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INTERNATIONAL Summary

JOURNAL OF Elevated levels of survivin, telomerase catalytic subunit (TERT), integrin-linked
EXPERIMENTAL kinase (ILK), cyclooxygenase 2 (COX-2), inducible nitric oxide synthase (iNOS) and
PATHOLOGY the regulatory factors c-MYB and Tcf-4 are often found in human cancers including

colorectal cancer (CRC) and have been implicated in the development and progres-
sion of tumorigenesis. The aim of this study was to determine the expression of these
genes in mouse models of sporadic and colitis-associated CRC. To address these
issues, we used QRT-PCR approach to determine changes in gene expression patterns
of neoplastic cells (high-grade dysplasia/intramucosal carcinoma) and surrounding
normal epithelial cells in A/] and ICR mouse strains using laser microdissection.
Both strains were injected with azoxymethane and ICR mice were also given drink-
ing water that contained 2% dextran sodium sulphate. In both sporadic (A/] mice)
and colitis-associated (ICR mice) models of CRC, the levels of TERT mRNA,
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normal epithelial cells. In contrast, survivin mRNA was upregulated only in neoplas-
tic cells from A/J mice and ILK mRNA was upregulated only in neoplastic cells from
ICR mice. However, the expression of iNOS mRNA was similar in normal and
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Colorectal cancer (CRC) is one of the major causes of eases such as ulcerative colitis. Colon tumorigenesis
cancer death throughout the world and is also one of the depends on the accumulation of alterations in a number of
serious complications of chronic inflammatory bowel dis- cancer-related genes, and several lines of evidence suggest
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that these changes affect the expression of many genes
involved in proliferation, cell cycle, apoptosis and angio-
genesis (Itzkowitz & Yio 2004; Reya & Clevers 2005;
Hussain & Harris 2007). Recent investigations of the
molecular biology of various human cancers, including
malignancies of the gastrointestinal tract, have revealed
changes in many genes and their products, including the
Ras and Myc families of oncogenes, members of the inhibi-
tor of apoptosis protein (IAP) family, elements of the
Wnt/B-catenin pathway, metalloproteinases, telomerase and
many others. In particular, the expression of transcription
factor ¢-MYB is increased substantially in colon tumours
(Ramsay et al. 1992), and, conversely, its downregulation
is associated with colon cell differentiation and apoptosis
(Thompson et al. 1998). Similarly, survivin, a member of
the IAP family, was shown to be increased in colon cancer
relative to adjacent normal mucosa (Endo et al. 2004), and
the expression of integrin-linked kinase (ILK), a key regula-
tor of cellular response to integrin and growth-factor sig-
nalling (Dedhar ez al.
colonic tumour progression (Marotta et al. 2003; Bravou
et al. 2006). Some data also indicate that B-catenin and
Tcf-4, factors involved in the Wnt signalling pathway, play

1999), correlates positively with

a crucial role not only in many developmental processes in
the intestinal epithelium but also in colorectal carcinogene-
sis (Barker efal. 2000). Similarly, human CRC shows
increased telomerase activity, increased the mRNA abun-
dance of the telomerase catalytic subunit (TERT) (Engel-
hardt et al. 1997; Yoshida et al. 1997) and expression of
various inflammation-regulated genes, such as inducible
nitric oxide synthase (iNOS) and cyclooxygenase-2 (COX-
2), which are well established pathogenic factors in colon
carcinogenesis (Eberhart ef al. 1994; Sano etal. 1995;
Ambs et al. 1998).

Although the expression of the above-mentioned protu-
morigenic markers has been studied thoroughly in human
colon cancer, there are only a few reports about their
expression in rodent models of CRC (Narisawa et al. 1999;
Kishimoto et al. 2002; Tanaka et al. 2003; Mori et al.
2007). In addition, the presence of stroma cells in cancer tis-
sues might obscure their expression profiles. In the present
study, we therefore employed laser microdissection and a
quantitative RT-PCR approach to determine tissue-specific
alteration in the proinflammatory genes (iNOS, COX-2) and
proproliferative and antiapoptotic genes (c-MYB, Tcf-4,
ILK, mTERT, survivin) in mouse models of sporadic
(Bissahoyo et al. 2005) and colitis-associated tumorigenesis
(Tanaka ef al. 2003) that recapitulate many aspects of
human CRC.
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Materials and methods

Animals and treatment

The study was performed on two mouse models of CRC -
sporadic and colitis-associated CRC. Sporadic CRC was
induced in 20-week-old male A/J mice (Jackson Laboratories,
Bar Harbor, ME, USA; weight: 25 g) by giving intraperitoneal
(i.p.) injections with azoxymethane (AOM; Sigma, St. Louis,
MO, USA) dissolved in saline at a dose of 10 mg AOM per kg
body weight once a week for 6 weeks (Bissahoyo er al. 2005).
Colitis-associated CRC was induced in 20-week-old male ICR
mice (Charles River, Sultfeld, Germany; weight: 35 g) by a
single i.p. injection of AOM (10 mg/kg) followed 1 week
later by consumption of 2% dextran sodium sulphate (DSS;
MP Biomedicals, Irvine, CA, USA) in water for 7 days and
distilled water for the following 14 days. This DSS adminis-
tration cycle was repeated six times (Tanaka et al. 2003;
Bissahoyo ef al. 2005). Eight animals were included in each
experimental group. All mice were killed 6 months after the
first i.p. administration of AOM, and the colons were flushed
with saline, split open longitudinally and macroscopically
inspected for the presence of tumours.

Tissue preparation for histopathology and laser
microdissection

Mouse colon samples were embedded in OCT medium (Sak-
ura Finetek, Torrance, CA, USA), snap-frozen in 2-methylbu-
tane and the blocks were stored at —80 °C until required. All
samples were cut in a cryostat (Leica CM 3000) at —23 °C.
For histopathology, 4 um serial frozen sections were fixed in
10% buffered formaldehyde; the slides were stained with
haematoxylin and eosin and histopatological evaluation
was carried out using a Nikon Eclipse E400 microscope
(Nikon Instruments, Amstelveen, the Netherlands). For laser
microdissection of neoplastic cells and the surrounding nor-
mal-looking epithelial cells, 8 um serial sections were cut,
transferred to Leica polyethylene-naphtalate membrane slides
and immediately frozen on dry ice. After fixation in 95% eth-
anol, the sections were stained with cresyl violet acetate,
dehydrated using a graded series of ethanol washes, treated
with xylene and air dried according to the LCM Staining Kit
protocol (Applied Biosystems/Ambion, Austin, TX, USA).
Immediately after staining, tissue sections were microdissec-
ted using the Leica LMD6000 Laser Microdissection System
(Leica Microsystems, Wetzlar, Germany). The foci of high-
grade dysplasia/intramucosal carcinoma were microdissected
from polyps greater than 1 mm in diameter and the efficiency
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of microdissection was evaluated by examining the tissue
before and after harvesting the specimens (Figure 1a). The mi-
crocentrifuge tubes with collected material were vortexed for
30 s in lysis buffer and stored at —80 °C until RNA isolation.

RNA isolation and quality control

Total RNA was extracted from microdissected tissue areas
from three serial cryosections using the RNeasy Micro Kit
(Qiagen, Hilden, Germany) including poly-A carrier. To
remove the traces of genomic DNA, on-column DNase I
treatment was performed at room temperature for 15 min
and the isolated RNA was eluted with 20 ul of RNase-free
water. RNA quality was assessed in each sample using the
RNA 6000 Pico LabChip Kit on the Agilent 2100 Bioanaly-
ser (Agilent Technologies, Waldbronn, Germany). The sam-
ples were shown to reach RNA Integrity Number (RIN)
7.2 £ 0.2 (mean = SEM). An example of Agilent analysis is
shown in Figure. 1b.

c¢DNA synthesis and quantitative PCR

First-strand ¢cDNA was synthesized at 37 °C for 2 h using
Sensiscript Reverse Transcriptase (Qiagen), 10x Buffer RT,
5 mM dNTP Mix, 3 pg/ul random primers and 10 U/pl
RNase-OUT (both from Invitrogen, Carlsbad, CA, USA)
according to the manufacturer’s instructions in a 20 ul total
reaction volume and stored at =20 °C.

Quantitative PCR was performed on the ABI PRISM 7000
Sequence Detection System (Applied Biosystems, Foster City,
CA, USA) using TagMan Gene Expression Master Mix
and Pre-Developed TagMan Assays specific to mouse TERT
(cat.no. Mm01352136_m1), survivin (cat.no. Mm00599749_
ml), ILK (cat.no. MmO00439671_gl1), COX-2 (cat.no.
MmO00478374_m1), iNOS (cat.no. Mm00440485_m1),
¢-MYB (cat.no. Mm00501741_m1), Tcf-4 (cat.no. Mm00443
198_m1), and for the housekeeping gene TATA box-binding
protein, TBP (cat.no. MmO00446973_m1). PCR was
performed with TagMan MGB probes labelled with FAM
reporter dye in a final reaction volume of 20 pl. The amplifica-
tion conditions consisted of uracil-DNA glycosylase (UDG)
incubation at 50 °C for 2 min and initial DNA polymerase
enzyme activation at 95 °C for 10 min, followed by 50 cycles
of denaturation at 95 °C for 15 s and annealing/extension at
60 °C for 1 min. An example of the amplification plot is given
in Figure 1c. The probes were validated to ensure the amplifi-
cation efficiency and linearity in preliminary experiments
using colon-specific RNA from tumour and surrounding tissue
for each quantitative PCR assay individually using standard
curve method.

Expression values were obtained from C; numbers
detected by the Applied Biosystems analysis software. The
target gene levels were expressed as the N-fold difference in
the target gene expression relative to TBP expression (AC,),
where AC, was determined in each sample by subtracting
the average C, value of the target gene from the average C,
value of the TBP; in addition, the relative gene expression

was calculated as 274¢,

Statistical analyses

Data are presented as the median, the 25th and 75th percen-
tile and the minimum-maximum range. Comparison of
mRNA levels between cancer cells and surrounding normal
epithelial cells was made with the Mann—-Whitney test using
STATISTICA 6.1. software (StatSoft Inc., Tulsa, OK, USA).
A P-value smaller than 0.05 was considered statistically
significant.

Results

Mouse model of colitis-associated carcinogenesis

Macroscopically, colonic mucosa was smooth with scattered
flat prominences that microscopically corresponded with
focal hyperplasia of colonic lymphatic tissue. Multiple nodu-
lar to polypoid tumours were evident in the distal 1.5 cm of
mouse colon in all treated animals (Figure 2a). Microscopi-
cally, these tumours displayed characteristics of intraepitheli-
al neoplasias with changes ranging from low-grade
dysplasia, usually located at the periphery of polyps, next to
non-dysplastic colonic epithelium, to high-grade dyspla-
sia/intramucosal carcinoma, infiltrating to the submucosa
and predominantly forming the central parts of the tumours
(Figure 3a—d). The quantitative changes in mRNA expres-
sion of proinflammatory, proproliferative and antiapoptotic
genes during tumorigenesis associated with colitis were
assessed in 23 samples of microdissected foci of high-grade
dysplasia/intramucosal carcinoma and 18 samples of adja-
cent normal epithelial cells isolated from ICR mice.

As shown in Figure 4, all microdissected samples revealed
detectable transcripts not only for COX-2 and iNOS but
also for survivin, ILK, mTERT, Tcf-4 and c-MYB. Com-
pared with adjacent normal epithelial cells, the neoplastic
cells revealed significantly increased mRNA levels for TERT,
COX-2, Tcf-4 and ILK. Median expression of TERT mRNA
was increased 5.1-fold and COX-2 mRNA 9.1-fold, whereas
Tcf-4 mRNA and ILK mRNA were 2.4-fold and 1.9-fold
higher respectively. In contrast, the qRT-PCR analysis of

c-MYB revealed a significantly decreased expression of this
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Figure 1 Laser microdissection and
quantitative real-time PCR of neoplastic
tissue. (a) Microdissection of cresyl vio-
let stained sections of neoplastic (1) and
normal colonic mucosa (2) before micro-
dissection (1i, 2i), after microdissection
(1ii, 2ii) and dissected tissue areas in lysis
buffer (1iii, 2iii); original magnification:
(x100). (b) Electropherogram of RNA
isolated from a section stained with cre-
syl violet acetate (RIN = 8.0). The y-axis
represents fluorescence unit (FU) and the

x-axis represents the nucleotide length of o

the RNA (nt). The peaks of the 18S and | Marker
28S rRNA fragments are clearly visible.

(c) Typical TagMan qPCR amplification s

plots for (from left to right) c-MYB, Tcf- R
4, survivin, TBP, iNOS, ILK, TERT,

COX-2. C, was determined as a cycle
number at which amplification curve of
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Figure 2 Typical macroscopic features of tumours in colon of ICR (a) and A/J (b) mice 6-month after the first i.p. administration of
AOM. Numerous polypoid tumours developed in all treated mice with distinct localization patterns; they appeared randomly dis-
persed in the distal half of the colon of A/] mice, but were restricted to the most distal 1.5 cm segment in ICR mice.

gene (1.9-fold). No significant changes were observed in the
levels of iNOS mRNA or survivin mRNA. These observa-
tions suggest that neoplastic transformation is associated
with changed gene expression of COX-2, but not iNOS,
even though upregulation of iNOS was observed in colonic
tumours of ICR mice treated with DSS and AOM using both
immunohistochemical and Western blot analysis (Tanaka
et al. 2003; Kim et al. 2008).

To determine whether the expression of the iNOS gene is
increased permanently in colonic mucosa of this mouse
model, i.e. DSS exerts a sufficient promoting effect to main-
tain this upregulation during the remission phase of colitis,
we compared the levels of iNOS mRNA and COX-2 mRNA
in healthy untreated ICR mice and in the animals treated

© 2009 The Authors

with DSS and AOM and found no significant changes in
expression of either gene. The expression of iINOS mRNA
[median (25-75% percentile)] in healthy controls was 1.36
(0.74-2.15) and in epithelial cells surrounding the tumour
1.06 (0.50-1.73); similarly, the expression of COX-2 mRNA
was measured to be 0.06 (0.05-0.07) and 0.05 (0.03-0.06).

Mouse model of sporadic colon carcinogenesis

In the colon of A/J mice, repeated administration of AOM
induced tumours that, in contrast to the colitis-associated
model, were randomly dispersed in the distal half of the
colon (Figure 2b). Microscopically, these tumours displayed
structural characteristics of polypoid tubular adenomas with
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either low- or high-grade dysplasia. In some polyps, foci of
intramucosal carcinoma were found (Figure 3e,f).

The quantitative changes in mRNA expression of selected
genes during AOM induced tumorigenesis were assessed in
21 samples of microdissected foci of high-grade dysplasia/
intramucosal carcinoma cells and 19 samples of adjacent
normal epithelial cells. Similar to the colitis-associated
model of tumorigenesis in ICR mice, the neoplastic cells in
A/J mice showed significantly elevated transcript levels for
TERT (median increased 2.4-fold), COX-2 (9.7-fold) and
Tcf-4 (4.7-fold) and a decreased level of c-MYB mRNA
(1.9-fold) (Figure 5). Expression of ILK mRNA was not
changed. In contrast to ICR mice, the neoplastic cells of A/J
mice also showed upregulation of survivin mRNA (1.6-fold).
Consistent with ICR mice, RT-PCR analysis did not show
any changes in expression of iNOS between neoplastic and
normal epithelial cells of AOM treated mice (Figure 5)
and between the colonic mucosa of healthy controls [0.56

Figure 3 Representative histopathology
of neoplastic changes in the ICR mouse
model of colitis-associated carcinogene-
sis (a—d) and the A/J mouse model of
sporadic colon carcinogenesis (e,f). In
both models, the epithelial neoplasia
exhibited morphological changes rang-
ing from low-grade (b) to high-grade
dysplasia (c) and intramucosal carci-
noma (f) predominantly forming the
central parts of the tumours. In some
tumours of the ICR model, the invasive
growth was found initially (d). Haemat-
oxylin and eosin stained cryosections,
original magnification: a, e, f (x40), d
(x100), b,c (x200).

(0.36-1.25)] and normal epithelial cells of AOM treated
mice [0.36 (0.12-0.93)].

Discussion

The main goal of this study was to analyse the expression
profile of protumorigenic genes that have been implicated in
human colorectal carcinogenesis in mouse models of spo-
radic and colitis-associated tumorigenesis. A limiting factor
in the analysis of genes that are altered in neoplastic cells is
the difficulty of separating these cells from the compart-
ments of the stroma or surrounding normal epithelial cells.
In the present study, we used laser microdissection to isolate
populations of high-grade dysplasia/intramucosal carcinoma
cells and corresponding adjacent normal epithelium. We
showed for the first time differences in the expression of
selective proproliferative and antiapoptotic genes between
these epithelial

neoplastic cells and the surrounding
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*P < 0.001; **P < 0.05.

compartment in mouse models of sporadic and colitis-associ-
ated CRC.

In both colitis-associated and sporadic mouse models of
CRC, higher gene expression levels for TERT, COX-2 and
Tcf-4 were observed in neoplastic cells than in adjacent
normal epithelium. Telomerase is an enzyme whose activa-
tion is thought to play an important role in cell growth and
immortality and in some human cancers TERT mRNA levels
were found to be correlated with telomerase activity (Arina-
ga et al. 2000; Yan et al. 2001; Nowak ez al. 2003). Similar
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Neoplasia Normal

to the results obtained by Ohno et al. (2001) in urethane-
induced lung tumour in A/J mice, we found upregulation of
mouse TERT mRNA in both models of CRC. However, the
question is how telomerase activation contributes to tumour
development, because telomerase activation does not seem
to be essential for tumour development in mice, as tumours
have also been found in telomerase-deficient mice (Rudolph
et al. 1999). In this regard, it is noteworthy that telomerase
not only compensates for natural telomere erosion (reverse
transcriptase function) and thus contributes to permanent
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Figure 5 Gene expression in intraepi-
thelial neoplasia (high-grade dyspla-
sia/intramucosal carcinoma cells) and
adjacent normal epithelium in colons of
A/J mice treated repeatedly with
azoxymethane. For further details see
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cell growth but that TERT is also able to activate progenitor
cells by controlling Myc- and Wnt-related transcription
pathways (Choi et al. 2008). This idea is supported by the
finding that c-Myc is a known target of the Wnt pathway
and is a downstream signal controlling intestinal prolifera-
tion (Sansom et al. 2007). Similarly, we observed in both
cancer models a large upregulation of Tcf-4, a transcription
factor that has been implicated as a player in the activation
of Wnt/B-catenin/TCF signalling pathways and in tumori-
genesis (Duval et al. 2000). In addition, an increased level of

Figure 4. *P < 0.001; **P < 0.01;
P < 0.05.

Tcf-4 mRNA was found in human cancer tissues (Barker
et al. 2000). Our data suggest that both sporadic and colitis-
associated models of CRC are associated with activation of
the Wnt pathway and constitutive upregulation of the Tcf-4
transcript.

Consistent with the fact that survivin is a target gene of
the Wnt/B-catenin signalling pathway and that Tcf-4 is one
of the major transcription factors involved in the regulation
of survivin promoter activity (Zhang et al. 2001), we
observed upregulation of survivin mRNA expression in the
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model of sporadic CRC. These findings are in line with the
mouse model of colon carcinogenesis induced by 1,2-dimeth-
ylhydrazine (Mori et al. 2007), a metabolite of AOM, and
with most human tumours (Altieri 2003). Our ICR data,
however, seem to contradict these observations. Using qRT-
PCR, we did not find any upregulation of survivin mRNA.
The opposite situation was observed with expression of ILK,
which has been shown to be upregulated in malignant trans-
formations of human epithelial cells (Marotta et al. 2003;
Bravou et al. 2006). The level of ILK mRNA was increased
in ICR mice treated with AOM and DSS, but not in A/]
mice treated only with AOM. These findings indicate that
ILK might play a role in colon carcinogenesis that is associ-
ated with successive rounds of colonic inflammation induced
by DSS following an initial genotoxic insult. Notably in this
regard, ILK intestinal knockout mice treated with AOM and
DSS showed tumour growth retardation, probably as a
result of reduced proliferation and enhanced apoptosis (Assi
et al. 2008). However, the association of ILK with colon
carcinogenesis is based primarily on clinical samples and
some recent data indicate that elevated levels of ILK are
associated with cellular differentiation in many high-turn-
over tissues and not generally with a malignant phenotype
(Haase et al. 2008).

Cytodifferentiation of colon epithelial cells is associated
with reduced expression of ¢-MYB. Conversely, c-MYB is
frequently overexpressed in human colon cancer (Ramsay
et al. 1992). In addition, potential binding sites for ¢-MYB
were identified within mouse and human COX-2 promotors
(Ramsay et al. 2000). To establish whether a similar pattern
of alterations may also be present in a mouse tumorigenesis,
analysis of c-MYB mRNA levels was undertaken in colon
neoplastic cells and adjacent normal colonic epithelium. A
quite different pattern of alterations was found in mouse,
suggesting that colon tumorigenesis in ICR and A/J mice
may occur without increased expression of c-MYB, but with
large elevation of COX-2 mRNA in both mouse models.
These findings indicate that COX-2 upregulation during
tumorigenesis may be driven by a distinct pathophysiological
mechanism.

The significant protumorigenic effect of COX-2 on the
development of colorectal tumours has been well docu-
mented not only in the sporadic (Oshima et al. 1996; Fuku-
take et al. 1998) but also in the colitis-associated model of
CRC (Tanaka et al. 2003; Kim et al. 2008). Also, our data
suggest a markedly increased level of COX-2 mRNA in neo-
plastic cells in both models of tumorigenesis. However, both
these models illustrate the lack of correlation between COX-
2 mRNA and iNOS mRNA, even though upregulation of
both enzymes has been found in ICR mice treated with
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AOM and DSS using immunohistochemistry and Western
blot assay (Tanaka et al. 2003; Kim et al. 2008). One possi-
ble explanation for this discrepancy might be that iNOS
overexpression is at least partly localized to tumour stroma,
especially to tumour-associated macrophages (Wei et al.
2003), and these cells were significantly reduced by the laser
microdissection approach. It is also possible that there is no
simple relationship between steady state transcript level and
matured protein. Nevertheless, recent data from Seril ef al.
(2007) indicate that mouse iNOS is not essential for the
development of colitis-associated tumorigenesis, even though
iNOS inhibition attenuated tumorigenesis in mice treated
with DSS (Kohno et al. 2007).

In conclusion, we demonstrated differences between the
expression profiles of protumorigenic genes in colitis-associ-
ated colon tumorigenesis and sporadic tumorigenesis. Our
findings suggest that the genetic background and/or molecu-
lar mechanisms of tumorigenesis associated with genotoxic
insult and colonic inflammation significantly influence the
expression of mTERT, COX-2, Tcf-4, ¢-MYB, ILK and
survivin.
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