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Abstract
The assembly of distinct proteins into tight junctions results in the formation of a continuous
barrier that regulates the paracellular flux of water, ions and small molecules across epithelia. The
claudin protein family encompasses numerous major structural components of tight junctions.
These proteins specify the permeability characteristics of tight junctions and consequently, some
of the physiological properties of epithelia. Furthermore, defective claudin expression has been
found to correlate with some diseases, tumor progression, and defective morphogenesis.
Investigating the pattern of claudin expression during embryogenesis or in certain pathological
conditions is necessary to begin disclosing the role of these proteins in health and disease. This
study analyzed the expression of several claudins during mouse pancreas organogenesis and in
pancreatic intraepithelial neoplasias of mouse and human origin. Our results underscored a
distinctive, dynamic distribution of certain claudins in both the developing pancreas and the
pancreatic epithelium undergoing neoplastic transformation.
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Introduction
Epithelial morphogenesis comprises the various processes by which epithelia contribute to
organ formation and body shape. These complex events play a central role in development,
regeneration and cancer. Epithelial cell membranes are subdivided into apical and
basolateral domains, and are interconnected by junctions that linked them to each other
(Schock and Perrimon, 2002). Establishing and maintaining this specific architecture is
necessary both to form coherent sheets of cells, and to confer barrier properties to epithelia.

The space between neighboring epithelial cells is separated into apical and basal
compartments by specialized apical structures called tight junctions (TJs) (Cereijido et al.,
2007). TJs consist of multiple protein complexes that surround the cell, and extend across
the lipid bilayer to form an anastomosing network between adjacent cells (Gupta and Ryan,
2010). TJs form dynamic barriers regulating the paracellular flux of small molecules, and
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water between epithelial cells by forming a size and charge selective pore (Furuse, 2010).
TJs can be modified in response to environmental, physiological or pharmacological cues,
and alterations in their structure have been associated with various human pathologies
including autoimmune diseases, congenital deafness, renal diseases, tumor progression and
allergies (Cereijido et al., 2007).

Various proteins specifically localize to TJs, where they regulate actin structure, cell-cell
adhesion and tissue permeability (Anderson and Van Itallie, 2010). Claudins are four-pass
transmembrane proteins constituting the structural and functional building blocks of TJs
(Angelow et al., 2008). Claudins determine the permeability of small molecules across TJs,
and are broadly expressed in embryonic and adult epithelia. The expression of specific
combinations of claudins in different epithelia suggests that a combinatorial ‘claudin code’
might determine the size and ion specificity of TJs (Gupta and Ryan, 2010).

Studies performed in cultured cells suggest that claudins participate in TJ formation and that
individual claudins vary in their ability to form tight or leaky barriers in epithelia (Amasheh
et al., 2002; Anderson and Van Itallie, 2010). Mutations in several human CLAUDIN genes
have been associated with skin, kidney and ear diseases (Simon et al., 1999; Wilcox et al.,
2001; De Benedetto et al., 2011). Likewise, abnormal CLAUDIN expression was reported in
gastrointestinal diseases (Zeissig et al., 2007; Schulzke et al., 2009) and tumors (Aung et al.,
2006; Hewitt et al., 2006; Kulka et al., 2009; Nemeth et al., 2009) in humans.

Claudin protein activity also appears necessary for proper tissue morphogenesis. For
instance, in Xenopus embryos, overexpression of Xcla (the homologue of human CLAUDIN
4) was shown to affect heart looping (Brizuela et al., 2001), whereas blocking the function
of both claudin 4 and claudin 6 in the mouse trophoectoderm led to blastocyst collapse
(Moriwaki et al., 2007). Likewise, lumen formation in the neuroepithelium (Zhang et al.,
2010) or in the gut epithelium (Bagnat et al., 2007) of zebrafish embryos was shown to
require the expression of claudin 5a and claudin 15, respectively.

Cytoskeletal reorganization, cell polarization and the assembly of intercellular junctional
complexes (including TJs) are processes intimately involved with the formation of tubular
structures in various organs, including the pancreas (Hick et al., 2009; Kesavan et al., 2009).
In mouse embryos, pancreas morphogenesis initiates at around embryonic (E) day 9.5–10.5
with the emergence of two epithelial rudiments in the foregut region of the endoderm
(Guney and Gannon, 2009). Shortly thereafter, groups of pancreatic cells acquire apicobasal
polarity and form microlumens; these structures then propagate, fuse and assemble into
tubular complexes (Hick et al., 2009; Kesavan et al., 2009). The result of this process is an
intricate ductal network that interconnects the acinar cells (producers of digestive enzymes),
collects the secreted zymogens, and transports these products to the duodenum (Grapin-
Botton, 2005). In addition to ducts and acinar cells, the mature pancreas also contains
numerous islets, which produce hormones necessary to preserve glucose homeostasis (Slack,
1995).

Recent studies have begun to unravel how certain proteins (e.g., Cdc42) contribute to
establishing the apicobasal polarity in the early pancreatic epithelium (Kesavan et al., 2009).
However, the role that individual claudins play during pancreas morphogenesis remains
practically unknown. This study analyzed the expression of both claudin transcripts and
claudin proteins during mouse pancreas development. In addition, potential changes in
claudin protein expression during the initial stages of pancreatic neoplastic transformation
were also investigated. We anticipate that this information will assist future efforts aiming to
uncover the role of claudin proteins in health and disease in the pancreas.
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Results and Discussion
Dynamic distribution of Cldn transcripts during mouse pancreas organogenesis

While the expression of some claudins was reported in the pancreas of adult rodents (Rahner
et al., 2001; D’Souza et al., 2009), almost no information is available on the distribution of
these proteins in the mammalian pancreas during development (Anderson et al., 2008;
Kesavan et al., 2009). We used quantitative Real-Time PCR (qRT-PCR) to analyze the
expression of transcripts of all Cldn genes in mouse pancreatic tissues dissected at three
developmental stages: E11.5, E15.5 and postnatal (P) day 7. For each time point, the
expression levels of individual Cldn transcripts were determined based on their relative
abundance to GAPDH (Fig. 1). Five different patterns of Cldn transcript expression across
the previous developmental stages were observed (Table 1). The first group (A) included
Cldn1, -3, -4, -5, -6, -7, -8 and -12 was expressed at all stages analyzed in the pancreas. The
second group (B) represented by Cldn2 was expressed in this tissue primarily after birth.
The third group (C) included Cldn11, -15, -20, -22 and -23 had low but detectable
expression throughout pancreas development. The fourth group (D) included Cldn10, -13
and -24 had detectable pancreatic expression at least at one developmental stage. The fifth
group (E) represented by Cldn9, -14, -16, -17, -18 and -19 was not detected in the pancreas
during development or after birth. However, within this group, Cldn18 expression was
noticed in the stomach at E15.5 (Suppl. Fig. 1A), and both Cldn16 and -19 were detected in
the kidney at P5 (Suppl. Fig. 1B). Immunohistochemistry analyses also showed high
expression of claudin 18 proteins in the E15.5 posterior stomach (Supp. Fig. 1A), and lack
of this protein in pancreatic tissues of mouse embryos or neonates (data not shown). These
contrasting differences in claudin 18 expression could indicate differences in paracellular
permeability between developing gastric and pancreatic epithelia. In summary, our qRT-
PCR results uncovered a specific, dynamic distribution of Cldn transcripts throughout
development in mouse pancreatic tissues (Table 1).

Cell-type restricted expression of claudin proteins in the developing pancreas
The E10.5 pancreas is a multilayered, non-polarized epithelium mainly consisting of
multipotent progenitors that express the homeodomain transcription factor Pdx1, and give
rise to endocrine, acinar and ductal cells (Guney and Gannon, 2009). These precursors
normally initiate differentiation between E13.5–E15.5 of embryogenesis, and this process
continues throughout the rest of gestation (Pan and Wright, 2011). Full maturation of the
mouse pancreas is completed around weaning (Pan and Wright, 2011)

We used commercial anti-claudin antibodies to investigate the spatial and temporal
expression pattern of claudin proteins in mouse pancreata dissected at E10.5, E12.5, E15.5,
E18.5 and P5. Of several antibodies tested, only those recognizing claudin 1, -2, -3, -5, -7 or
-18 were suitable for immunostaining (Supp. Table 1).

Claudin 1—Concurring with our qRT-PCR data (Fig. 1 and Table 1), the results of
immunofluorescence showed expression of claudin-1 proteins in nearly every Pdx1+ cell of
E10.5 pancreata (Fig. 2A). Claudin 1 extensively localized throughout the membrane of the
E10.5 unpolarized pancreatic epithelium, which was also nearly devoid of ZO-1 expression
(Fig. 2B). By E12.5, apicobasal polarity is established in some areas of the pancreas (Hick et
al., 2009; Kesavan et al., 2009). At this stage, claudin 1 proteins and ZO-1 proteins co-
localized towards the lumen of the pancreatic epithelium (Fig. 2C), in discrete areas
probably representing incipient TJs. Claudin 1 expression rapidly decayed after E12.5 and
was no longer visible in the embryonic pancreas after E15.5 (data not shown). At P5,
claudin 1 was again expressed in the pancreas, co-localizing extensively with ZO-1 in TJs of
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both ductal cells (Fig. 2D, E) and acinar cells (Fig. 2F). In contrast, islet cells were devoid of
claudin 1 expression (Fig. 2E).

We conclude that claudin 1 expression precedes ZO-1 expression and the formation of TJs
in progenitors of the developing pancreas. These results suggest that claudin 1 function
could be necessary to establish TJs, form microlumens, or both in the early pancreatic
epithelium. Our finding that claudin-1 becomes re-expressed after birth and localizes
specifically to TJs of ductal and acinar cells in the pancreas, also indicates that this protein
could contribute to establishing paracellular permeability in those cells. Similar to our study,
CLAUDIN 1 expression was also reported in both, acinar and ductal cells in the adult
human pancreas (Tsukahara et al., 2005; Borka et al., 2007).

Claudin 2—QRT-PCR results showed barely detectable expression of Cldn2 transcripts in
E11.5 or E15.5 mouse pancreata (Fig. 1 and Table 1). Likewise, immunostaining results did
not show claudin 2 protein expression in pancreatic epithelia dissected between E10.5 and
E15.5 (data not shown). In contrast, claudin 2 was abundantly expressed in the kidney
epithelium at E15.5 (data not shown).

Different from early embryonic stages, we detected claudin 2 protein expression in the
developing ducts of E18.5 pancreata (Fig. 3A, B), and in the lumen of the ductal pancreatic
epithelium at P5 (Fig. 3C, D). Confocal microscopy results also showed co-expression of
claudin 2 and ZO-1 proteins in TJs of pancreatic ductal epithelial cells at both, E18.5 (Fig.
3B) and P5 (Fig. 3D). The relative late expression of claudin 2 rules out a potential role of
this protein in microlumen formation. However, it remains plausible that claudin 2
contributes to some aspects of pancreatic duct physiology because this protein is expressed
in the pancreatic ducts of both, adult rats (Rahner et al., 2001) and adult humans (Aung et
al., 2006; Borka et al., 2007).

Claudin 3—Cldn3 transcripts were detected in pancreata dissected at E11.5, E15.5 and P7
(Fig. 1 and Table 1) using qRT-PCR. Similar to claudin 1 (Fig. 2A), Pdx1+ progenitors of
E10.5 pancreata expressed claudin 3 proteins all through the epithelial membrane (Fig.
4A,B). Like claudin 1, claudin 3 redistributed and co-localized with ZO-1 (presumably in
nascent TJs), in the lumen of E12.5 pancreata (Fig. 4C). Different from claudin 1, claudin 3
proteins remained strongly expressed towards the lumen of tubular structures in the pancreas
at E15.5 (Fig. 4D). These results are consistent with the Kesavan et al. (Kesavan et al.,
2009) report, showing claudin 3 protein expression in TJs during remodeling of the
pancreatic tubular network at E15.5. Confocal microscopy results corroborated extensive co-
localization of claudin 3 and ZO-1 in TJ’s of pancreatic epithelia at both E15.5 (Fig. 4D)
and E18.5 (Fig. 4E).

Expression of claudin 3 was previously reported in acinar and ductal cells of the adult rat
pancreas (Rahner et al., 2001), and in acinar, ductal and islet cells of the adult human
pancreas (Borka et al., 2007; Comper et al., 2009). We detected claudin 3 protein expression
in TJs of the duct epithelium (Fig. 4F,G) and acinar cells (Fig. 4F,H) but not in islet cells
(data not shown) in mouse pancreatic tissues dissected at P5. These results indicate that in
the postnatal mouse pancreas, claudin 3 expression is restricted to duct epithelial and acinar
cells, although it remains plausible that islet cells start expressing claudin 3 in this organ of
mice after P5.

Claudin 5—Claudin 5 is the major component of TJs in endothelial cells, and functions to
generate a proper blood-brain barrier (Nitta et al., 2003). QRT-PCR analysis revealed low
expression of Cldn5 transcripts in E11.5, E15.5 and P7 pancreata (Fig. 1 and Table 1).
However, immunofluorescence results identified claudin-5 protein expression exclusively in
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endothelial cells, but not in epithelial cells of pancreata dissected between E13.5-E15.5 (data
not shown). In contrast, claudin 5 protein expression was detected in both ductal cells (Fig.
5A) and acinar cells (Fig. 5B) in pancreata dissected at E18.5 and P5. In these tissues,
claudin 5 proteins localized almost exclusively to TJs, which were identified with antibodies
recognizing ZO-1 (Fig. 5A, B). Our data are consistent with previous reports showing
claudin 5 expression in rat acini (Rahner et al., 2001) and human ductal and acinar cells
(Comper et al., 2009). Endothelial cells associated with the postnatal pancreas also
expressed high claudin 5 levels (data not shown). We conclude that claudin 5 and claudin 2
have similar temporal expression patterns in the pancreas, because these two proteins start to
be noticed in this organ only close to birth. However, their distribution in pancreatic tissues
is somewhat different since claudin 2 is exclusively expressed in duct epithelial cells,
whereas claudin 5 is expressed in both duct and acinar cells.

Claudin 7—The expression of claudin 7 in mammalian embryonic pancreatic tissues has
not been reported. Our qRT-PCR data showed Cldn7 transcript expression in pancreata
dissected at E11.5, E15.5 and P7 (Fig. 1 and Table 1). Using confocal microscopy, we
uncovered claudin 7 protein expression throughout the membrane of the E10.5 pancreatic
epithelium (Fig. 6A) and in both, the lateral membranes and TJs (i.e., in ZO-1+ structures) of
E12.5 (Fig. 6B) and E15.5 (Fig. 6C) pancreata. Claudin 7 proteins were also broadly
distributed through most of the pancreatic epithelium at E18.5 (data not shown).

High claudin 7 expression persisted in the lateral membrane of both ductal cells (Fig. 6D)
and acinar cells (Fig. 6E) in P5 pancreata. In these tissues, claudin 7 also co-localized
extensively with ZO-1 in TJs of duct epithelial cells, whereas there was limited association
of claudin 7 and ZO-1 in acinar TJs (Fig. 6D, E). Low but detectable claudin 7 expression
was also noticed in the lateral membrane and possibly the TJs of islet cells (Fig. 6F) in P5
pancreata.

Our finding that a substantial portion of claudin 7 proteins distributes along the lateral
membrane of pancreatic epithelial cells is consistent with previous reports describing similar
expression of this protein in mammary and bronchial epithelium of mammals (Coyne et al.,
2003; Blackman et al., 2005). Arguably, in addition to its potential contribution to TJ
function, claudin 7 could have additional roles in the lateral membrane because this protein
was shown to associate with cell adhesion proteins in cultured rat pancreatic
adenocarcinoma and colorectal tumor lines (Kuhn et al., 2007).

In summary, we uncovered a dynamic expression pattern of some members of the claudin
protein family during mouse pancreas organogenesis (Table 2). One group of claudins (1, 3
and 7) was broadly expressed throughout the unpolarized early pancreatic epithelium, but
became restricted to TJs (together with ZO-1) when microlumens began to form in those
tissues. Loss-of-function experiments should address whether expression of claudin 1, -3
and -7 in progenitors of the pancreas is necessary for TJ formation in this organ.

We also found that as organogenesis proceeds, some claudins become allocated to specific
cell types in the pancreas. For instance, in postnatal pancreata claudin 2 was restricted to
duct epithelial cells, whereas claudin 1, -3 and -5 were expressed in both ductal and acinar
cells. On the other hand, islet cells of the postnatal pancreas expressed claudin-7 but not
claudin 1, -2, -3 or -5. Interestingly, claudin 7 not only localized to TJs but also was
abundantly expressed throughout the periphery of pancreatic epithelial cells. Overall, the
specific pattern of claudin expression underscored in our study suggests that these proteins
could be important components of morphogenetic processes during pancreas development.
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Restricted expression of claudin proteins in pancreatic duct epithelium undergoing
neoplastic transformation

Pancreatic Intraepithelial Neoplasias (PanINs, or mPanINs in mouse) are microscopic
papillary or flat, noninvasive intraepithelial neoplasms arising in the smaller pancreatic
ducts (Hruban et al., 2001). These epithelial entities –representing discrete stages in early
pancreatic tumor progression– undergo a series of histological changes that classify them
into three grades: PanIN-1A/B, PanIN-2 or PanIN-3 (Hruban et al., 2001). PanINs progress
from low to high-grade lesions as the epithelial cells lose polarity and achieve nuclear
atypia. Increasing genomic instability due to oncogenic mutations and loss of tumor
suppressor function further enhances the potential of these neoplasms to evolve into
pancreatic tumors (Hezel et al., 2006).

Variable expression of some CLAUDIN proteins was reported in epithelial cells of PanINs
or pancreatic adenocarcinoma (PDA) samples of human origin (Nichols et al., 2004; Hewitt
et al., 2006; Borka et al., 2007). These results were consistent with the notion that cancer
progression is accompanied by a disruption in tight junctions, and suggested that both the
levels and the claudin expression pattern could have diagnostic value (Morin, 2005).

Our finding that claudin 1, -2, -3, -5 and -7 had distinctive expression patterns in developing
pancreatic epithelia prompted us to investigate the expression of these proteins in similar
tissues undergoing neoplastic transformation. Two mouse models were used for this
purpose: Pdx1Cre;LSL-KrasG12D mice and Ptf1aCre;LSL-KrasG12D mice, which express an
oncogenic form of Kras (KrasG12D) throughout the pancreas and consequently, develop
lesions recapitulating the entire spectrum from PanIN to invasive cancer (Hingorani et al.,
2003). Our study also analyzed the expression of claudin-18 in pancreata of Pdx1Cre;LSL-
KrasG12D and Ptf1aCre;LSL-KrasG12D mice, because this protein was recently identified as
a novel marker of PanINs and infiltrating PDA in both, humans and mice (Karanjawala et
al., 2008; Sanada et al., 2010; Ray et al., 2011).

Claudin expression in PanIN-1A, PanIN-1B and PanIN-2 lesions—H&E staining
identified numerous PanIN-1A lesions in the pancreas of both, Pdx1Cre;LSL-KrasG12D and
Ptf1aCre;LSL-KrasG12D mice that were about 1 year old. These neoplasms had flat,
columnar epithelium, basally located nuclei and abundant cytoplasm (Fig. 7A). H&E
staining results also identified mPanIN-1B lesions –with characteristic papillary or
pseudostratified architecture (Fig. 7H)– and a few mPanIN-2 lesions –with both, papillary
cytoarchitecture and features indicative of nuclear atypia, including loss of polarity and
nuclear crowding (Fig. 7O)– in Pdx1Cre;LSL-KrasG12D and Ptf1aCre;LSL-KrasG12D

pancreata.

Immunohistochemistry results uncovered broad expression of claudin 2 (Fig. 7C) and
claudin 18 proteins (Fig. 7G) in mPanIN-1A neoplasms, although claudin 18 proteins had
more prominent distribution throughout these lesions compared to claudin 2 proteins.
Interestingly, claudin 18 was not detected in portions of the PanIN-1A epithelium with
normal ductal morphology (arrow in Fig 7G). Similar to these results, PanIN-1A lesions of
human origin abundantly expressed both CLAUDIN 2 (Suppl. Fig. 2A,C) and CLAUDIN 18
(Suppl. Fig. 2B,D) proteins. Our results showing specific activation of claudin-18 expression
in epithelial cells of early PanINs validate that this protein is a unique, reliable marker of
early neoplastic transformation in pancreatic tissues of both, mice and humans (Karanjawala
et al., 2008; Sanada et al., 2010; Ray et al., 2011).

The mPanIN-1A epithelium also displayed claudin 5 (Fig. 7E) and claudin 7 (Fig. 7F)
immunoreactivity, although these proteins were not distributed as extensively as were
claudin 2 and claudin 18. In contrast, only a few epithelial cells in mPanIN-1A neoplasms
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expressed claudin 1 (Fig. 7B) and claudin 3 (Fig. 7D). These data indicate that a distinctive
pattern of claudin protein expression is established during early neoplastic transformation in
the pancreas, which is different from that of normal pancreatic epithelia.

Similar to mPanIN-1A, the papillary epithelium that identifies mPanIN-1B lesions (Figs.
7H) was positive for claudin 5 (Fig. 7L) and claudin 18 (Fig. 7N) proteins. On the other
hand, PanIN-1B neoplasms were completely devoid of claudin 1 (Fig. 7I), -2 (Fig. 7J), -3
(Fig. 7K) and 7 (Fig. 7M) immunoreactivity (arrows in Fig. 7I,J,K,M), while expression of
these proteins was clearly noticeable in the normal ductal epithelium surrounding those
lesions (arrowheads in Fig. 7I,J,K,M). Therefore, downregulation of claudin 1, -2, -3, and -7
appears to accompany the PanIN-1A to PanIN-1B transition.

We uncovered extensive claudin 18 protein expression throughout the entire mPanIN-2
epithelium (Fig. 7U). Claudin 5 proteins were also detected in mPanIN-2 neoplasms, albeit
only in areas where nuclear atypia was not very prominent (Fig. 7S, arrowhead). Some areas
in mPanIN-2 lesions also displayed claudin 2 immunoreactivity (Fig. 7Q, arrowhead),
although expression of this protein was restricted to epithelial cells that retained cell
polarity. In contrast, all mPanIN-2 lesions completely lacked or were nearly devoid of
claudin 1 (Fig. 7P), -3 (Fig. 7R) and -7 proteins (Fig. 7T). These collective data suggest that
changing the repertoire of claudin proteins could be important for neoplastic progression in
the pancreas.

We used confocal microscopy to identify the subcellular localization of claudin 1, -2, -3, -5,
-7 and -18 in mPanIN-1A neoplasms. Different from postnatal pancreata, where claudin-1
and claudin 2 proteins exclusively localized to TJs (Table 2 and Figs. 2 and 3), these
proteins were found associated with both TJs (arrows in Fig. 8A,B) and the lateral epithelial
membrane (yellow arrows in Fig. 8A,B) in mPanIN-1A lesions. Interestingly, in
mPanIN-1A areas with notorious cytoplasm accumulation claudin 1 proteins were detected
in the lateral membrane but not in TJs (arrowhead in Fig. 8A). Confocal microscopy results
also revealed limited distribution of claudin 3 proteins in TJs (arrow in Fig. 8C) of the
mPanIN-1A epithelium. These results are different from postnatal pancreata because in
these tissues claudin 3 broadly co-localized to TJs of ductal and acinar cells (Fig. 4G,H). On
the other hand, similar to postnatal pancreata (Fig. 5) claudin 5 was extensively distributed
in TJs of the mPanIN-1A epithelium (Fig. 8D).

This study uncovered expression of claudin-7 in both TJs and the lateral membrane of
pancreatic cells at postnatal stages (Fig. 6). We noticed similar subcellular localization of
claudin 7 in portions of the PanIN-1 epithelium with relatively normal appearance (yellow
and white arrows in Fig. 8E). In contrast, in PanIN-1A areas with abundant cytoplasm
claudin 7 was not detected in TJs (arrowhead in Fig. 8E), and was only weakly expressed in
the lateral cellular membrane (Fig. 8E). Finally, when we looked at claudin 18 subcellular
localization in mPanIN-1A epithelia we found that compared to all the previous claudins,
this protein had the most extensive subcellular distribution in both TJs (white arrows in Fig.
8F) and the lateral membrane (yellow arrows in Fig. 8F).

In summary, we found that both the abundance and the subcellular distribution of specific
claudin proteins are different between normal and transformed pancreatic epithelia. These
results raise the possibility that changes in paracellular permeability accompany the
formation of PanIN neoplasms.

Conclusion
This study uncovered a remarkable plasticity in the expression and distribution of claudin
proteins in pancreatic epithelia undergoing morphogenesis or neoplastic transformation. In
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the mature mammalian kidney, claudin proteins have different expression patterns along the
epithelium of each nephronic segment, and experimental evidence indicates that this
differential expression provides the renal epithelium with unique paracellular permeability
properties (Angelow et al., 2008). Our developmental results thus suggest that allocating
different claudin proteins to epithelial TJs could be important to confer specific permeability
properties to acinar, ductal or islet cells. Loss-of-function or gain-of-function studies in mice
will be needed to underscore the role of individual claudins or combinations of these
proteins in TJ assembly and function in pancreatic epithelia. Likewise, our results also
support investigating the potential role of claudin function during pancreatic neoplastic
transformation.

Experimental Procedures
Animals

RNA isolation was performed on C57BL/6 wild-type mice. Immunostaining was performed
on NMRI/C57BL6 wild-type mice. Ptf1a-Cre mice (Kawaguchi et al., 2002), Pdx1Cre mice
(Gu et al., 2002), and LSL-Kras mice (Hingorani et al., 2003) were maintained on a C57BL6
background. All experiments were performed with approval from the St. Jude Children’s
Research Hospital Animal Care and Use Committee and the Vanderbilt Institutional Animal
Care and Use Committee.

Processing of embryos and pancreatic tissues
Immunostaining of frozen and paraffin sections was performed as previously described
(Westmoreland et al., 2009), except antigen retrieval of paraffin slides was performed using
the Antigen 2100 Retriever and R-buffer A (Electron Microscopy Sciences). De-identified
human tissues were obtained from the Vanderbilt Human Tissue Acquisition and Pathology
Resource, sectioned at a depth of 5 μm, deparaffinized, retrieved in 100 mM Tris, pH 10 in a
Cuisinart pressure cooker with high pressure for 15 minutes and high heat for a total of 2 h.
After cooling, slides were washed in PBS, blocked in 5% donkey serum, and incubated with
the indicated antibodies.

Immunohistochemical analysis
Supplemental Table 1 indicates the primary antibodies used in this study. The secondary
antibodies (diluted 1:250) were: Cy3-conjugated donkey anti-rabbit IgG (Jackson); Cy3-
conjugated donkey anti-goat IgG (Jackson); Alexa 488-conjugated donkey anti-rat IgG
(Molecular Probes); Alexa 488-conjugated goat anti-guinea pig IgG (Molecular Probes);
Alexa 488-conjugated donkey anti-goat IgG (Molecular Probes); Alexa 488-conjugated
donkey anti-sheep IgG (Molecular Probes). Biotinylated donkey anti-rabbit IgG antibodies
were detected by using the VECTASTAIN Elite ABC kit (Vector Laboratories). Prolong
Gold with DAPI (4′,6-diamidino-2-phenylindole; Invitrogen) was used for nuclear staining.
Images were obtained with a Zeiss Axioskop 2 microscope, or with a confocal/Multiphoton
laser-scanning Zeiss LSM 510 META microscope.

Quantitative RT-PCR
For embryonic stages, three individual pools of 10 pancreata each, dissected at E11.5 or
E15.5, and a pool of 10 stomachs dissected at E15.5, were used. Three individual postnatal
day 7pancreata, and one P5 kidney were used. Total cellular RNA was extracted from
pancreatic tissues by TRizol reagent and PureLink mini kit (Invitrogen). cDNA synthesis
was performed using 1 μg of total RNA with SuperScript III reverse transcriptase
(Invitrogen) and random hexamers according to the manufacturer’s instructions. For
quantification of Cldn mRNA levels (quantitative RT-PCR), we performed Sybr Green PCR
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using an ABI PRISM 7900HT sequence detection system (Perkin-Elmer). Cldn expression
levels were normalized against the expression of Glyceraldehyde-3-phosphate
dehydrogenase (GAPDH), using the ΔΔ ct method for comparing relative expression levels.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Relative abundance of Cldn transcripts in developing or postnatal mouse pancreatic
tissues
QRT-PCR analysis was performed with specific primers recognizing all Cldn family
members and RNA from pancreata dissected at embryonic days (E) 11.5 (A) and E15.5 (B),
and postnatal (P) 7 (C). For all experiments, expression levels were normalized to GAPDH
housekeeping gene expression. Individual bars represent mean expression across three
individual tissues (P7) or three individual tissue pools (E11.5 and E15.5). Error bars
represent standard error from the three individual experiments.
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Figure 2. Claudin 1 expression is restricted to early embryonic and postnatal stages in the mouse
pancreas
(A) Expression of the homeodomain protein Pdx1 (green) labels multipotent progenitors of
the E10.5 pancreatic primordium. At this stage, all Pdx1+ cells co-express claudin 1 (red;
arrow). (B) Claudin 1 (red; arrow) localizes to the lateral membrane of the E10.5 pancreatic
epithelium. At this stage, expression of the tight junction marker ZO-1 (green; arrowhead) is
nearly absent in the pancreas. (C) By E12.5, when apicobasal polarity has been established,
claudin 1 co-localizes with ZO-1 (arrow) in primitive pancreatic ducts. (D,E) At P5, claudin
1 co-localizes with ZO-1 at TJ complexes in ducts (arrows; dotted line in E), but not in islets
(dashed line in E). (F) Also at this stage, claudin 1 co-localizes with ZO-1 in acinar cells
(arrow; dotted lined). (E) Auto-fluorescent red blood cells are marked with asterisks. (F)
Non-specific claudin 1 cytoplasmic staining is observed in acinar cells at P5. Images in B–F
were taken with a confocal microscope, and cell nuclei were stained with DAPI (blue). Scale
bars: 25 μm (A), 10 μm (B,D–F), 5 μm (C).
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Figure 3. Claudin 2 expression is restricted to ductal epithelial cells during late stages of
pancreas organogenesis and in the postnatal organ
(A,C) Claudin 2 expression is observed only in ductal epithelial cells in pancreatic tissues
dissected at E18.5 (arrow in A) or P5 (arrow in C; E-cadherin [Ecad] staining demarcates
the pancreatic epithelium). At both E18.5 (B) and P5 (D), claudin 2 co-localized with ZO-1
at tight junctions (arrows). Images in B and D were taken with a confocal microscope. Cell
nuclei were stained with hematoxylin (A) and DAPI (blue, B–D). Scale bars: 25 μm (A,C),
10 μm (B), 5 μm (D).
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Figure 4. Claudin 3 is broadly expressed in developing pancreatic epithelia but becomes
restricted to ductal and acinar cells after birth
(A) Claudin 3 is co-expressed with Pdx1 (arrow) in multipotent progenitors of E10.5
pancreata. (B) At this stage, claudin 3 (red; arrow) localizes to the lateral membrane of
pancreatic cells. (C) At E12.5, following polarization of the pancreatic primordium, claudin
3 (red; arrows) co-localizes with ZO-1 (green) at tight junctions in primitive ducts. (D,E)
Claudin 3 and ZO-1 coexpression is noticed towards the lumen of the emerging pancreatic
ductal network at E15.5 (arrows in D), and in ductal epithelial cells at E18.5 (arrows in E).
(F) Claudin 3 is expressed at high levels in ductal cells (Opn+ cells; arrows), and at lower
levels in acinar cells (arrowhead), in P5 pancreata. (G,H) Claudin 3 co-localizes with ZO-1
in both ductal (arrows in G) and acinar (arrows in H) cells in P5 pancreata. Asterisk in G
indicates an autofluorescent red blood cell. B–H are confocal images (cell nuclei were
stained with DAPI [blue]). Scale bars: 25 μm (A), 20 μm (F), 10 μm (B–E,G), 5 μm (H).
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Figure 5. Claudin 5 expression is restricted to tight junctions of the exocrine cells
(A) Claudin 5 co-localizes with ZO-1 at tight junctions in ductal cells (arrows) of E18.5
pancreata. (B) Claudin 5 also co-localizes with ZO-1 in acinar cells (arrows) of P5
pancreata. Images were taken with a confocal microscope, and cell nuclei were stained with
DAPI (blue). Scale bars: 5 μm (A), 10 μm (B).
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Figure 6. Claudin 7 localizes to both tight junctions and the lateral epithelial membrane in
developing pancreata
(A) Claudin 7 (red; arrowhead) is broadly expressed in the lateral membrane of E10.5
pancreatic epithelia (limited ZO-1 expression [green and arrow] indicates absence of tight
junctions in this tissue). (B) Claudin 7 proteins localize to tight junctions (ZO1+) in
primitive ductal structures (arrow), and to lateral membranes (arrowhead) of most epithelial
cells, in E12.5 pancreata. (C) Claudin 7 also localizes to tight junctions of the developing
ducts (arrow), and to lateral epithelial membranes (arrowheads), in E15.5 pancreata. (D,E)
At P5, most claudin 7 proteins appear distributed in the lateral membranes of ductal
(arrowhead in D) and acinar (arrowhead in E) cells, along with limited co-localization with
ZO-1 in ductal and acinar tight junctions (arrows in D and E, respectively). (F) Similar
distribution of claudin 7 proteins (albeit at lower levels) is observed in islet cells of P5
pancreata (arrows indicate tight junctions; arrowhead indicates the lateral membrane). All
images were taken with a confocal microscope, and cell nuclei were stained with DAPI
(blue). Scale bars: 10 μm (A–C), 5 μm (D–F).
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Figure 7. Variable expression of claudin proteins in pancreatic epithelia undergoing neoplastic
transformation
(A) H&E staining reveals tall cells accumulating cytoplasm (arrowheads) in PanIN-1A
lesions. (H) Papillary architecture (arrow) of epithelial cells identifies a PanIN-1B lesion
within a relatively normal duct (arrowhead). (O) Loss of nuclear polarity (arrow) indicative
of more advanced transformation is observed in a PanIN-2 lesion. (B,D) Only very few cells
express claudin 1 (arrowhead in B) or claudin 3 (arrowhead in D) in PanIN-1A lesions.
(C,E,F) Claudin 2 (C), -5 (E), and -7 (F) proteins are detected in some PanIN-1A lesions
(arrowheads), but not all neoplastic epithelial cells (arrows). (G) Claudin 18 expression
(arrowheads) is broadly detected in epithelia of PanIN-1A lesions (arrowheads), but not in
epithelial cells retaining normal ductal morphology (arrow). (I,J,K,M) Epithelial cells of a
PanIN-1B lesion are devoid of claudin 1 (I), -2 (J), -3 (K), and -7 (M) protein expression
(arrows). Adjacent normal ductal epithelial cells are positive for these claudin proteins
(arrowheads). (L,N) Expression of claudin 5 (L) and claudin 18 (N) is noticed (arrowhead)
in epithelia of PanIN-1B neoplasms (notice lack of claudin-18 expression in the normal duct
epithelium, arrows in N). (P,R,T) Very few cells retaining basolateral nuclear polarity
express claudin 1 (P), -3 (R), and -7 (T) in PanIN-2 lesions (arrowheads). In contrast,
epithelial regions showing nuclear atypia are devoid of these proteins (arrows). (Q) Claudin
2 is expressed in regions of polarized nuclei (arrowheads), but absent where nuclear atypia is
observed (arrow) in PanIN-2 epithelia. (S) Few cells retain claudin 5 expression
(arrowheads) in PanIN-2 neoplasms (arrow indicate lack of claudin 5 immunoreactivity).
(U) Claudin-18 expression (arrowheads) is broadly detected in epithelia of PanIN-2 lesions.
(A–D,F,G), (H–K,M,N) and (O–R,T,U) respectively represent adjacent sections from the
same pancreatic specimen. (E,L,S) are sections from the same pancreatic specimen. Cell
nuclei were stained with hematoxylin. Scale bars: 10 μm (H–K, M,N), and 25 μm (A–G,L,
O–U).
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Figure 8. Subcellular localization of claudin proteins in PanIN-1A lesions
(A) PanIN-1A lesion showing claudin 1 co-localization with ZO-1 in TJs of cells with
normal morphology (arrows). In more transformed cells with abundant cytoplasm claudin 1
does not co-express with ZO-1 (arrowhead) but appears distributed to the lateral membrane
(yellow arrow). (B) Claudin 2 mainly localizes to TJs (white arrows) in PanIN-1A epithelia,
although a few cells also exhibit lateral distribution of this protein (yellow arrow). (C)
Claudin 3 proteins specifically localize to TJs (white arrow) of normal appearing PanIN-1A
epithelial cells (arrow; arrowheads indicate portions of the transformed epithelium devoid of
claudin 3 expression). (D) Claudin 5 is detected in all TJs in the PanIN-1A epithelium
(white arrows). (E) Claudin 7 proteins localize to both TJs (white arrow) and the lateral
membrane (yellow arrows) in portions of the PanIN-1A epithelium, whereas is absent in TJs
of cells with abundant cytoplasm (arrowhead). (F) Claudin 18 proteins extensively localize
throughout the PanIN-1A epithelium, both in TJs (white arrows) and in the lateral
membrane (yellow arrows). All images were taken with a confocal microscope, and cell
nuclei were stained with DAPI (blue). Scale bar: 10 μm.
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Table 1

Summary of claudin transcript expression in mouse developing pancreata.

CLAUDIN TRANSCRIPT E11.5 E15.5 P5 EXPRESSION PATTERN

Cldn1 ++ + + A

Cldn2 Very low Very low ++ B

Cldn3 ++ ++++ +++ A

Cldn4 ++++ ++++ ++ A

Cldn5 ++ + + A

Cldn6 ++++ ++++ ++++ A

Cldn7 ++ ++ +++ A

Cldn8 + + +++ A

Cldn9 n.d. n.d. n.d. E

Cldn10 n.d. + ++ D

Cldn11 + + Very low C

Cldn12 ++++ ++ +++ A

Cldn13 + n.d. Very low D

Cldn14 n.d. n.d. n.d. E

Cldn15 + Very low + C

Cldn16 n.d. n.d. n.d.1 E1

Cldn17 n.d. n.d. n.d. E

Cldn18 n.d. n.d.2 n.d. E2

Cldn19 n.d. n.d. n.d.1 E1

Cldn20 + Very low + C

Cldn22 + Very low + C

Cldn23 + Very low + C

Cldn24 + n.d. Very low D

A: Detected at all developmental stages.

B: Predominantly expressed after birth.

C: Low but detectable expression at all stages (compared to other claudins).

D: Detectable expression at least at one developmental stage.

E: Undetected at all stages analyzed

1
Detected in the kidney.

2
Detected in the stomach.

n.d.: not detected.
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