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Abstract Colorectal cancer (CRC) can be divided into non-
mucinous andmucinous subtypes, of which the latter portends to
have a worse clinical prognosis. A previous study suggested a
putative link between SOX2 expression observed selectively in
mucinous CRC and the induction of the gastric mucin
MUC5AC. In this study, we re-evaluated the expression behav-
ior of SOX2, MUC5AC, and CDX2 in both types of CRC. We
performed immunohistochemical analysis on 90 cases of non-
mucinous CRCs, 57 cases of mucinous CRCs, and 15 case-
matched normal intestinal mucosa. In contrast to the previously
suggested link between SOX2 and mucinous CRC, we observe
aberrant expression of SOX2 at equal levels in both subtypes.
Fluorescence in situ hybridization (FISH) analysis shows that
expression is not attributed to genomic amplification. While
SOX2 andCDX2 are normally expressed in a reciprocalmanner,
SOX2-positive tumor cells co-express CDX2. Furthermore, we
show that MUC5AC is expressed independently of SOX2. In
conclusion, we show that aberrant SOX2 expression is

specifically linked neither to mucinous CRCs nor to the induc-
tion of MUC5AC, in contrast to previous suggestions.
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Introduction

Colorectal cancer (CRC) affects over 400,000 people annually in
Europe, resulting in approximately 220,000 deaths every year.
CRC accounts for the most frequent malignancy within the Euro-
pean Union and is the second most common cause of cancer-
related mortality. CRC has been classified into different subtypes
according to criteria based on their histological appearance and
mutational status [1]. Proper classification of CRC is becoming
increasingly important in the clinic, as it will more often determine
prognostic outcome and choice of therapeutic intervention.

Approximately 75–90 % of the CRC are non-mucinous,
while the remaining 10–25 % are mucinous or signet ring cell
carcinomas [2, 3]. Mucinous CRC is defined as a tumor with
more than 50 % mucinous differentiation on histological
examination, according to WHO criteria. These tumors are
more common in the proximal colon and more often present
with a flat appearance during colonoscopy, making their early
identification more difficult. As a result, they present on
average with a higher stage of tumor progression at first
diagnosis. In addition to its delayed detection, mucinous dif-
ferentiation by itself is associated with a modest increase in
mortality compared with its non-mucinous counterpart, even
when corrected for stage [3]. Elevated levels of mucin have
also been associated with worse prognosis for various other
tumor types [4–6]. Furthermore, in comparison to their non-
mucinous counterparts, mucinous CRC more often show
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ectopic expression ofMUC5AC, a mucin whose expression is
normally restricted to the upper gastrointestinal tract [2, 7–9].

The etiology of this subset of cancers and the mechanism
underlying the mucinous differentiation are still poorly under-
stood. Previously, Park and co-workers reported an aberrant ex-
pression of the transcription factor SOX2 specifically in a subset of
CRC with mucinous differentiation [9]. They also reported con-
cordant expression of SOX2withMUC5AC in colorectal cancers
or cell lines thereof and the activation of a MUC5AC reporter
construct by SOX2. In support of their results, others have shown
that overexpression of SOX2 in COS-7 cells induced the mRNA
expression of endogenous MUC5AC [10], indicating that the
MUC5AC expression observed in mucinous CRC may indeed
result from the ectopic SOX2 expression. The SOX2 gene en-
codes for aHMG-box containing transcription factor with a potent
role in determining cell fate. In recent years, it has gained substan-
tial attention as one of the factors required to obtain induced
pluripotent stem (iPS) cells from adult somatic cells [11]. In the
adult gastrointestinal tract, SOX2 expression is restricted to the
gastric and esophageal epithelium, whereas it is completely ex-
cluded from the intestine [12]. Additionally, we and others have
shown that during embryonic development, a strict balance be-
tween SOX2 and CDX2, which is a key transcription factor in
determining intestinal identity, is essential for proper development
of the intestinal tract [13, 14].

Recently, ectopic expression of SOX2 has been reported for a
number of cancer types [15–19]. In these tumor types, aberrant
SOX2 expressionwas associatedwithworse prognosis. As such,
the ectopic SOX2 expression observed specifically in mucinous
CRCmay likewise affect their progression to malignancy. In this
study, we re-evaluate the expression patterns of SOX2, CDX2,
and MUC5AC in both mucinous and non-mucinous CRC. We
show that SOX2 is not specifically expressed by mucinous
tumors and is not correlated with MUC5AC expression.

Materials and methods

Paraffin-embedded CRC samples

Formalin-fixed, paraffin-embedded tissue blocks were obtained
from the Department of Pathology, Erasmus Medical Centre,
Rotterdam. We selected 45 mucinous colorectal cancers from a
prospective population-based study conducted betweenMay 2007
and September 2009 [20]. All these samples have been analyzed
for the presence of a defect in mismatch repair by performing
microsatellite instability (MSI) analysis and immunohistochemis-
try. An additional 12 mucinous samples were obtained from the
pathology archive, resulting in a total of 57 mucinous colorectal
cancers. MSI status was available for 53 tumors of which 11
(21 %) were scored as MSI-High. Mucinous CRC was defined
as a tumor with more than 50 % mucinous differentiation on
histological examination, according to the WHO 2010 criteria.

For comparison, we also obtained 90 non-mucinous cancers and
15 control samples containing healthy intestinal tissue. For 82
non-mucinous cancers, the MSI status was available. MSI-High
was observed in six (7 %) tumors, whereas an additional four
(5%)were scored asMSI-Low. Permission of theMedical Ethical
Committee Erasmus MC was obtained: no. 193.948/2000/159.
All H&E and immunohistochemically stained sections were eval-
uated by a pathologist (KB).

Immunohistochemistry

Sequential 5-μm paraffin sections were used for hematoxylin
and eosin staining and immunohistochemistry. For immunohis-
tochemistry, sections were deparaffinized and rehydrated,
followed by antigen retrieval with microwave treatment in
10 mM Tris-HCl pH 8.0 and 1 mM EGTA. Sections were
blocked with 5 % non-fat dry milk in phosphate-buffered saline
(PBS) for 10min and incubated with primary antibody diluted in
5 % non-fat dry milk in PBS overnight at 4 °C. The following
antibodies were used: 1:500 SOX2 (immune systems, goat
polyclonal), 1:200 MUC5AC (Abcam, mouse monoclonal
45M1), and 1:20 CDX2 (BioGenex, mouse monoclonal
CDX2-88). Secondary antibodies against the correct IgG species
were conjugated with peroxidase (Dako) using StreptABC
complex/HRP (Dako) or HRP-DAB colorimetric detection.
For all antibodies, appropriate negative and positive control
tissues were included to confirm the specificity of our immuno-
histochemistry (IHC) protocol [14, 21, 22]. The intensity of
staining was scored as 0, 1, 2, or 3 correlating to no, weak,
moderate, or strong staining. Immunohistochemistry for SOX2
and CDX2was scored as positive when at least 5% of the tumor
cells showed a clear nuclear staining, i.e., an intensity score of 2
or 3. MUC5AC was scored as positive when at least 5 % of the
cells showed high intensity (2 or 3) cytoplasmic staining.

In situ hybridization assay for SOX2 amplification

Fluorescence in situ hybridization (FISH) was performed with
a BAC probe (RP11-43F17) mapping to the SOX2 locus on
chromosome 3q26.33 and a control probe mapping to the
centromeric region of chromosome 12. Briefly, 5-μm paraffin
sections were deparaffinized, pretreated in 0.01 M sodium
citrate solution under high pressure in a pressure cooker, next
with pepsin (4,000 U) at 37 °C, followed by washing and
dehydration. Probes were labeled by nick-translation accord-
ing to standard protocol, either with biotin-16-dUTP (SOX2)
or digoxigenin-11-dUTP (chr. 12 centromere), and applied in
a 10-μl hybridization mixture to the tissue slides. Probes and
target were simultaneously denatured by placing the slides for
10 min at 80 °C. After overnight hybridization at 37 °C, slides
were stringently washed. Hybrids were detected by FITC-
conjugated sheep-anti-digoxigenin and CYE3-conjugated av-
idin. Results were studied with a LSM700 Zeiss microscope.
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Results

SOX2 is equally expressed in mucinous and non-mucinous
CRC

Since it was previously reported that SOX2 was specifically
expressed in mucinous colorectal cancers [9], we performed
SOX2 immunohistochemistry on 90 non-mucinous CRC, 57
mucinous CRC, and 15 samples of normal mucosa. Similar
frequencies of nuclear SOX2 expression were detected in both
subtypes of colorectal cancer, i.e., 18 of the 90 (20 %) non-
mucinous and 12 of the 57 (21%)mucinous CRC.Representative
cases of both SOX2-negative and positive tumors are shown in
Fig. 1. SOX2 positivity did not correlate with defects in mismatch
repair, i.e., 24 out of 114 (21 %) microsatellite stable and 4 out of
21 (19 %) MSI-High/MSI-Low tumors were SOX2 positive.

SOX2was generally observed in patches of the tumor, next to
SOX2-negative areas. Morphologically, the ectopically SOX2-
expressing cells were indistinguishable from the SOX2-negative
cells of the same tumor. As expected, SOX2 was absent in
normal intestinal epithelium (data not shown). As an internal
positive control for SOX2 expression, we used the submucosal
andmyenteric plexuses present in the intestine, which are known
to express SOX2 (Fig. 1a, lower left corner) [23].

Increased SOX2 expression is not linked to genomic
amplification of the SOX2 locus

Previously, enhanced SOX2 expression has been attributed to
genomic amplification of the 3q26.33 locus for various tumor
types [16, 19, 24–26]. However, SOX2 amplification appears
to be confined to squamous cell carcinomas of various tissues,
whereas it is rare/absent in adenocarcinomas [24]. To determine
if genomic amplification possibly underlies the enhanced
SOX2 expression that we observed in a subset of CRC, we
performed fluorescence in situ hybridization on six samples
that showed high levels of nuclear SOX2 expression. In all
cases, we observed equal numbers of signals for the SOX2 and
control probes, indicating that no amplification is present in the
SOX2-expressing cells (data not shown). This is in line with a
previous large genome-scale analysis of 257 CRC in which no
amplification of the SOX2 locus was reported using SNP arrays
to detect somatic copy-number alterations [27].

CDX2 is co-expressed in the SOX2-expressing CRC cells

In the mature gastrointestinal tract, SOX2 is normally exclu-
sively expressed in the rostral part of the digestive tract, i.e., in
the esophagus and stomach epithelium, whereas it is
completely excluded from the CDX2-positive intestine [12].
Since we detected ectopic SOX2 expression in intestinal
tumors, we wondered whether there was simultaneous loss
of CDX2, which would be suggestive of loss of intestinal

identity. All samples, including the SOX2-positive patches,
stained uniformly for CDX2 (Fig. 2), indicating that intestinal
identity was retained. Thus, in contrast to the mutual exclusive
expression pattern of SOX2 and CDX2 in the normal gastro-
intestinal tract, we observed co-expression of both proteins in
a subset of CRC.

MUC5AC is expressed independently from SOX2

Since it was previously suggested that the expression of SOX2
directly correlated with MUC5AC [10, 9], we performed
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Fig. 1 SOX2 expression is observed predominantly in non-mucinous
CRC. Immunohistochemistry for SOX2 in non-mucinous and mucinous
CRC. Nuclear SOX2 expression was present in 18/90 non-mucinous and
in 12/57 mucinous CRC. a Example of a SOX2-positive non-mucinous
CRC. In the lower left corner, an enteric neural plexus is present serving
as internal positive control for SOX2 staining. b Example of a SOX2-
positive mucinous CRC. c Representative figure of a SOX2-negative
mucinous CRC. In all cases, SOX2 IHC was only scored as positive
when a clear nuclear staining was observed in at least 5 % of cells. Faint
cytoplasmic staining was observed in several samples and was considered
as unspecific background staining. Scale bars 200 μm
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immunohistochemistry for this gastric foveolar mucin on 10
mucinous and 22 non-mucinous colorectal cancers. Whereas
MUC5AC expression was absent in the mucosa of normal

intestinal tissue well separated from the tumor, specific stain-
ing was observed in both mucinous (Fig. 3a) and non-
mucinous CRC (Fig. 3c). MUC5AC was detectable in 9 out
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Fig. 2 Co-expression of SOX2
and CDX2 in CRC.
Immunohistochemistry for SOX2
(a, c) and CDX2 (b, d) in two
examples of non-mucinous CRC.
The upper tumor shows the
reciprocal expression of SOX2
and CDX2, typically observed in
the normal intestinal epithelium.
Interestingly, SOX2 and CDX2
are clearly co-expressed in tumors
with SOX2-positive patches.
Scale bars a, b 200 μm; c, d
50 μm
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Fig. 3 Aberrant expression of
MUC5AC is independent of
SOX2 expression.
Immunohistochemistry for
MUC5AC (left) and SOX2 (right)
on CRC. a, b Example of a
mucinous tumor showing positive
MUC5AC staining despite the
complete absence of nuclear
SOX2. c, d Example of a non-
mucinous tumor, partially
showing co-expression of
MUC5AC and SOX2 (asterisk)
and a MUC5AC-positive section
devoid of SOX2 (arrowhead). d
also represents a clear example of
the SOX2 tumor patches that we
observe next to SOX2-negative
areas. e, f Ectopic MUC5AC
expression was also observed in
histologically normal SOX2-
negative epithelium (e;
arrowhead) adjacent to non-
mucinous tumor tissue (e;
asterisk). Scale bars a–f 200 μm
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of 10 (90 %) mucinous CRC, whereas only one of them was
SOX2 positive. Likewise, 6 out of 22 (27 %) non-mucinous
cancers expressed MUC5AC of which only three were also
positive for SOX2. Moreover, MUC5AC was not exclusively
expressed at sites with SOX2 expression, as regions within the
tumors displayed both cells that were only positive for
MUC5AC and cells that co-expressed SOX2 and MUC5AC
(Fig. 3c, d; asterisk and arrowhead). Furthermore, expression
of MUC5AC was also detected in some areas of morpholog-
ically unaffected mucosa adjacent to tumor tissue (Fig. 3e)
rather than in the actual carcinoma. These sites did not display
nuclear SOX2 expression (Fig. 3f). Thus, in our set, we
observed numerous examples of cells aberrantly expressing
MUC5AC independent of SOX2.

Discussion

Colorectal cancer (CRC) can be subdivided into mucinous
and non-mucinous CRC. A previous study suggested a puta-
tive link between SOX2 expression observed selectively in the
mucinous subtype [9], which portends to have a worse clinical
outcome [3]. In this study, we re-evaluated the expression
behavior of SOX2, CDX2, and MUC5AC in both mucinous
and non-mucinous CRC.

We observe ectopic SOX2 expression in approximately
one fifth of the colorectal cancers. Ectopic expression appears
not to be caused by genomic amplification of the SOX2 locus
as determined by FISH analysis. This is in line with a recent
observation by Maier et al. who showed that SOX2 amplifi-
cation is confined to squamous cell carcinomas of various
tissues, whereas it is rare/absent in adenocarcinomas [24]. It
also fits with a large genome-scale analysis of 257 colorectal
cancers in which no amplification of the SOX2 locus was
reported using SNP arrays [27], suggesting that other mecha-
nisms are at play to aberrantly express SOX2.

In stark contrast to the results of Park et al., we did not
observe any correlation with mucinous differentiation [9].
Both subtypes of colorectal cancer showed SOX2 positivity
in approximately 20% of the lesions in our study, whereas this
was the case in 74/90 (82 %) of the mucinous(-related) and
2/28 (7 %) of the non-mucinous lesions in the study of Park
and co-workers. At present, we do not have a solid explana-
tion for these different observations, but it may reside in the
use of different antibodies (goat vs rabbit polyclonal) or
differences in scoring of SOX2-positive cells. Given that
SOX2 is a nuclear transcription factor, we only considered a
distinct nuclear staining in at least 5 % of the cells as positive,
whereas it is not clearly stated in the study of Park et al.
whether cytoplasmic-only positive cases were excluded from
counting. The latter is of relevance as in several of our samples
we observed a faint but distinct cytoplasmic background

staining in all cells present on the section, especially in the
mucus-rich areas (see Fig. 3b as example), which we consid-
ered to be unspecific staining. In further support that SOX2
expression is not unique to mucinous CRC, others have also
reported SOX2 expression in CRC without specifically
linking it to mucinous differentiation [28–31].

In the normal gastrointestinal tract, SOX2 and CDX2 are
expressed in a mutually exclusive manner, i.e., CDX2 marks
all the intestinal epithelial cells, whereas SOX2 is expressed in
the esophagus and stomach. Here, we report that the SOX2-
positive patches in colorectal cancers retain normal expression
of CDX2, meaning that both proteins are co-expressed in the
same cells. Previously, we observed patchy co-expression of
both proteins within gastric mucosa present in a subset of
intestinal Meckel’s diverticula [21]. We also showed that
induced co-expression of SOX2 and CDX2 in the developing
embryonic mouse intestine resulted in the loss of CDX2
binding to its target sequences, leading to loss of intestinal
identity and the acquisition of a gastric-like phenotype [14].
As such, the aberrant SOX2 expression could likewise affect
the differentiation direction of the colorectal cancer cells.
However, histological evaluation of the SOX2-positive cells
did not provide any indication of differences in the cellular
phenotype of SOX2-positive and negative cells, as both
showed the typical dysplastic features of colorectal cancer.

Previously, a second link between SOX2 and the acquisi-
tion of gastric features was made by showing within colorectal
cancers concordant expression of SOX2 with the gastric
foveolar mucin MUC5AC [9]. In support of this, SOX2 was
also shown to activate MUC5AC reporter constructs and to
increase MUC5AC expression in COS-7 cells [10, 9].
MUC5AC expression is however observed in a large propor-
tion of colorectal cancers, far exceeding the fraction of SOX2-
positive tumors [7, 8]. Also in our case, we observed between
27 and 90 % of MUC5AC-positive tumors. Moreover, in our
sample set, we observed numerous examples of cells aberrant-
ly expressing MUC5AC independent of SOX2, indicating
that although SOX2 may contribute to MUC5AC expression,
it is not absolutely required. Taken together, our data do not
support a role for aberrant SOX2 in the induction of gastric
features within colorectal cancer.

In conclusion, we show that SOX2 is not specifically
expressed by mucinous CRCs and does not correlate with
MUC5AC expression, as was previously suggested. More-
over, we show that SOX2 coincides in all cases with CDX2,
suggesting that intestinal identity is not lost in the SOX2-
expressing cells.
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