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Tight junction associated proteins are key molecular components governing cellular adhesion, polarity and
glandular differentiation. Tight junction proteins also play critical roles in cellular proliferation and neoplastic
pathways via their functions as couplers of the extracellular milieu to intracellular signaling pathways and the
cytoskeleton. Neoplastic cells frequently exhibit structural and functional deficiencies in the tight junction. The
purpose of this study was to determine the pattern of expression and prognostic value of four tight junction
associated proteins, claudin-1, claudin-4, occludin and ZO-1 in a cohort of TNM stage II colon cancer using
tissue microarray technology. In this study, we retrospectively analyzed, resected and otherwise untreated
paraffin embedded specimens from 129 consecutive patients with TNM stage II colonic carcinomas for claudin-
1, claudin-4, occludin and ZO-1 protein expression by immunohistochemistry. Seventy-five, 58, 56 and 44% of
the tumors exhibited normal to elevated expression levels (þ 2 and þ 3 immunopositivity) of claudin-1, claudin-
4, occludin and ZO-1 respectively. Low expression levels of claudin-1 and ZO-1 were directly associated with
higher tumor grade (P¼ 0.05 and 0.03 respectively). Multivariate analysis indicated that lymphovascular
invasion (P¼ 0.01) and low levels of claudin-1 (P¼ 0.0001) expression were independent predictors of
recurrence and that reduced claudin-1 expression (P¼ 0.0001) was associated with poor survival. This study is
the first to comprehensively examine the expression of several tight junction associated proteins in colonic
neoplasms and to correlate their expression with disease progression. Loss of claudin-1 expression proved to
be a strong predictor of disease recurrence and poor patient survival in stage II colon cancer.
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A hallmark of cancer is loss of cellular organization.
The histological grade of colorectal carcinomas is an
important prognostic variable and depends on the
degree of glandular differentiation and cellular
polarity. High-grade, poorly differentiated colorectal
neoplasms are usually more aggressive than their
low-grade, well-differentiated counterparts.1 One of
the key molecular components governing cellular
adhesion and polarity is the tight junction.2 Neo-
plastic cells frequently exhibit structural and func-
tional deficiencies in the tight junction.3–6 In normal
epithelia, the primary functions of the tight junction
are to seal the apical intercellular spaces of

glandular epithelia creating a barrier against the
paracellular passage of macromolecules and to
separate the plasma membrane into the apical and
basolateral domains.7,8 It is hypothesized that tight
junction proteins play critical roles in the neoplastic
process via their roles as couplers of the extracel-
lular milieu to intracellular signaling pathways and
the cytoskeleton.9,10 Alterations in tight junction
permeability may also allow increased diffusion of
nutrients and other factors critical for tumor growth
and survival.11 In addition, loss of tight junction
integrity may be an important step in the develop-
ment of the metastatic phenotype.12

The tight junction is comprised of integral
proteins such as occludin,13 and the claudin family
of proteins,14 as well as tight junction-associated
proteins such as ZO-1.15 Occludin is expressed
ubiquitously in tight junctions and has been shown
to contribute directly to tight junction function,
whereas ZO-1 is thought to regulate occludin
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function.13,16 There are currently at least 24 known
members of the claudin family, which are expressed
in a tissue-specific pattern.17,18 Claudins bind to
each other via two extracellular loops,17 and also
bind to ZO-1 via their carboxyl terminus.19 ZO-1 in
turn binds the tight junction to the actin cytoskele-
ton and interacts with several cell signaling and
transcriptional regulatory proteins.9,10,15 The char-
acteristics of tight junctions differ in epithelia of
various organs. These differences are related to
different ratios of expression between the tight
junction proteins in general as well as those of
claudin family specifically.

Relatively few studies have examined the role of
tight junction proteins in the development of color-
ectal neoplasia. Occludin and ZO-1 are downregu-
lated in poorly differentiated colorectal adenocar-
cinomas,20–22 whereas only one report has studied
the level of claudin expression in colonic tumors.23

To the best of our knowledge, no studies have
correlated the expression of any of the tight junction
proteins with patient survival in colorectal cancer,
although one report has linked reduced ZO-1
expression and liver metastases.21

In this study, we examine the expression of
several members of the tight junction family; ZO-1,
occludin, claudin-1 and claudin-4 in tissue micro-
arrays constructed from a cohort of stage II colon
cancer patients. Tissue microarrays are especially
suitable for the immunohistochemical examination
of multiple markers.24 The simultaneous evaluation
of multiple cases on each slide virtually eliminates
slide-to-slide variation, which is an important factor
contributing to variability in immunohistochemical
studies. The expression levels of these tight junction
proteins are correlated with each other, tumor grade,
disease recurrence and patient survival.

Materials and methods

Patients and Specimens

Archival cases of TNM stage II colon cancer (not
including rectal cancer) from 129 consecutive
patients were retrieved nonselectively from the
archives of the Department of Pathology at Rhode
Island Hospital between the years of 1983 and 1994.
Stage was defined according to American Joint
Committee on Cancer criteria.25 None of these
patients received adjuvant chemotherapy or radio-
therapy before surgery or after the initial resection.
Recurrence and survival data were ascertained
through the Rhode Island Tumor Registry. This
study was approved by the Institutional Review
Board at Rhode Island Hospital.

All tissue samples were formalin-fixed and paraf-
fin-embedded. The corresponding H&E slides were
reviewed for confirmation of diagnosis and ade-
quacy of material by MR. Each case was classified by
the pathologist (MR) according to grade (high or
low),25 mucinous differentiation (more than 50% of

the tumor cells), and presence or absence of
lymphovascular invasion.

Tissue Microarray Construction

Paraffin blocks containing areas consisting of pure
invasive carcinoma were identified on correspond-
ing H&E-stained sections. Areas of interest which
represented the ‘invasive front’ of the tumor, rich in
non-necrotic tumoral glands, were identified and
marked on the source block. The source block was
cored and a 1mm core transferred to the recipient
‘master block’ using the Beecher Tissue Microar-
rayer (Beecher Instruments, Silver Spring, MD,
USA). Three to six cores were arrayed per specimen.

Immunohistochemistry

Immunohistochemistry for each antigen (claudin-1,
claudin-4, occludin and ZO-1) was performed on
5mm paraffin sections of each colon cancer tissue
microarray section described above. Slides were
stained with claudin-1 (polyclonal rabbit, 1:125,
Zymed Laboratories South San Francisco, CA, USA)
and claudin-4 (monoclonal mouse clone 3E2C1, 1-
500, Zymed Laboratories) using the Vector ABC Elite
Kit (Vector Laboratories, Burlingame, CA, USA).
Briefly, following deparrafinization, antigen retrie-
val was performed in 10mM citrate buffer using a
microwave/pressure cooker. Following H2O2 and
serum blocking, slides were incubated with the
primary antibody at room temperature overnight.
The secondary antibody was either a goat anti-rabbit
IgG biotin (1:500, Vector Laboratories) or horse anti-
mouse IgG biotin (1:500, Vector Laboratories),
respectively. Detection was performed with the
DAB kit (Vector Laboratories). Staining for occludin
(polyclonal rabbit, 1:125, Zymed Laboratories) and
ZO-1 (polyclonal rabbit, 1:250, Zymed Laboratories)
was performed using the DAKO, DAB Envision kit
(DAKO, Copenhagen, Denmark). Protease pretreat-
ment at 371C for 5min was performed before H2O2

blocking.
Slides were counterstained with hematoxylin,

dehydrated, cleared and mounted. Positive controls
consisted of normal colonic mucosa. Negative
controls included replacement of the primary anti-
body with nonreacting antibodies of the same
species.

Immunohistochemistry Assessment

For scoring purposes, the intensity of staining of
claudin-1- and claudin-4-expressing neoplastic cells
was compared to that of normal colonic mucosa.
Tumors that displayed a well-localized linear cir-
cumferential membranous staining pattern equal to
that of normal colonic mucosa were scored as þ 2.
Tumors exhibiting a more intense staining pattern
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than that of normal colonic mucosa were scored as
þ 3, whereas tumors exhibiting a considerably
lower intensity than normal mucosa were scored
as þ 1. The scoring of the intensity of occludin and
ZO-1 staining was performed similarly by compar-
ing the staining of the neoplastic cells to the linear/
punctate pattern of staining seen at the apical
surface of the normal colonic epithelium. The extent
of staining (percentage of cells staining) was, for the
most part, homogenous within each 1mm core and,
therefore, was not included as a variable.

At least three cores were scored per case. The
analysis of three cores per case has been shown to be
comparable to the analysis of the whole section in a
recent study26 and in a pilot validation study in our
lab. The vast majority of cases exhibited a uniform
degree of staining between all cores and in those that
did not, an average score was determined. All
sections were scored independently by MR without
knowledge of the clinicopathological features or
clinical outcome.

Statistical Analysis

For statistical evaluations, the immunohistochem-
ical staining intensities were grouped as low (which
included scores 0 and þ 1) and normal to elevated
(which included scores þ 2 and þ 3). Associations
between binary categories were analyzed using
the w2 test. The influence of prognostic factors on
tumor-related recurrence as well as survival was
assessed by Kaplan–Meier estimates, and subgroups
were compared by the log-rank test for univariate
analysis.

The multivariate Cox’s proportional hazard model
was applied using a stepwise forward method in
order to detect independent predictors of recur-
rence/survival. Two-tailed P-values of 0.05 or less
were considered to be statistically significant.

Results

Clinicopathological Features (Table 1)

The mean age of the patients at initial surgery was
72.5 years (range, 31–96 years), 60 males and 69
females were included in this study. The mean
duration of follow-up was 96 months. Of the tumors,
61 were right-sided and 68 were left-sided with the
reference point being the splenic flexure. No rectal
or rectosigmoid cases were included in this study.
The degree of tumor differentiation as defined by the
AJCC25 was as follows: 18 high grade (poorly
differentiated); 111 low grade (well differentiated);
26 mucinous; 103 nonmucinous. Evidence of lym-
phatic or vascular invasion was present in 11 cases.

The status of the patients and incidence of
recurrent disease is also illustrated in Table 1. In
all, 22 patients had recurrent disease (seven local
and 15 distal metastases). A total of 92 patients died

during the follow-up period, 21 died of disease, and
55 of unrelated causes, whereas the cause of death
for 16 patients was unclear.

Pattern of Expression of Tight Junction Proteins in
Colonic Neoplasms

Normal colonic epithelium exhibited a circumfer-
ential membranous pattern of staining for claudin-1
and claudin-4. The immunohistochemical staining
pattern of the colonic tumors for claudin-1 and
claudin-4 was similar to that seen for the normal
colonic mucosa, namely a circumferential membra-
nous pattern of staining (Figure 1a, b). A few tumors
exhibited a weak cytoplasmic pattern of staining for
the claudins. When present this was either weaker
or equal to the concurrent membranous pattern. A
more fragmented and weaker circumferential pat-
tern of staining for these proteins was seen primarily
in poorly differentiated tumors.

In optimally sectioned, normal colonic mucosa,
ZO-1 and occludin were expressed at the apical
border of the colonic epithelium in a linear pattern
with a dot-like accentuation at the apical adhesion

Table 1 Clinicopathological characteristics of 129 colonic cancer
patients

Variable n

Age at surgery (years)
Mean 72.5710.0
Range 31–96

Sex
Male 60
Female 69

Tumor Locationa

Proximal 61
Distal 68

Differentiation
High grade 18
Low grade 111
Non-mucinous 104
Mucinous 25

Lympho-vascular invasion
Present 11
Absent 118

Colon cancer relapse
None 94
Local 7
Distal 15
Information unavailable 13

Vital statistics
Alive 37
Dead—all causes 92
Dead—unrelated 55
Dead—colon cancer 21
Information unavailable 16

a
Reference point being the splenic flexure.
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site. In the well-differentiated gland-forming tumors
occludin and ZO-1 were variably expressed at the
apical cell border (Figure 1c, d). No tumors exhib-
ited a cytoplasmic staining pattern for occludin and
two poorly differentiated tumors stained for ZO-1 in
a weakly cytoplasmic pattern. A subset of poorly
differentiated carcinomas exhibited a moderate to
strong, segmental linear to dot-like membranous
pattern of staining for occludin while a smaller
subset exhibited a similar pattern for ZO-1. This
staining pattern was accentuated around primitive
lumina and at lateral cellular junctions (Figure 2).

Pattern of Expression of Tight Junction Proteins in
Colonic Neoplasms

The frequency of expression of the tight junctions
evaluated is described in Table 2. The vast majority
of the colonic cancers exhibited some degree of
staining for claudin-1, claudin-4 and occludin (98,
97 and 95%, respectively), whereas 21% of the
tumors were negative for ZO-1. When stratifying
the frequency of expression into two groups—low

(0 and þ 1 immunopositivity) and normal to elevated
(þ 2 and þ 3 immunopositivity), 76, 58, 56 and 44%
of the tumors exhibited normal to elevated expres-

Figure 1 Claudin-1, claudin-4, occludin and ZO-1 expression in representative colonic tumors on a tissue microarray. (a) Strong, diffuse,
membranous staining for claudin-1. (b) Strong, diffuse membranous staining for claudin-4. (c) Apical linear staining pattern for occludin.
(d) Apical linear staining pattern for ZO-1. All figures are at �400.

Figure 2 Positive dot-like to segmental, membranous occludin
staining with accentuation around primitive glands in poorly
differentiated colon cancer (�400).
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sion levels of claudin-1, claudin-4, occludin and
ZO-1, respectively.

Correlation between Tight Junction Protein Expression
and Other Clinicopathological Features

As shown in Table 3, levels of claudin-1 and ZO-1
expression were inversely correlated with tumor
grade (P¼ 0.05 and 0.03, respectively). A strong
inverse trend was detected between levels of
occludin expression and tumor grade (P¼ 0.06). No
significant correlation was detected between the
expression of any of the proteins studied with
mucinous differentiation or lymphovascular inva-
sion.

Univariate analysis of recurrence (log-rank) (Table
4) revealed that high tumor grade (P¼ 0.008),
lymphovascular invasion (P¼ 0.03) and low levels
of claudin-1 expression (P¼o0.0001) were predic-
tors of recurrence. Univariate analysis of survival
(log-rank) (Table 4) revealed that reduced claudin-1
expression (P¼o0.0001) was associated with poor
survival, whereas a strong trend (P¼ 0.08) was
found between tumor grade and survival.

Multivariate Cox analysis revealed that lympho-
vascular invasion and reduced claudin-1 staining
were associated with recurrent disease, P¼ 0.01
and 0.0001, respectively, whereas only reduced
claudin-1 expression correlated with poor survival
(P¼ 0.0001). Kaplan–Meier plots illustrating the
association of claudin-1 expression with recurrence
and survival are shown in Figure 3a and b.

Discussion

Much is known regarding the function of tight
junction proteins in the maintenance of normal
glandular epithelial physiology; however, their role
in the neoplastic process is less well defined.
Relatively few studies have examined the expres-
sion pattern of claudins in human neoplasia in
general or in colonic cancer specifically. To the
best of our knowledge this is the first study
which correlates claudin protein expression with
disease recurrence or patient survival in any
neoplasm. Claudin-1 mRNA levels have been shown
to be reduced in breast cancer,27 and claudin-23
levels downregulated in intestinal-type gastric
cancer.28 Similar to our study, loss of claudin-7
protein expression correlated with histological
grade in invasive ductal carcinoma;29 however,
no correlation was detected between loss of
claudin-7 protein expression and tumor stage or
lymph-node metastases.

Only one report has examined the expression of
claudins in colorectal neoplasia.23 In a study limited
to 16 colorectal cancers, Miwa et al23 reported that
claudin-1 is frequently upregulated in neoplastic
tissue as compared to normal mucosa. The degree of
differentiation of the tumors in this study was not
described nor was the prognostic significance
addressed. Similar to Miwa’s study, the majority of
tumors in our study (75%), exhibited claudin-1
protein expression levels equal or higher to that seen
in the adjacent normal colonic mucosa. However,
here we show that reduced claudin-1 expression
correlated with poor differentiation, and perhaps
more importantly, strongly correlated with disease
recurrence and poor patient survival. Moreover, in
our study loss of claudin-1 expression was a

Table 2 Frequency of different levels of tight junction protein
expression

0 1+ 2+ 3+ La Ha

n (%) n (%) n (%) n (%) n (%) n (%)

Claudin-1 2 (2) 30 (23) 45 (35) 51 (40) 32 (34) 97 (76)
Claudin-4 4 (3) 49 (39) 44 (34) 30 (24) 30 (24) 74 (58)
Occludin 7 (5) 49 (39) 55 (43) 16 (13) 56 (44) 71 (56)
ZO-1 27 (21) 44 (34) 35 (27) 22 (17) 71 (56) 57 (44)

a
L (absent/low, 0 or 1+ staining), H (normal/elevated, 2 or 3+
staining).

Table 3 Association between tight junction protein expression
and tumor grade

Tumor differentiation

Well Poorly P-value*

Claudin-1
Absent/lowa 23 8 0.051
Normal/elevateda 85 11

Claudin-4
Absent/low 41 11 0.11
Normal/elevated 66 8

Occludin
Absent/low 43 12 0.062
Normal/elevated 64 7

ZO-1
Absent/low 56 15 0.028
Normal/elevated 52 4

a
Absent/low (0 or 1+ staining), normal/elevated (2+ or 3+ staining).
*P-value (w2 test).

Table 4 Univariate analysis of recurrence and survival

Variable Recurrence Survival
P (log-rank’s) P (log-rank’s)

Grade 0.008b 0.08
LVIa 0.03b 0.22
Claudin-1 o0.0001b o0.0001b

Claudin-4 0.23 0.12
Occludin 0.10 0.24
ZO-1 0.35 0.49

a
Lymphatic or vascular invasion.

b
Significant.
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stronger predictor of recurrence and survival than
either lymphovascular invasion or grade.

In this study, loss of claudin-4 expression was not
associated with differentiation or prognosis. Para-
doxically, levels of claudin-4 have been shown to be
upregulated in pancreatic ductal carcinoma30,31 and
in ovarian cancer.32,33 In vitro studies suggest that
claudin-4 overexpression leads to decreased inva-
siveness and metastatic potential in pancreatic
cancer.34 Similar although less striking than clau-
din-1, the level of claudin-4 expression in the
colonic tumors we studied was equal or stronger
than the adjacent colonic mucosa in 58% of the
tumors. It is not clear why reduced expression of
claudin-1, but not claudin-4, correlated significantly
with poor prognosis, however, this finding suggests
that loss of certain claudins have greater impact on
tumor aggression than others. This is not surprising

as claudin proteins are differentially expressed in
different tissues.18 The fact that claudin-7 but not
claudin-1, 3 and 4 is lost in higher grade breast
cancers further supports this observation.29

The effect of claudin loss on neoplastic progres-
sion via tight junction dismantling is easy to
comprehend. It has also recently been shown that
claudin-1 reexpression in vitro leads to apoptosis in
breast cancer spheroids suggesting yet another
mechanism whereby claudin loss may lead to tumor
progression.35 However, it is not quite as clear how
upregulation of claudins may contribute to neoplastic
progression. It is possible that upregulation or
aberrant expression of a certain claudin may alter
normal tight junction structure contributing to the
neoplastic process. In support of this theory, Furuse
et al36 have shown that upregulation of claudin-2 in
MDCK cells leads to decreased tight junction func-
tion. Based on our findings it can be hypothesized
that increased claudin-1 expression may play a
contributory role to the neoplastic process of well-
differentiated colonic tumors; however, loss of
claudin-1 expression contributes to a poorly differ-
entiated phenotype as well as to disease progression.

Few studies have examined the expression of
occluding or ZO-1 in colorectal cancer.20–22 Tobioka
et al22 determined that the expression of occludin,
and Kimura et al20 demonstrated that expression of
both occludin and ZO-1 were decreased in solid,
poorly differentiated areas of colorectal cancer.
These two studies did not address the prognostic
significance of ZO-1 or occludin loss. In a more
recent report, Kaihara et al21 examined the expres-
sion of ZO-1 and e-cadherin in colorectal cancer and
found that their expression levels were inversely
correlated with tumor differentiation and with
metastases.

In this study, we also demonstrate that ZO-1
expression is inversely correlated with tumor grade
whereas a strong trend was found between reduced
occludin expression and poorly differentiated tu-
mors. This observation may be related to the fact
that more poorly differentiated tumors exhibited
moderate to strong expression for occludin (7/19),
than for ZO-1 (4/19). These poorly differentiated
tumors exhibited a segmental, linear to dot-like
membranous pattern of staining, which was accen-
tuated around primitive lumina and at lateral
cellular junctions. Kleeff et al37 also described a
similar pattern of ZO-1 expression in poorly differ-
entiated pancreatic cancer. The biological signi-
ficance of this distribution pattern of occludin (or
ZO-1) in poorly differentiated tumors is unclear.

One mechanism whereby tight junction proteins
may be involved in neoplastic progression is
through coupling of the extracellular milieu to
intracellular signaling pathways and the cytoskele-
ton. Of all the tight junction-associated proteins
examined here, the interactions of ZO-1 with
proteins associated with the neoplastic process are
probably the best characterized. ZO-1 interacts with

Figure 3 Kaplan–Meier disease-free and survival analysis curves
in colonic cancer for claudin-1 expression. (a) A strong associa-
tion was detected between low expression levels of claudin-1 (0,
þ 1) and disease recurrence. (b) A strong association was detected
between low expression levels of claudin-1 (0, þ1) and patient
survival.
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several signaling proteins such as the RAS substrate
AF-6,38,39 G-proteins40 and connexin 43.41 It has also
been hypothesized that an intact tight junction
protein complex may suppress tumorogenesis. In
support of this hypothesis, Willott et al42 reported
that ZO-1 is homologous to the discs-large tumor
suppressor protein dlg of Drosophila. Mutation of
dlg leads to loss of epithelial polarity and to the
development of neoplasia. Dlg has also been shown
to bind with the adenomatous polyposis coli gene
product whose role as a tumor suppressor gene in
colonic cancer is well defined.43 ZO-1 also binds b-
catenin.44 Loss of ZO-1 may lead to transfer of b-
catenin to the nucleus where it has been shown to
function as a transcription factor.45 Finally, activa-
tion of EGF-R, which is commonly seen in colorectal
cancer, leads to tyrosine phosphorylation of ZO-1.46

It has been suggested that phosphorylation of ZO-1
leads to downregulation of function and glandular
dedifferentiation.46

The expression level of claudin-1 may prove to be
a useful prognostic marker for colon cancer in
general and stage II colon cancer specifically. This
is especially critical for determining which stage II
colon cancer patients should receive adjuvant
therapy. Despite the fact that 60–75% of patients
with stage II colon cancer are cured with surgery
alone and most patients are not treated with
adjuvant chemotherapy, some patients may receive
chemotherapy unnecessarily while others, who may
benefit from it, are not treated.47

This study is the first to examine comprehen-
sively the expression of several tight junction-
associated proteins in colonic neoplasms and to
correlate their expression with disease progression
in a cohort of stage II colonic cancer patients.
Reduced expression of claudin-1 and ZO-1 was
significantly associated with poorly differentiated
tumors. Loss of claudin-1 expression was a strong
predictor of disease recurrence and poor patient
survival in stage II colon cancer and we propose its
use as a novel prognostic factor in colonic cancer.
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