prism 7000 Sequence Detection System, using

the Applied Biosystems Assay-on-Demand of Assay-by-de-

sign shown in Table 2. Data were normalised to the amount

of total RNA added to each reaction. The relative expression

levels were calculated according to the following equations:

DCT ¼ CT ðtargetÞ–CT ðnormaliserÞ;
Comparative expression level ði:e:difference between

tumour and mucosaÞ ¼ 2–DDCT
2.5. Statistical analysis

Statistical analysis was performed on standardised data by a

series of techniques,28 which, in particular, included linear

discriminant analysis (LDA) and logistic regression. Through

LDA, linear combinations of genes are found, defined as linear

discriminant functions, which discriminate amongst differ-

ent clinical variables, assuming values on separate sets of real

numbers. The functions are chosen in such a way that the

ratios of between-groups to within-group variances are



Table 1 – Characteristics of patients and tumour
classification

Classification Parameter No. of patients

Sex, age Male (average age) 40 (71)

Female (average age) 38 (70)

Tumour localisation Colon 61

Rectum 17

Stage of tumour (T) T = 1 6

T = 2 7

T = 3 37

T = 4 28

Lymph nodal

infiltration (N)

N = 0 46

N = 1 14

N = 2 12

N = 3 6

Presence of

metastasis (M)

M = 0 62

M = 1 16

Grade (G) G = 1 17

G = 2 46

G = 3 14

Dukes D = a 10

D = b 30

D = c 22

D = d 16

Global stage S = 1 12

S = 2 29

S = 3 21

S = 4 16

Extra-parietal

lymphatic infiltration

(EPLI)

Present 22

Absent 52

Extra-parietal

vascular infiltration

(EPVI)

Present 18

Absent 56

Lymphatic

infiltration

Present 35

Absent 43

Invasive front Infiltrating 33

Expanding 45
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maximised. Leave-one-out cross-validation29 was used to

compute the error rates (ER) of the LDA models.

In the model of logistic regression, the covariates are the

levels of gene expression and the dependent binary variable

separates different clinical variables in two groups.

Support vector machines (SVM) with recursive feature

elimination30 were used as an alternative, independent tech-

nique to validate results. Statistical analysis was carried out

using R 2.2.0 (R Development Core Team 2005). Results were

considered statistically significant if P < 0.05.

3. Results

3.1. Experimental strategy

Seventy-eight patients with colorectal carcinoma, scheduled

to undergo surgical resection, were enroled in this study.

The major clinical features of the patients are shown in Table

1, along with the histological characterisation of their tu-

mours. During surgery, different samples were harvested

from the tumour, together with a biopsy of matched, appar-

ently healthy mucosa at a distance of at least 15 cm from

the tumour border. From these samples, we assessed, by

real-time quantitative polymerase chain reaction (PCR), the

expression levels of 20 genes coding for angiogenic, lymphan-

giogenic or angiostatic factors and their receptors (VEGF-A,

VEGF-C, VEGF-D, PlGF, VEGFR-1, VEGFR-2, VEGFR-3, angio-

poietin-1 (Ang-1), Ang-2, Tie-2, FGF2, FGF-4, FGFR-1, FGFR-3,

osteopontin, thrombospondin-1, semaphorin 3A, neuropilin-

1, plexin-A1, plexin-B1), seven chemokines and their recep-

tors (MCP-1, RANTES, IL-8, SDF-1a, C-C chemokine receptor

type 2 (CCR2), CCR3, CCR5) and two housekeeping genes (glyc-

eraldehyde-3-phosphate dehydrogenase (GAPDH) and ribo-

somal 18S RNA). A complete list of gene full names and

acronyms is reported in Table 2.

3.2. Standardisation of gene expression analysis

Given the expected variability in tumour sampling, the com-

parative analysis of gene expression requires reliable normal-

isation. We therefore quantified total RNA by fluorimetry (see

Section 2) and compared three normalisation procedures. We

first evaluated the expression levels the housekeeping gene

GAPDH and unexpectedly observed that the expression of

GAPDH was constantly higher in the tumour (2.7-fold average,

P < 0.01) as compared to the paired mucosa samples (Suppl.

Fig. 1), which rendered its use inappropriate for standardisa-

tion purposes. A similar variability was not observed for rRNA

18S expression; however, the much higher levels of this tran-

script compared to those of the other 27 genes assessed in the

study, rendered its utilisation untrustworthy. We, therefore,

decided to rely upon the addition of an external RNA mole-

cule as a normaliser for the real-time PCR quantifications.

To tackle the issue of intra-tumour variability, we assessed

whether the position of the biopsy, either at the centre or at

the periphery of the primary tumour, affected the gene

expression profile. In a selected group of patients (n = 10),

three samples were harvested, one from the mucosa, one

from the periphery and one from the core of the tumour. In

these samples, we analysed the expression levels of a subset
of genes, for which the variation between tumour samples

and matched mucosae was particularly evident and common

to most patients (Suppl. Fig. 2). All these genes were ex-

pressed at similar levels in both tumour regions (P > 0.05 in

all cases; Fig. 1), indicating that a single biopsy can be consid-

ered representative of the whole mass, at least for the set of

genes considered in this study.

3.3. Global changes in average gene expression levels

The analysis of the expression levels of the analysed genes

provided a molecular profile for each patient. Two transcripts

(CCR2 and FGF-4) were only sporadically detected and were

therefore excluded from subsequent statistical analysis.

As an initial approach, we compared the expression levels

of each gene in the tumour and in the normal tissue from the

same patient. We found that a few genes had the tendency to

be overexpressed in the tumour. These included IL-8 (100-fold

average increase), PlGF (40-fold increase), osteopontin (30-fold

increase) and Ang-2 (10-fold increase). In contrast, others ap-

peared downregulated in tumours, including VEGF-D (which

in several cases was undetectable in tumours, whilst always

present in the matched mucosa), SDF-1 (10-fold average



Table 2 – Genes analysed in the study

Gene family Gene GeneBank Acc. No. TaqMan assay

Vascular Endothelial Growth Factor (VEGF) and receptors VEGF-A NM_001025366 Hs00173626_m1

VEGF-C NM_005429 Hs00153458_m1

VEGF-D NM_004469 Hs00189521_m1

PlGF (Placental Growth Factor) NM_002632 Hs00182176_m1

VEGFR-1 (or Flt-1) NM_002019 Hs00176573_m1

VEGFR-2 (or Flk-1) NM_002253 Hs00176676_m1

VEGFR-3 (or Flt-4) NM_002020 Hs00176607_m1

Angiopoietins and receptors Ang-1 NM_001146 Hs00375822_m1

Ang-2 NM_001147 Hs00169867_m1

Tie-2 NM_000459 Hs00176096_m1

Matrix-associated proteins Osteopontin NM_000582 Hs00167093_m1

Thrombospondin NM_003246 Hs00170236_m1

Chemokines and receptors IL-8 (interleukin-8) NM_000584 Hs00174103_m1

SDF-1 (or CXCL-12) NM_000609 Hs00171022_m1

MCP-1 (or CCL-2) NM_002982 Hs00234140_m1

RANTES (or CCL-5) NM_002985 Hs00174575_m1

CCR2 NM_000647 Hs00174150_m1

CCR3 NM_001837 Hs00266213_m1

CCR5 NM_000579 Hs00152917_m1

Fibroblast Growth Factors (FGFs) and receptors FGF-2 NM_002006 Hs00266645_m1

FGF-4 NM_002007 Hs00173564_m1

FGFR-1 NM_000604 Hs00241111_m1

FGFR-3 NM_000142 Hs00179829_m1

Semaphorins and receptors Sema 3A NM_006080 Hs00173810_m1

NP-1 (Neuropilin-1) NM_001024628 Assay-by-design

Plexin A1 NM_032242 Hs00413698_m1

Plexin B1 NM_002673 Hs00367063_m1

Housekeeping genes r18S NM_022551

GAPDH NM_002046

The gene family, gene name and abbreviation, GenBank accession number and TaqMan assay (Applied Biosystem) catalogue number are

shown.

Angiopoietin-1, Ang-1; angiopoietin-2, Ang-2; C-C chemokine receptor type 2, CCR2; C-C chemokine receptor type 3, CCR3; C-C chemokine

receptor type 5, CCR5; fibroblast growth factor-2, FGF-2; fibroblast growth factor-4, FGF-4; fibroblast growth factor receptor-1, FGFR-1; fibroblast

growth factor receptor-3, FGFR-3; glyceraldehyde-3-phosphate dehydrogenase, GAPDH; interleukin-8, IL-8; monocyte chemotactic protein-1,

MCP-1; neuropilin-1, NP-1; osteopontin (alias SSP-1, always referred as ‘osteopontin’ in the text); placental growth factor, PlGF; Plexin A1, PlA1;

Plexin B1, PlB1; regulated upon activation, normally T-expressed, and presumably secreted, RANTES; risomboal 18S RNA, r18S; semaphorin 3A,

Sema 3A; stromal cell-derived factor 1, SDF-1; tunica internal endothelial cell kinase, alias TEK tyrosine kinase, Tie-2; thrombospondin-1,

Thrombospondin; vascular endothelial growth factor A, VEGF-A; vascular endothelial growth factor C, VEGF-C; vascular endothelial growth

factor D, VEGF-D; vascular endothelial growth factor receptor-1, VEGFR-1; vascular endothelial growth factor receptor-2, VEGFR-2 and vascular

endothelial growth factor receptor-3, VEGFR-3.
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decrease) and RANTES (7-fold decrease). The whole set of re-

sults is shown in Suppl. Fig. 2, along with the distribution of

the ratios obtained between all paired values.

3.4. Multigenic analysis for tumour classification

The molecular variables (levels of gene expression of all ana-

lysed genes) and the clinical and histological variables (age,

gender, localisation of the primary tumour, tumour-node-

metastasis (TNM) stage, histotype, grade, front of infiltration,

vascular and lymphatic invasion, Dukes stage) were submit-

ted to multigenic analysis using complementary statistical

approaches, in order to define possible molecular predictors

of the biological behaviour of the tumour. Only patients,

whose complete clinical and molecular dataset were avail-

able, were considered for statistical evaluation.
3.4.1. Discrimination between tumour tissue and normal
mucosa
A comparison was initially made between the levels of gene

expression in tumour tissue (T) and in normal mucosa (M)

in 78 eligible patients. When analysed by logistic regression,

the expression levels of SDF-1, plexin-A1 and IL-8 turned

out to be the most relevant predictors of the two categories

of samples, being the expression of plexin-A1 and IL-8 higher

in tumour tissue whilst that of SDF-1 higher in normal muco-

sa (P < 0.0001). The best linear discriminant analysis (LDA)

model again contained SDF-1 and plexin-A1 together with

Ang-2. The ensuing discriminant function (reported in the

legend of Fig. 2A) indicated that SDF-1 was the most relevant

gene, showing a clear, protective effect. The error rate of the

model (namely, the possibility to use the discriminant func-

tion to classify a new tissue), was 0.078, a result significantly
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Fig. 2 – Discrimination between tumour tissue (T) and normal mucosa (M). (A) Frequency diagrams of the mucosa and tumour

samples for the LDA discriminating function Z (Z = –1.5140 stromal cell-derived factor 1 (SDF-1) + 0.7468 angiopoietin-2 (Ang-

2) + 0.7366 plexin-A1; error rate = 0.078 using leave-one-out cross-validation). A new tissue can be classified according to its Z

value. The threshold between tumour and normal mucosa is Z = ln(78/78) = 0, and Z > 0 for a tumour tissue. (B) Scatterplot of

the levels of expression of the SDF-1 and plexin-A1 genes in the sample, along with the indication of whether the sample

was mucosa (M, black) or tumour (T, red). (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)
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better than the error rate of the null model, which was 0.50

(95% confidence interval 0.42–0.58). Fig. 2A reports the fre-

quency diagrams of the mucosa and tumour samples for the

LDA discriminating function, which show a clear separation

of the two types of tissue. A scatterplot of the levels of expres-

sion of SDF-1 and plexin-A1, with the indication of whether

the sample was mucosa or tumour, is shown in Fig. 2B.

3.4.2. Molecular discrimination of the clinical variables N, M,
EPLI, EPVI, Dukes, G
In order to find new discriminating molecular markers possi-

bly predicting the different clinical features of tumours, the

entire tumour sample dataset (excluding the normal mucosae)
was analysed according to both LDA and logistic regression. In

a first instance, lymph node invasion (N) was studied assum-

ing N = 0 in absence of node infiltration (n = 42), and N = 1 in

the case of infiltrated lymph nodes (n = 31), regardless of their

number. The logistic regression model identified osteopontin

and RANTES (P = 0.005) as predictors; osteopontin was higher

in N = 1, whilst RANTES was higher in N = 0. Osteopontin,

along with Tie-2 and Ang-2, also appeared as a predictor in

the LDA discriminating function (Table 3).

A further level of complexity was introduced by also con-

sidering normal mucosae. In this way, the sample size was

doubled, and the resulting models contained two discriminat-

ing functions, the first one separating tumours from matched



Table 3 – Summary of the results for the best discriminating models of linear discriminant analysis (LDA) and logistic
regression (Log Regr)

Lymph node invasion N Sample size n = 73 (42 N = 0, 31 N = 1)

LDA: Z = –1.1453 Tie-2 + 0.8854 Ang-2 + 0.8840 osteopontin
Z 0 = ln(42/31) � 0.3037; N = 1 if Z > Z 0 ER = 0.32, ER0 = 0.42 (0.31–0.55)
Log Regr P = 0.005: osteopontin "N = 1, RANTES #N = 1

Metastasis M Sample size n = 70 (55 M = 0, 15 M = 1)
LDA: Z = 0.9923 VEGFR-3

Z 0 = ln(55/15) � 1.2993; M = 1 if Z > Z 0 ER = 0.22, ER0 = 0.21 (0.13–0.33)
Log Regr P = 0.041: VEGFR-3 and VEGF-A "M = 1; RANTES #M = 1

Extra-parietal lymphatic infiltration EPLI Sample size n = 58 (44 EPLI = 0, 14 EPLI = 1)
LDA: Z = –1.2072 MCP1 + 1.0179 Ang-2 + 0.9472 FGFR-1

Z 0 = ln(44/14) � 1.1451; EPLI = 1 if Z > Z 0 ER = 0.17, ER0 = 0.24 (0.14–0.37)
Log Regr P = 0.0004: Ang-2 and osteopontin "EPLI = 1; MCP1 and IL-8 #EPLI = 1

Extra-parietal vascular infiltration EPVI Sample size n = 60 (46 EPVI = 0, 14 EPVI = 1)
LDA: Z = 1.2337 FGFR-1 – 0.9552 RANTES – 0.6942 FGFR-3
Z 0 = ln(46/14) � 1.1896; EPVI = 1 if Z > Z 0 ER = 0.22, ER0 = 0.23 (0.13–.36)
Log Regr P = 0.0003: VEGF-C and FGF-2 "EPVI = 1; RANTES and FGFR-3 #EPVI = 1

Dukes stage D Sample size n = 64 (32 D = 0 (stages a and b), 32 D = 1 (stages c and d))
LDA: Z = –1.1318 RANTES + 0.9359 VEGFR-3

Z 0 = ln(32/32) = 0; D = 1 if Z > Z 0 ER = 0.35, ER0 = 0.50 (0.37–0.63)
Log Regr P = 0.003: VEGFR-3, CCR3 and osteopontin "D = 1; RANTES, IL-8, FGFR-3 #D = 1

Grading G Sample size n = 69 (15 G = 0, 54G = 1)
LDA: Z = 1.0742 VEGFR-1

Z 0 = ln(15/54) � –1.2809; G = 1 if Z > Z 0 ER = 0.19, ER0 = 0.22 (0.13–0.33)
Log Regr P = 0.001: VEGFR-1 "G = 1

The following clinical variables were considered: (N), between N = 0 (absence of node infiltration) and N = 1 (node infiltration); (M), between

M = 0 (no metastasis) and M = 1 (metastasis); extra-parietal lymphatic infiltration (EPLI), between EPLI = 0 (no infiltration) and EPLI = 1 (infil-

tration); extra-parietal vascular infiltration (EPVI), between EPVI = 0 (no infiltration) and EPVI = 1 (infiltration); Dukes stage (D), between D = 0

(including Dukes stages a and b together) and D = 1 (stages c and d); grade (G), between G = 0 (G grade 0) and G = 1 (G grade 2 and 3 together). No

statistical analysis was performed to discriminate according to tumour size (T) since the sample was severely unbalanced toward the high T

scores (5 T = 0, 67 T = 1, 2 and 3 together).

Legend: Z = LDA discriminating function; Z 0 = threshold value for Z; ER = error rate of the LDA model; ER0 = error rate of the null model, followed

in parentheses by the 95% confidence interval; P = P value of the logistic regression model; (A "X = 1) = the gene expression of A is higher in

X = 1; (A #X = 1) = the gene expression of A is lower in X = 1. Common genes between LDA and Log Regr are in boldface.
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normal mucosae whilst the second one addressing a specific

tumour characteristic. For the N variable again, LD1 discrimi-

nated between tumours (regardless of N state) and mucosae

(arbitrary labelled as N2), whereas LD2 distinguished between

N = 0 and N = 1. As shown in the scatterplot of Fig. 3A, the

overall variance was mainly explained by the discriminant

function LD1 (96%, with only 4% due to LD2). This means that

an excellent separation between the normal mucosa N = 2

and the tumour tissue N = 0, 1 can be obtained according to

LD1, which consists of a linear combination of SDF-1, plex-

in-A1 and Ang-2. In contrast, LD2 discriminated less well be-

tween the levels N = 0 and N = 1 of the tumour. It is, however,

clear that the centroid of the N = 1 dots has a lower LD2 value

than the centroid of the N = 0 points. The best predictors for

LD2 were osteopontin, Tie-2 and IL-8.

A similar approach was then applied to the remaining clin-

ical variables, including metastasis (M), extra-parietal lym-

phatic infiltration (EPLI), extra-parietal vascular infiltration

(EPVI), Dukes stage (D) and grade (G). The results of these

analyses are presented in Table 3 and Fig. 3B–F.

Collectively, both LDA and logistic regression highlighted

an important discriminating role for a few genes, indicated

in bold in Table 3. This is the case of osteopontin for lymph

node invasion and VEGFR-3 and RANTES for Dukes stage.

These common genes, identified in the above models, were

further confirmed by a third, independent technique, support
vector machines (SVM), which can also be applied to strongly

correlated variables and cases of non-normal multivariate

distributions.30

4. Discussion

Our analysis entailed the assessment of expression levels of

27 genes in paired mucosa and colorectal carcinoma samples

from 78 patients. From the methodological point of view, the

introduction of an exogenous RNA normaliser allowed us to

generate more robust results compared to the use of both

GAPDH and risomboal 18S RNA (r18S) housekeeping genes.

Another critical methodological issue addressed in our study

was the analysis of homogeneity of gene expression within

the same tumour mass. By comparing samples from the cen-

tre and the periphery of the tumour, we indeed found similar

gene expression levels, supporting the reliability of a single

tumour biopsy as representative of the whole tumour.

A striking result came from the comparison of paired sam-

ples of tumour and normal mucosa. Several genes were con-

sistently upregulated in the tumours, including IL-8, PlGF,

osteopontin and Ang-2; in contrast, VEGF-D, SDF-1 and RAN-

TES were clearly downregulated. When the whole dataset was

analysed by multigenic analyses, we could discriminate the

normal mucosa from tumours based on the respective

expression profile. Both logistic regression and LDA indicated
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Fig. 3 – Results of multigenic analysis. For each variable (N, M, EPLI, EPVI, DUKES, G) the scatterplot in the proper discriminant

plane (LD1, LD2) is displayed. The centroids are represented as filled circles. (A) Discrimination for lymph node infiltration,

with N = 0 (no lymph node infiltration), N = 1 (lymph node infiltration) and N = 2 (normal mucosa). (B) Discrimination for the

presence of metastasis, with M = 0 (no metastasis), M = 1 (metastasis), M = 2 (normal mucosa). (C) Discrimination for

lymphatic vessel infiltration, with EPLI = 0 (no infiltration), EPLI = 1 (infiltration), EPLI = 2 (normal mucosa). (D) Discrimination

for vascular infiltration, with EPVI = 0 (no infiltration), EPVI = 1 (infiltration), EPVI = 2 (normal mucosa). (E) Discrimination for

Dukes’ stage, with D = 0 (Dukes stages a + b), D = 1 (Dukes stages c + d) and D = 2 (normal mucosa). (F) Discrimination for

tumour Grade, with G = 0 (G grade 1), G = 1 (G grades 2 and 3), G = 2 (normal mucosa).
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plexin-A1 and SDF-1 as the most important predictors, the

former being overexpressed and the latter downregulated in

tumours. Discriminant analysis, based on these two genes to-
gether with Ang-2, generated an LD1 function that attributed

positive values to tumours and negative values to matched

mucosa (Fig. 2A). By using this function, the specimens
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grouped into two clusters, concordant with pathological re-

ports (cancer versus normal tissue). The reliability of the

model could be further increased by the inclusion of a higher

number of variables, although this would add complexity to

the model (data not shown). Thus, gene expression profiling

of a few selected genes can discriminate between normal

and tumour colon tissue.

Type-A plexins, although originally identified as semapho-

rin receptors in axon guidance, have been recently shown to

take part in both tumour angiogenesis,31 and, directly, in

the control of tumour cell growth.32 The chemokine stromal

cell-derived-factor-1 (SDF-1) has recently emerged for its abil-

ity to retain myeloid cells at the sites of neo-angiogenesis, in

order to promote the formation of structured arterial ves-

sels.18 In cancer, this chemokine has been shown to stimulate

metastatic spread.33 Conversely, other studies have shown

that its expression is unchanged or even lowered in advanced

cancers.34,35 In our samples, SDF was constantly downregu-

lated in tumours, its levels being a major predictor to distin-

guish tumours from normal mucosa (Fig. 2). To reconcile

these apparently contradictory findings, we can speculate

that, during the early phases, SDF-1 production might sustain

angiogenesis and tumour growth, whereas, in later stages, a

lower expression might be selected along tumour develop-

ment to avoid recruitment of leukocytes with anti-tumoural

activity. Further experiments will tackle this issue more

specifically.

When the whole dataset was analysed by multigenic anal-

ysis, the expression of osteopontin and Tie-2 appeared to dis-

criminate about lymph node infiltration, the former being

overexpressed in the presence of infiltrated nodes, whilst

the latter providing a protective role. Osteopontin is an inte-

grin-binding protein, previously proposed as a marker of tu-

mour progression in various cancers,36–38 including colon

carcinoma.39 Our finding of a 30-fold overexpression of osteo-

pontin and its ability to discriminate between patients with

and without node infiltration is perfectly consistent with

these previous results.39,40 On the other hand, Tie-2 is a recep-

tor tyrosine kinase, expressed on vascular endothelium,

where it binds Ang-1 and Ang-2.41 Although the effect of

angiopoietins on tumour angiogenesis is still debated, Ang-1

is generally considered a pro-angiogenic factor, especially in

the presence of VEGF, whereas Ang-2 seems to destabilise

the neo-vasculature, thus being anti-angiogenic.42 Our find-

ing that low levels of Tie-2 were particularly helpful to iden-

tify colon cancers with nodal invasion might imply an

inverse correlation between local invasion and efficient neo-

vessel formation. Consistently, we found that the presence

of extra-parietal lymphatic infiltration was well discriminated

by Ang-2, which was more expressed by invasive tumours.

Additionally, when observing the average values of expres-

sion in the whole dataset, Ang-2 appeared significantly upreg-

ulated in tumours, whereas Ang-1 was downregulated.

The follow-up of this cohort of patients will eventually

indicate whether some of the analysed variables might be of

value for prognostic purposes. In this respect, it is worth men-

tioning that the levels of expression of VEGFR-3 permitted

discrimination between low (a + b) and high (c + d) Dukes

stage, which essentially considers local invasion. The levels

of expression of VEGFR-3 have already been correlated with
reduced survival in gastric, lung, cervical and prostate

carcinomas.43

In conclusion, our findings support the notion that the

expression levels of selected pro-angiogenic genes might pro-

vide trustable biomarkers of tumour development and inva-

sion.44 Notably, genes identified by both logistic regression

and LDA were further confirmed by a third independent sta-

tistical technique (SVM). Our statistical analysis revealed that

the identified genes associated with tumour behaviour could

be validated on the whole dataset. In other terms, once a gi-

ven gene is identified, it can also be used as a predictor of

the variable of interest, thus representing a possible valuable

biomarker for diagnostic purposes.
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