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Abstract. Background: The TGF-( signaling repressors SnoN and Ski have been critically implicated in human cancer.

Methods: To explore the role of SnoN and Ski in the development and progression of colorectal cancer we examined their
protein expression profile by immunohistochemistry in a series of human colorectal adenomas, carcinomas and lymph node
metastases. The mRNA expression of SnoN was also quantified by Real-Time RT-PCR.

Results: SnoN and Ski were overexpressed both in adenomas with severe dysplasia and colorectal carcinomas. Protein expres-
sion was cytoplasmic and nuclear with predominant cytoplasmic localization. The subcellular localization was related differently
to pathologic variables of colorectal carcinomas. Although there was no significant association of protein levels with tumor in-
vasion and metastasis, a significant correlation of nuclear SnoN and Ski with 3-catenin pathway was observed. Moreover, SnoN
mRNA did not differ in carcinomas as compared to normal control and there was no correlation between SnoN protein and
mRNA levels.

Conclusion: Our findings suggest that SnoN and Ski exert oncogenic effects in human colorectal carcinogenesis and their

overexpression is implicated in early stage disease.
Keywords: Colorectal cancer, SnoN, Ski, TGF-3, 3-catenin

1. Introduction

Colorectal cancer is a major cause of morbidity and
mortality worldwide. The process of malignant trans-
formation from normal tissue to invasive carcinoma
during colorectal carcinogenesis involves the accumu-
lation of genetic alterations in proliferating cells as
well as the accumulation of chromosomal aberrations
[1]. Transforming growth factor-beta (TGF-0) signal-
ing pathway is known to play a central but complex
role in the development and progression of colorec-
tal cancer [2]. TGF-0 induces growth arrest of colon
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epithelial cells and exerts tumor suppressing activity
in early stages of colorectal carcinogenesis. However,
it is also known to induce epithelial to mesenchymal
transition (EMT) and to promote colorectal cancer in-
vasion and metastasis [3]. Understanding how specific
alterations in TGF-{ signaling pathway contribute to
the development and progression of colorectal cancer
could provide novel opportunities for anticancer thera-
pies.

SnoN and Ski are important negative regulators of
TGF-3 signaling since they interact with Smad pro-
teins and repress their transcriptional activity [4]. They
are considered to be oncoproteins based on their abil-
ity to induce oncogenic transformation of chicken and
quail embryo fibroblasts when overexpressed [5,6].
Moreover, overexpression of SnoN and Ski inhibits
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TGF-(-induced growth arrest [7,8]. In accordance to
these, up-regulation of SnoN and/or Ski expression
has been detected in melanoma [9], breast cancer
[10], pancreatic cancer [11] and esophageal squamous
cell carcinoma (SCC) [12]. However, it has also been
shown that SnoN and Ski may act as tumor suppres-
sors since ski and sno deficient mice show increased
susceptibility to tumorigenesis [13,14].

In colorectal cancer, gene amplification of Ski has
been identified as a negative prognostic marker in
early-stage disease [15], while SnoN mRNA expres-
sion has been found to be differentially regulated de-
pending on the microsatellite status of the tumor [16].
Amplification and deletion of SnoN and Ski genes,
as well as up- or downregulation of SnoN mRNA in
colorectal cancer specimens suggests that they exert
both oncogenic and tumor suppressive functions in col-
orectal carcinogenesis. However, the protein expres-
sion profile of the TGF-{ repressors in human colorec-
tal cancer has never been addressed and their precise
role in colorectal carcinogenesis remains elusive.

This study aimed to elucidate the role of SnoN and
Ski in human colorectal cancer development and pro-
gression. Therefore, we examined, in a series of pri-
mary human colorectal adenomas, carcinomas (CRCs)
and concurrently excised lymph node (LN) metastases
the protein levels and cellular localization of SnoN and
Ski. We also studied the correlation of SnoN and Ski
protein expression with clinicopathological variables
of colorectal cancer as well as with the expression of
(-catenin that is strongly linked to colorectal carcino-
genesis [17,18]. We finally quantified SnoN mRNA by
Real-Time RT-PCR to see whether transcript expres-
sion is related to SnoN protein levels in CRCs.

2. Materials and methods
2.1. Tissue specimens

The study was performed in accordance with the In-
stitutional ethical guidelines and has been approved by
the Committee on Research and Ethics and the Scien-
tific Committee of the University Hospital of Patras,
Greece. Formalin-fixed, paraffin-embedded (FFPE)
tissue samples from 87 primary human CRCs and
23 concurrently excised nodal metastases as well as
20 paired normal colorectal tissue samples were ob-
tained from the Departments of Pathology, “Agios An-
dreas” General Hospital and University Hospital of Pa-
tras, Greece. According to the American Joint Com-

mittee on Cancer Criteria (AJCC), from the 87 CRCs,
19 were classified as stage 0, 13 as stage I, 26 as
stage II and 29 as stage III. Based on the WHO clas-
sification of tumors, from the 87 carcinomas, 30 were
grade I, 28 grade II and 29 grade III. Clinicopatholog-
ical parameters of the paraffin-embedded tissue speci-
mens are shown in Tables 1 and 2.

Seven of the above and 4 extra primary CRC spec-
imens were also available as fresh-frozen tissue. For
these 11 fresh-frozen specimens, paired normal col-
orectal tissue was also available.

2.2. Immunohistochemistry

Immunohistochemistry was performed as previ-
ously described [17]. Rabbit polyclonal anti-SnoN
and anti-Ski antibodies (Santa Cruz Biotechnology,
Inc., Santa Cruz, CA, USA) were used in dilutions
1:80 and 1:60, respectively, overnight at 4°C. Bound
primary antibodies were detected with the biotin—
streptavidine—peroxidase method (Envision detection
kit, DAKO, Hamburg, Germany). For negative con-
trols, blocking solution was added instead of the pri-
mary antibody. Melanoma and breast carcinoma were
used as positive controls for Ski and SnoN respectively.

2.3. Immunohistological evaluation

All slides were assessed by two pathologists (HP
and VB) independently and blinded to the case. Cy-
toplasmic expression of SnoN and Ski was homoge-
neously distributed and intensity of staining was scored
as follows: 0 — negative staining, 1 — weak staining,
2 — moderate staining and 3 — strong staining. For nu-
clear expression of SnoN and Ski both intensity of
staining and percentage of positive cells were taken
into account and the following scoring system was
used: 0 — no staining or weak staining in less than 10%
of tumor cells, 1 — weak staining in 10-70% of tu-
mor cells or moderate staining in <40% of tumor cells,
2 — weak staining in >70% of cells, moderate staining
in 40-70% of tumor cells or strong staining in 10-40%
of tumor cells and 3 — moderate staining in >70% or
strong staining in more than 40% of tumor cells.

2.4. Immunoblotting

Fresh-frozen tissues were lysed with buffer contain-
ing 1% Triton-X, 10 mM EDTA pH 8.0 and protease
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Table 1
SnoN expression in human colorectal carcinomas and lymph node metastases. Correlation with clinicopathological parameters
N SnoN? Cytoplasmic SnoNP p value? Nuclear SnoNP p value?
0 1 2 3 0 1 2 3
n (%) n (%)
Carcinomas 87 83 6 19 37 25 45 24 10 8
(95.4) (6.9) (21.8) (42.5) (28.7) (51.7) (27.6) (11.5) 9.2)
In situ® 19 19 1 4 12 2 0.324 8 8 1 2 0.579
(100) (5.3) (21.1) (63.2) (10.5) (42.1) (42.1) (5.3) (10,5)
Invasive 68 64 5 15 25 23 37 16 9 6
(94.1) (7.4) (22.1) (36.8) (33.8) (54.4) (23.5) (13.2) (8.8)
Depth of 0.595 0.139
invasiond
Tis 19 19 1 4 12 2 8 8 1 2
(100) (5.3) (21.1) (63.2) (10.5) (42.1) (42.1) (5.3) (10.5)
T1+ T2 13 13 0 2 8 3 10 2 1 0
(100) 0) (15.4) (61.5) (23.1) (76.9) (15.4) (7.7) 0)
T3 + T4 55 51 5 13 17 20 27 14 8 6
(92.7) 9.1) (23.6) (30.9) (36.4) (49.1) (25.5) (14.5) 9.2)
Grade 0.599 0.012
I 30 29 2 6 16 6 18 8 2 2
(96.7) (6.7) (20) (53.3) (20) (60) (26.7) (6.7) (6.7)
I 28 27 1 7 9 11 17 5 4 2
(96.4) (3.6) (25) (32.1) (39.3) (60.7) (17.9) (14.3) (7.1)
I 29 27 3 6 12 8 10 11 4 4
(93.1) (10.3) (20.7) (41.4) (27.6) (34.5) (37.9) (13.8) (13.8)
Presence of 0.103 0.109
LN metastasis
No 59 58 2 11 28 18 34 15 5 5
(98.3) (3.4) (18.6) (47.5) (30.5) (57.6) (25.4) (8.5) (8.5)
Yes 28 25 4 8 9 7 11 9 5 3
(89.3) (14.3) (28.6) (32.1) (25) (39.3) (32.1) (17.9) (10.7)
AJCC stage 0.032 0.198
0 19 19 1 4 12 2 8 8 1 2
(100) (5.3) (21.1) (63.2) (10.5) (42.1) (42.1) (5.3) (10.5)
I+1I 39 38 1 6 16 16 25 7 4 3
(97.6) (2.6) (15.4) 41 41 (64.1) (17.9) (10.3) (1.7)
1 29 26 4 9 9 7 12 9 5 3
(89.7) (13.8) 31 31 (24.1) (41.4) 31 (17.2) (10.3)
PT-LN® 0.631 0.105
Primary 23 20 4 7 7 5 9 8 4 2
tumors 87) (17.4) (30.4) (30.4) (21.7) (39.1) (34.8) (17.4) 8.7)
LN 23 21 4 4 10 5 7 4 4 8
metastases 91.3) (17.4) (17.4) (43.5) (21.7) (30.4) (17.4) (17.4) (34.8)

4Positive SnoN protein expression regardless of subcellular localization (includes all cases with only cytoplasmic, only nuclear or both cyto-
plasmic and nuclear SnoN expression). bCytoplasmic and nuclear SnoN expression was scored as described in Section 2.3. bKruskal-Wallis or
Mann-Whitney test. p value < 0.05 was considered statistically significant. In sifu is referred to the Tis staging category of TNM classification
and includes intraepithelial and intramucosal carcinomas. dAccording to TNM classification. *PT-LN: primary tumors (PT) and corresponding
lymph node (LN) metastases.
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Table 2
Ski expression in human colorectal carcinomas and lymph node metastases. Correlation with clinicopathological parameters
N Ski? Cytoplasmic SkiP p value? Nuclear SkiP P value?
0 1 2 3 0 1 2 3
n (%) n (%)
Carcinomas 70 53 17 17 28 8 56 3 9 2
(75.7) (24.3) (24.3) (40) (11.4) (80) 4.3) (12.9) (2.9)
In situ® 11 6 5 3 3 0 0.039 9 1 1 0
(54.5) (45.5) (27.3) (27.3) 0) (81.8) .1 .1 0) 0.781
Invasive 59 47 12 14 25 8 47 2 8 2
(79.7) (20.3) (23.7) (42.4) (13.6) (79.7) (34) (13.6) 34
Depth of 0.068 0.787
invasiond
Tis 11 6 5 3 3 0 9 1 1 0
(54.5) (45.5) (27.3) (27.3) 0) (81.8) ©.1) .1 0)
T1+ T2 13 13 0 4 5 4 11 1 1 0
(100) 0) (30.8) (38.5) (30.8) (84.6) (71.7) 7.7 0)
T3+ T4 46 34 12 10 20 4 36 1 7 2
(73.9) (26.1) (21.7) (43.5) 8.7 (78.3) (2.2) (15.2) 4.3)
Grade 0.189 0.490
I 18 12 6 5 5 2 16 1 1 0
(66.7) (33.3) (27.8) (27.8) (11.1) (88.9) (5.6) (5.6) 0)
I 24 19 5 3 11 5 18 1 5 0
(79.2) (20.8) (12.5) (45.8) (20.8) (75) 4.2) (20.8) 0)
I 28 22 6 9 12 1 22 1 3 2
(78.6) (21.4) (32.1) (42.9) (3.6) (78.6) (3.6) (10.7) (7.1)
Presence of 0.027 0.349
LN metastasis
No 42 34 8 8 19 7 32 2 7 1
81) (19) (19) (45.2) (16.7) (76.2) (4.8) (16.7) 2.4)
Yes 28 19 9 9 9 1 24 1 2 1
(67.9) (32.1) (32.1) (32.1) (3.6) (85.7) (3.6) (7.1) (3.6)
AJCC stage 0.001 0.522
0 11 [§ 5 3 3 0 9 1 1 0
(54.5) (45.5) (27.3) (27.3) 0) (81.8) .1 .1 0)
I+1 31 28 3 5 16 7 23 1 6 1
(90.3) 9.7 (16.1) (51.6) (22.6) (64.1) (3.2) (10.3) (3.2)
111 28 19 9 9 9 1 24 1 2 1
(67.9) (32.1) (32.1) (32.1) (3.6) (74.2) (3.6) (19.4) (3.6)
PT-LN® 0.066 0.934
Primary 21 12 9 8 4 0 18 0 2 1
tumors (57.1) (42.9) (38.1) (19.0) 0) (85.7) 0) 9.5) (4.8)
LN 21 15 7 2 10 2 19 2 0 1
metastases (71.4) (33.3) 9.5) (47.6) 9.5) (85.7) 9.5) 0) (4.8)

4Positive Ski protein expression regardless of subcellular localization (includes all cases with only cytoplasmic, only nuclear or both cytoplasmic
and nuclear Ski expression). bCytoplasmic and nuclear Ski expression was scored as described in Section 2.3. bK ruskal-Wallis or Mann—Whitney
test. p value < 0.05 was considered statistically significant. “In situ is referred to the Tis staging category of TNM classification and includes
intraepithelial and intramucosal carcinomas. ClAccording to TNM classification. *PT-LN: primary tumors (PT) and corresponding lymph node
(LN) metastases.
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inhibitors. Lysates were then sonicated 3 times for 10 s
and centrifuged to obtain supernatants. Prior to im-
munoblotting protein lysates were mixed with loading
buffer containing 160 mM Tris (pH 6.8), 20% glyc-
erol, 4% SDS, 0.01% bromophenol blue and 200 mM
dithiothreitol. Immunoblotting was performed using
standard procedures and proteins were detected us-
ing the ECL detection system (GE Healthcare UK
Ltd., Buckinghamshire, UK). Rabbit polyclonal anti-
SnoN (Santa Cruz Biotechnology, Inc., Santa Cruz,
CA, USA) and mouse monoclonal anti-Actin (Abcam
plc, Cambridge, UK) primary antibodies were used.

3. RNA extraction and real-time RT-PCR

Total RNA was extracted from formalin-fixed paraf-
fin embedded tissue specimens as previously described
[19]. For RNA isolation from CRCs, FFPE blocks that
contained only tumor were selected after careful ex-
amination of hematoxylin and eosin stained sections
so as to diminish contamination with adjacent nor-
mal colon tissue. Similarly for RNA isolation from
normal tissues, FFPE blocks that contained only nor-
mal colon tissue (from free of disease surgical mar-
gins) were selected. From the fresh-frozen tissue sam-
ples, total RNA was extracted using the Absolutely
RNA RT-PCR kit (Stratagene, La Jolla, USA) accord-
ing to the manufacturer’s instructions. For the samples
that both formalin-fixed paraffin-embedded and fresh-
frozen tissue was available, the fresh-frozen tissue was
used for RNA extraction. DNA-free total RNA was
quantified using Ribogreen (Molecular Probes, Leiden,
The Netherlands) and the MX3000p (Stratagene, La
Jolla, USA) according to the manufacturer’s instruc-
tions.

Quantitative RT-PCR was performed with SnoN-
specific primers (forward: 5'-GGCTGAATATGCAGG
ACAG-3/, reverse: 5'-TGAGTTCATCTTGGAGTTC
TTG-3'), as previously described [20].

4. Statistical analysis

Statistical analysis was performed with the SPSS for
Windows, release 12.0 (SPSS Inc., Chicago, IL, USA).
Correlations of clinicopathological parameters with
protein or mRNA expression levels were analyzed with
the non-parametric Kruskal-Wallis or Mann—Whitney
tests for ordinal or continuous data. Differences be-
tween related groups were tested with Wilcoxon test.

Correlations between expression of proteins (immuno-
histochemical scores) as well as between protein and
mRNA levels were evaluated by the Spearman rank-
order correlation coefficient. All ranking tests were
performed with correction for ties. The significance
level was defined as p < 0.05.

5. Results

5.1. SnoN protein is overexpressed in human
colorectal tumors

To address the role of the oncoprotein SnoN in
colorectal carcinogenesis we used immunohistochem-
ical staining on 87 primary colorectal carcinomas and
23 lymph node metastases. In 19 cases of CRCs, pre-
cancerous lesions (adenomas) were present adjacent to
the tumor and they were also evaluated for SnoN ex-
pression.

In adjacent normal colon mucosa expression of
SnoN protein was either absent or weak cytoplasmic
(Fig. 1A). In adjacent adenomas, intense cytoplasmic
and nuclear immunoreactivity for SnoN was observed
in areas with severe dysplasia, while mild or mod-
erate dysplasia showed negative or weak cytoplasmic
SnoN expression (Fig. 1(B and C)). Immunoreactiv-
ity for SnoN in CRCs was observed in the cytoplasm
and nucleus of cancer cells (Fig. 1D) and variations
were observed both in the SnoN expression levels and
localization patterns. Eighty three out of 87 (95.4%)
primary CRCs overexpressed SnoN either in the cy-
toplasm or nucleus. Cytoplasmic localization of SnoN
was found in 81/87 carcinomas (93.1%), while nuclear
staining was detected in 42/87 (48.3%) cases. Both
cytoplasmic and nuclear SnoN expression was signifi-
cantly higher in carcinomas compared to normal colon
mucosa (p = 0.002 and p < 0.001, respectively) while
no significant difference was observed between inva-
sive and in sifu carcinomas (p = 0.324 and p = 0.579
for cytoplasmic and nuclear SnoN, respectively). Cy-
toplasmic SnoN correlated significantly with disease
stage (p = 0.032) with AJCC I and II carcinomas ex-
pressing higher levels of SnoN in the cytoplasm com-
pared with tumors of stage 0 or III (Fig. 2(A-C)).
A statistical significant correlation was also found be-
tween nuclear SnoN and tumor grade (p = 0.012) with
poorly differentiated carcinomas showing higher lev-
els of nuclear SnoN compared to well differentiated tu-
mors as shown in Fig. 2(D-F). However, there were no
significant correlations between cytoplasmic or nuclear
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Fig. 1. SnoN expression in human colorectal cancer. (A) Normal colon mucosa with negative SnoN expression. (B) Negative SnoN staining in an
adenoma with mild dysplasia. (C) Adenoma with high grade dysplasia showing cytoplasmic and nuclear immunoreactivity of SnoN. (D) Strong
cytoplasmic and nuclear SnoN expression in an invasive carcinoma. (E, F) Representative cases of a primary tumor (E) and corresponding lymph
node metastases (F) showing similar cytoplasmic and nuclear expression levels of SnoN (400X magnification). Inserts in lower left corner show
the subcellular localization of immunostaining in each case at higher magnification (2 x original objects). Bar corresponds to 50 um.

SnoN expression and other clinicopathological para-
meters such as depth of invasion or presence of LN
metastases (Table 1).

Furthermore, 21 out of 23 LN metastases (91.3%)
were positive for SnoN either in nucleus or cyto-
plasm. Cytoplasmic and nuclear SnoN expression was
found in 19/23 (82.6%) and 16/23 (69.6%) cases, re-
spectively. However, there was no statistical signifi-
cant difference in SnoN cytoplasmic or nuclear expres-
sion levels between primary tumors and lymph node
metastases (p = 0.631 and p = 0.105, respectively)
(Fig. 1(E and F)) (Table 1).

Immunoblotting in 11 cases of paired primary CRCs
and normal colon specimens revealed SnoN protein
expression in 9 out of 11 neoplastic tissue samples
(81.8%) but only in 1 out of the 11 (9.09%) normal tis-
sue samples. SnoN protein, in the rest 10 normal tissue
samples, was absent (Fig. 3 and data not shown).

5.2. Ski protein is overexpressed in human colorectal
tumors

As Ski is functionally related to SnoN we also ex-
amined its levels in a representative subset of our tu-
mors. Specifically, Ski protein expression was studied
by immunohistochemistry in 70 primary human CRCs
and 21 LN metastases. Expression of Ski in normal
colon mucosa was negative or weak cytoplasmic, while
53/70 (75.7%) carcinomas overexpressed Ski. In ad-
jacent adenomas, Ski expression was cytoplasmic and
nuclear and it was higher in areas of severe dyspla-
sia compared to areas with lower degree of dysplasia.
In carcinomas, staining for Ski was only cytoplasmic
(39/70, 55.7%) or cytoplasmic and nuclear (14/70,
20%) (Fig. 4(A-D)). Cytoplasmic Ski expression was
overall found in 53 /70 carcinomas (75.7%) while nu-
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Fig. 2. Subcellular SnoN localization differentially correlates to tumor stage and grade. (A—C) Cytoplasmic SnoN expression correlates with
disease stage. Higher cytoplasmic expression of SnoN in a stage II tumor (B) compared to tumors of stage 0 (A) or III (C). (D-F) Nuclear SnoN
correlates with tumor grade. Negative nuclear SnoN staining in a grade I tumor (D). Weak SnoN nuclear expression in a grade II carcinoma (E).
A grade III tumor showing strong nuclear immunoreactivity for SnoN (F) (400X magnification). Inserts in lower left corner show the subcellular
localization of immunostaining in each case at higher magnification (2 original objects). Bar corresponds to 50 pm.

1 2 3 4
n ca n ca n ca n ca

Fig. 3. SnoN expression by immunoblotting in four representative surgical specimens of human primary CRCs. Protein expression is absent in

matched normal tissue. Actin antibody was used as a loading control. n — normal tissue, ca — neoplastic tissue.

clear localization was detected in only 14 cases (20%).
Cytoplasmic and nuclear Ski expression was signifi-
cantly higher in carcinomas compared to normal con-
trol (p = 0.008 and p < 0.001, respectively). Inva-
sive tumors showed higher expression of Ski in the cy-
toplasm compared to in situ carcinomas (p = 0.039).
There was also a significant correlation of cytoplas-
mic Ski with disease stage (p = 0.001) and, similar to
SnoN, AJCC I and II carcinomas showed higher lev-
els of Ski compared to tumors of stage O or III. How-
ever, there was no significant correlation between cy-
toplasmic or nuclear Ski with other clinicopathological
parameters under evaluation (Table 2).

Furthermore, Ski was expressed in either the cyto-
plasm or nucleus in 15/21 (71.4%) LN metastases. Cy-

toplasmic and nuclear staining was observed in 14/21
(66.7%) and 3/21 (14.3%) of cases, respectively. No
significant difference was found in the cytoplasmic or
nuclear expression levels of Ski between primary tu-
mors and nodal metastases (p = 0.066 and p = 0.934,
respectively) (Table 2, Fig. 4(E and F)).

5.3. SnoN and Ski expression in human colorectal
cancer correlates with activation of the
(B-catenin pathway

We next examined the potential correlation of SnoN
and Ski protein expression with the expression of
[-catenin that is known to be critically implicated in
colorectal carcinogenesis [17,18]. We have previously
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Fig. 4. Ski expression in human colorectal cancer. (A) Normal colon mucosa with negative Ski expression. (B) Weak Ski staining in an adenoma.
(C) Adenoma with high grade dysplasia showing intense cytoplasmic and nuclear expression of Ski. (D) Cytoplasmic and nuclear Ski expression
in an invasive mucinous carcinoma. (E, F) Comparable cytoplasmic expression levels of Ski in a case of nodal metastasis (F) compared to the
corresponding primary tumor (E) (400X magnification). Inserts in lower left corner show the subcellular localization of immunostaining in each
case at higher magnification (2x original objects). Bar corresponds to 50 pm.

shown that activation of [-catenin is frequently ob-
served in colorectal cancer and correlates with tumour
progression [17]. In 80 CRCs that were identical in
both studies nuclear staining for [-catenin was ob-
served in 92.5% of cases. Interestingly, both nuclear
SnoN and nuclear Ski correlated with nuclear expres-
sion of (-catenin (r = 0.269, p = 0.020 and r =
0.260, p = 0.024, respectively) (Fig. 5).

5.4. Transcriptional upregulation is not the
underlying cause of high SnoN protein
expression in human colorectal carcinomas

To distinguish whether the SnoN protein overex-
pression in colorectal cancer is due to transcriptional
upregulation, we examined SnoN transcript levels by
real-time RT-PCR in 45 paraffin-embedded CRCs and

20 paired normal tissue specimens as well as in
11 paired fresh-frozen CRCs and normal samples.

SnoN mRNA was expressed in 20/20 (100%) nor-
mal tissues and in 42/45 (93.3%) carcinomas from
paraffin-embedded specimens with median values
0.875 and 0.772, respectively. When SnoN mRNA ex-
pression was examined in the 20 paraffin embedded
CRC:s relative to matched normal specimens, no sta-
tistical significant difference was found (median fold
difference: 1.125, range: 0.13-3.33).

In the fresh-frozen samples SnoN mRNA was de-
tected in all tissue specimens, both neoplastic and nor-
mal. There was no statistical significant difference in
the mRNA levels of SnoN in CRCs as compared to nor-
mal control (median fold difference: 1.36, range: 0.43—
3.39).

While SnoN mRNA expression was found in all nor-
mal colon tissue specimens, SnoN protein expression
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Fig. 5. Nuclear SnoN and Ski expression correlates with activation of 3-catenin in colon cancer. (A—C) Adjacent sections of a colon carcinoma
showing negative nuclear expression of SnoN (A) and Ski (B) and normal membranous expression of 3-catenin (C). (D-F) Adjacent sections of
a tumor showing intense nuclear localization of SnoN (D), Ski (E) and 3-catenin (F) (400x magnification). Inserts in lower left corner show the
subcellular localization of immunostaining in each case at higher magnification (2 original objects). Bar corresponds to 50 pm.

was absent or very low. Moreover, in the 45 paraffin-
embedded and 11 fresh frozen carcinomas SnoN pro-
tein levels did not correlate with SnoN mRNA levels.

6. Discussion

Defects in TGF-( signal transduction are common
in colorectal cancer indicating an important role of the
TGF-3 pathway in colorectal carcinogenesis. While
previous studies suggest a critical involvement of the
TGF-{ repressors Ski and SnoN in human cancer, their
role in colorectal carcinogenesis has not been fully
addressed. The current study reports that SnoN and
Ski protein overexpression is implicated in the devel-
opment of human colorectal cancer and suggests that
the subcellular localization, correlation with 3-catenin
activation and increased protein stability significantly
contribute to the oncogenic role of the TGF-{ repres-
sors in colorectal carcinogenesis.

In the present study, SnoN and Ski proteins were
found to be overexpressed in CRCs compared to nor-
mal control indicating their oncogenic role in colorec-
tal carcinogenesis. While previous analyses of gene
copy status and mRNA expression of SnoN and Ski in
CRCs suggest a dual tumor promoting and tumor sup-
pressive role of the TGF- (3 repressors in colorectal can-
cer [15,16], protein overexpression of Ski and SnoN
has been reported in other human malignancies [9-12].

Consistent to their role as oncoproteins, overexpres-
sion of the SnoN and Ski has been also shown to inhibit
TGF-(-induced growth arrest. In addition, we showed
that SnoN and Ski protein accumulation is evident
from early stages of colorectal carcinogenesis such as
adenomas and it did not correlate with tumor invasion
and metastases. Our findings indicate that overexpres-
sion of the TGF-J repressors is not implicated in CRC
progression and metastasis but it is rather important
for colorectal cancer development. Collectively, over-
expression of SnoN and Ski seem to contribute to the
resistance of colon cancer cells to the tumour suppres-
sive functions of TGF-(3, exerted in early stage disease,
adding to the complexity of the TGF-/3 signaling path-
way deregulation observed in human colorectal cancer.

‘We also showed that cytoplasmic levels of SnoN and
Ski while high in stage I-II carcinomas they signifi-
cantly decrease in stage III carcinomas and LN metas-
tases. Interestingly, it has been previously suggested
that SnoN expression may be regulated differently at
distinct stages of carcinogenesis [21]. This regulated
expression of SnoN may contribute to the dual role of
TGF-( signaling in cancer: early in the course of tumor
development, increased levels of SnoN or Ski protein
could mediate resistance to TGF-g8 growth inhibition,
while at later stages of cancer progression lower levels
of SnoN and Ski may allow TGF-{ to promote cancer
cell invasion and metastasis.

An important finding of our study was that nu-
clear SnoN expression in CRCs correlated with ad-
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vancing tumor grade. The TGF-3 pathway is known
to be critically involved in intestinal epithelial cell
differentiation processes [22,23]. Since it negatively
regulates TGF-/3, SnoN may interfere with the nor-
mal differentiation process of the intestinal epithelial
cells thus contributing to CRC development and tumor
de-differentiation. Moreover, increased nuclear SnoN
seems to mark tumors with poor differentiation and
thus a more aggressive behavior suggesting its poten-
tial prognostic significance in the disease.

We also demonstrated a significant correlation of
SnoN and Ski nuclear expression with the activation
of (3-catenin that is strongly linked to colorectal car-
cinogenesis [18]. In line with our finding, TGF-{ sig-
naling inactivation has been shown to interact with
(-catenin pathway to drive intestinal carcinogenesis in
transgenic mice [24]. Ski has been also shown to be
a potent inducer of (-catenin signaling in melanoma
[25]. It seems likely that the TGF-/3 repressors and the
(-catenin pathway functionally interact and cooperate
to promote colorectal carcinogenesis.

It has also become evident from our study that not
only the protein levels but also the intracellular local-
ization of the TGF-/3 repressors may be of importance
for colorectal carcinogenesis. SnoN and Ski in CRCs
were localized in both the cytoplasm and the nucleus
of cancer cells with predominance of cytoplasmic lo-
calization. While Krakowski et al. have previously re-
ported that SnoN is nuclear in malignant tumors [26],
other studies have shown both cytoplasmic and nuclear
localization of the TGF-( repressors in human ma-
lignancies [9-12]. In addition, our findings show that
cytoplasmic and nuclear SnoN and Ski related differ-
ently to pathologic variables of CRCs such as stage
and grade and only nuclear expression correlated to
(-catenin signaling. Distinct localization patterns in
relation to different tumour characteristics have been
also reported for SnoN in breast carcinomas [10]. It is
also known that while nuclear SnoN represses Smad
transcriptional activity, cytoplasmic SnoN antagonizes
TGF-/ signaling by sequestering the Smad proteins in
the cytoplasm [26]. Taken together, these data suggest
that the subcellular localization of the TGF-3 repres-
sors in CRCs may produce different patterns of down-
stream responses, thus differentially affecting colorec-
tal cancer biology.

In contrast to the overexpression of SnoN protein
observed in all tumors compared to adjacent normal
colon, SnoN mRNA did not differ significantly be-
tween CRCs and controls. Furthermore, there was no
statistical significant correlation between SnoN pro-

tein and mRNA expression levels. Overexpression of
SnoN in human cancer could occur by different mech-
anisms such as gene amplification, transcriptional up-
regulation or increased protein stability. However, the
distinct mRNA and protein expression profile suggests
that the excess of SnoN protein we observed in col-
orectal cancer may be due to dysregulation of pro-
teasome degradation rather than transcriptional upreg-
ulation. This hypothesis is supported by recent ev-
idence in esophageal cancer cells where abrogation
of SnoN degradation caused resistance to TGF-j-
mediated growth arrest [27]. Mutations that could ren-
der inert the proteins which mediate SnoN protein
degradation [28-31] or mutations that could confer
degradation-resistance characteristics to SnoN leading
to colorectal cancer is an interesting possibility that
needs to be investigated.

Collectively, the above findings implicate SnoN and
Ski protein overexpression in early stages of human
colorectal carcinogenesis and provide evidence that in-
creased nuclear SnoN represents a potential marker of
poorly differentiated tumors. The subcellular localiza-
tion of the TGF-{ repressors and their correlation with
the (J-catenin pathway seem also to be important for
their oncogenic role in colorectal cancer. The distinct
protein and mRNA expression profile, finally, indicates
that increased protein stability may account for the pro-
tein accumulation of SnoN in colorectal cancer.
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