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ABSTRACT

The proximal tubule (PT) is a major site of paracellular transport. Research in this
area is undermined by the lack of a model system that is representative of PT
electrophysiology. We examined opossum kidney (OK) cell characteristics and
found a striking resemblance to the PT (transepithelial resistance = 11.7 Q cm’
and the permeability ratio Pna+/Pci. = 1.08). Furthermore, OK cells express a
number of claudins (claudin-4 > -1 > -6 > -20 > -9 > -12 > -11 > -15, in order of
the amount of expression), which are known to regulate paracellular transport. We
over-expressed claudin-2 and found that it forms a non-selective pore at the tight
junction of OK cells. Over-expression of claudin-4, on the other hand, led to the
formation of a non-selective barrier. However, the expression of these isoforms
caused significant perturbations in expression of endogenous claudins leading us

to conclude that claudin expression is strongly interdependent.
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CHAPTER 1

INTRODUCTION



1. INTRODUCTION

1.1 The kidney

The kidney is central to the processes of maintaining ion homeostasis, pH and
blood volume. These delicate balances are achieved by the sophisticated
regulation of transport pathways localized along the segments of the nephron
(functional unit of the kidney). The kidney is made up of about a million nephron
units each consisting of a bulbous filtration structure, the glomerulus, which filters
blood into the remaining tubular segments: Proximal Convoluted Tubule (PCT),
proximal straight tubule (PST) and Loop of Henle (LOH), which itself consists of
the Thin Descending Limb, Thin Ascending Limb and the Thick Ascending Limb.
The LOH continues into the Distal Convoluted Tubule (DCT), Connecting tubule
(CNT) and the Collecting Duct (CD). The glomerulus carries out the first step,
simple filtration, which allows for plasma solutes, except proteins greater than
approximately 60 kDa, to enter the lumen of the nephron. The role of the
remaining segments is the reabsorption of ions and water. The efficiency of NaCl
and water reabsorption is so vast that out of 180L filtered/day only about 1% is
excreted. The large majority of water, Na’, CI" and other ions are reabsorbed
across the proximal tubule epithelium, as discussed in detail below. The next 20-
25% of NaCl and 15% of water are reabsorbed from Henle’s Loop and the
remainder from the Distal Tubule, Connecting Tubule and the Collecting Duct.
These late segments are also known as the ‘aldosterone sensitive distal nephron’
(ASDN) because they are regulated by the sodium retention hormone aldosterone.

Altogether, the ASDN reabsorbs a small percentage of ions to achieve the



necessary fine adjustments in final ion concentration (56). Unlike the distal
segments, the proximal tubule is the site of copious water and ion reabsorption,
specifically 110 L of water and 1.6 kg of NaCl per day.
1.2 Proximal tubule

1.2.1 Ion and water transport
The proximal tubule can be further subdivided into three distinct segments, which
differ morphologically. S1 is the first convoluted portion. It is followed by S2,
which is convoluted at first and then straight. S3 is the entirely straight portion of
the tubule located furthest from the glomerulus (32). The earlier segments house a
greater number of mitochondria and exhibit higher transport capacity (65). The
proximal tubule is a major site of ion retrieval, with 80-90% of the filtered
phosphate (76), ~65% of sodium (31), 50-60% of chloride (91), 65% of potassium
(41), ~80% of filtered bicarbonate (16) and up to 70% of calcium (42) being
reabsorbed there. The majority of water reabsorption, ~60% (26), also occurs
across the proximal tubule. Experiments using rabbit proximal tubule perfusion
techniques by Capri-Medina and Whittembury suggest that about 50% of the
water reabsorption from the PT occurs strictly by paracellular mechanisms, which
are described in detail below (20). In order to accommodate such high flux rates,
the proximal tubule has unique resistance and permeability characteristics
compared to other epithelia in the body.

1.2.2  Resistance and permeability characteristics
The proximal tubule epithelium has very low transepithelial resistance (TER). A

resistance value between 5 and 12 Q cm® is commonly reported for the dog,



rabbit, rat and mouse proximal tubule epithelia (14, 17, 64, 77, 88, 93). This
value is incredibly low, especially when it is compared to epithelia such as the
urinary bladder, which can reach a TER as high as 300 000 Q cm” (62). The low
resistance of the proximal tubule is consistent with significant permeability to
water and ions. The relative transepithelial fluxes of sodium and chloride can be
translated into a pNa'/pCl ratio, the term used to describe perm-selectivity of an
epithelium. A pNa'/pCl’ ratio greater than 1 indicates a cation selective
epithelium, whereas epithelia with pNa'/pCl” lower than 1 are anion selective. The
proximal tubule is slightly cation selective, with pNa'/pCl of 1.38 reported in dog
(17), 1.58 in rat (73) and 1.10 in mouse (77) proximal tubule studies. Only one
study reports anion selectivity in rat proximal tubule, with a pNa'/pCl" ratio of
0.75 (13). This type of variability could result if a different segment of the
proximal tubule was isolated for the latter experiment (i.e. S1 vs S2).

Much of the ion and water reabsorption at the proximal tubule occurs by passive
mechanisms. Passive reabsorption refers largely to paracellular processes, which
are not as well understood as transcellular processes. Paracellular transport also
occurs in the Loop of Henle, while the distal portions of the nephron have a much
higher resistance and exhibit almost entirely transcellular transport (109).

1.3 Paracellular versus transcellular transport

Transcellular transport refers to the movement of molecules across an epithelium
through cells. This necessitates the crossing of at least two membranes. To
achieve this, the participation of ion channels, membrane transporters and

cytoplasmic carriers is almost always needed. Paracellular transport, on the other



hand, is the movement of molecules across the epithelium through the tight
junction, the most apical intercellular junctional complex (94). Various techniques
are used to study paracellular transport, including permeability assays with
radioactively labeled tracers (i.e. mannitol) and fluorescent dextran molecules (7,
93, 99, 110). The study of specific paracellular ion permeability can also be
performed using radiolabeled molecules, but Ussing Chamber dilution potential
measurements are preferred (44, 73, 104). Paracellular transport is controlled by
the presence and distribution of tight junction molecules called claudins.

1.4 Claudins

1.4.1 Claudin structure and function

Claudins are small proteins, ranging from ~20-27 kDa molecular weight, with
four transmembrane spanning regions, cytoplasmic amino and carboxy termini
and two extracellular loops, which both face the paracellular space (36, 100, 103).
The second loop is smaller (~ 20 amino acids), compared to the first loop which is
made up of ~50 amino acids (Figure 1.1). Claudins are expressed in epithelial
cells including the intestine, blood brain barrier, skin and throughout the nephron.
Claudins that exhibit very strong sequence homology have been classified as
classic claudins (1 — 10, -14, -15, -17 and -19), while the rest of the isoforms are
“non-classic” (11-13, 16, 18, 20-24) (59). The charged amino acid composition
of the larger loop correlates with selectivity properties of various claudin isoforms
(25), while the second, smaller loop may be important for claudin interactions
(80). Claudin function is, therefore, to ‘select’ the molecules for passage through

the tight junction. The presence and distribution of claudins at the tight junction
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Figure 1.1 Claudin structure. Diagrammatic representation of claudin structure:
depicting two intracellular termini, 4 transmembrane domains and two
extracellular loops (ECL1 and ECL2).



governs the resistance of the paracellular shunt pathway (TER) and the preference
to cation or anion flux (i.e. pNa'/pCl’) (59). More specifically, claudins can be
considered: ‘anion selective’, ‘cation selective’, ‘barrier forming’, or ‘pore
forming’, depending on the effect of their over-expression (or removal) on ion
permeability and transepithelial resistance (75). Of the 27 mammalian claudin
isoforms identified to date (72), very few have been strictly defined as barriers or
pores in the tight junction.
1.4.2  Claudins and transepithelial resistance

Claudins assemble into tight junction strands at the “kissing points” between
adjacent cells (100). It is now known that claudins can actually reconstitute such
strands in fibroblasts, which intrinsically lack tight junctions (39). A weak
correlation has been observed between the number of tight junction strands and
TER (22, 23). Interestingly, the expression of claudin-4, a protein discussed in
detail later, was found to correspond with strand number. Specifically, in MDCK 1
cells, the removal of claudin-4 resulted in decreased barrier function as well as a
decreased number of tight junction strands (96). However, not all claudins form
barriers, as evinced by claudin-2, a protein well known for its pore forming
properties (4, 35, 37, 85, 104). Although it is agreed that claudin-2 forms a
“channel”, it is difficult to firmly classify each claudin as barrier- or pore-
forming. For instance, it is possible for an anion selective claudin to channel the
flux of anions, but at the same time form a barrier to the flux of cations.
Experimental results from Hou and colleagues suggest this to be the case with

claudin-4 (43).



1.4.3  Cation and anion selective Claudins

The limited data available so far has made it possible to loosely classify claudins -
2,-6, -7, -9, -10b, -12, -15 and -16 as cation selective (4, 35, 43, 44, 86, 103,
104) and -4 ,-5, -7,-8,-10a, -11, -14, and -19 as anion selective (3, 8, 15, 43,
102, 104, 106, 108, 111). The permselectivity properties of claudin-2 and claudin-
4 are summarized in Table 1.1. Charged amino acids of the first extracellular loop
(ECL1) correspond with the selectivity properties of claudins. In fact, a linear
relationship was found between charge selectivity and the net charge of residues
in the second half of the first ECL (specifically amino acids 52-77) (104).

Negative amino acid net charge results in lower anion permeability (and therefore
cation selectivity). This is the case with claudin-2. However, if positively charged
amino acids outnumber negatively charged ones, like they do with claudin-4,
cation flux is repelled and the result is anion selectivity. An elegant study
published in 2002 found that charge reversal of amino acids in ECLI reversed
paracellular charge selectivity (25). In this experiment, a mutation of a positive to
a negative amino acid in the first ECL of claudin-4 increased cation permeability.
Together, the combination of all claudins expressed in the tight junction exerts a
permselectivity of the epithelium. As discussed later, the perceived function of
claudins highly depends on the properties of the cell line in which they are
expressed. The cell lines most commonly used to study claudins are LLC-PK1
and MDCK cells (detailed in section 1.5.1 and 1.5.2). The combination of
claudins in LLC-PK 1 epithelial cells results in anion selectivity (pNa ' /pCl ratio =

0.42 + 0.04 (82)). MDCK cells, on the other hand, are cation selective with



CLAUDIN-2 CLAUDIN-4
Effect on TER Decrease Increase
(4,37) (102, 104)
Net charge in () (+)
the first ECL (24,104, 112) (24, 104)
Charge () (-)
selectivity (4, 60,77, 104, 112) (43,47, 60, 102)
Function Cation selective pore Anion selective barrier

Table 1.1 The properties of Claudin-2 and Claudin-4
The summary of permselectivity characteristics available for claudin-2 and -4




pNa'/pCl ratios ranging from 1.7 (73) to 10 (7) depending on the clone. In order
to maintain such stable perm-selectivity properties in epithelial model systems
and the epithelia of our body, claudin expression must be tightly regulated.
1.4.4  Regulatory mechanisms of claudin expression

As of yet, claudin regulation is a relatively unexplored field. A few transcription
factors have been associated with regulation of claudin expression, including
GATA-4, an enhancer of intestinal claudin-2 expression (34), T/EBP/NKX2.1
which increases claudin-18 expression in the lung (78), Cdx2 (intestinal and
gastric activator of claudin -3 and -4) (87) and Snail (50, 79). Snail is a
transcription factor involved in the regulation of epithelial to mesenchymal
transition (EMT) (19) as well as cancer development and progression (29).
Moreover, Snail was reported to down-regulate claudins -1, -2 -3, -4, and -7, as
well as occludin (21, 50, 67, 79) and its activation in the adult kidney is associated
with renal fibrosis (18). So far, there is no other information available about
transcription factors regulating claudin expression in the kidney. Regulation of
claudins at the level of transcription is almost exclusively studied with regards to
cancer development and progression.

Claudins are also regulated at the level of trafficking and tight junction
incorporation. In fact, the assembly of claudins at the tight junction is not possible
without their interaction with ZO-1 and ZO-2, the scaffolding proteins which link
claudins to the actin cytoskeleton (101). Regulation of claudins at the tight
junction occurs by endocytosis, or more specifically internalization by the unique

cell-eat-cell mechanism (68). In this model, a cell can internalize a portion of the
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adjacent cell membrane with claudins, while leaving the tight junction intact.
Perhaps the most interesting regulator of claudins reported so far is another
claudin competing for the tight junction space. Angelow et. al. described this
phenomenon, following the observation that claudin-8 expression in MDCK II
cells decreases claudin-2 gene expression and inhibits claudin-2 trafficking to the
tight junction (9). Studies like this certainly endorse the belief that claudins are
carefully selected based on their compatibility with other claudins and their ability
to interact with neighboring tight junctions.
1.4.5 Claudin interactions

Interactions between different (heterophilic) and the same (homophilic) claudin
isoform may occur within the cell membrane (cis) or across the paracellular space
with claudins of the adjacent membrane (trans) (40) (Figure 1.2). Homophilic cis
interaction, or formation of claudin oligomers has been described for claudin-4
and claudin-5 (27, 74). Perhaps more interesting is the interaction between
claudins of adjacent cells across the paracellular space, or franms-interaction.
Homophilic trans interaction occurs for claudin-1, -2, -3, -5, -6, -9, -11, -14, and -
19 (59). The number of claudins reported to demonstrate heterophilic trans-
interactions is much lower. In fact, interactions between claudins -1 and -3, -2 and
-3 and -5 and -3 are the only cases reported so far (27, 40). Finally, heterophilic
cis interaction was described for claudin -2 and -3 (40), claudin 3- and -4 (28) and
claudin -16 and -19 (45). Despite their ability to interact within the same

membrane, claudin -3 and -4 cannot undergo frans —interaction. This phenomenon
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to-head, between claudins in adjacent cells).
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was used to describe the existence of domains within the first and second
extracellular loops important for mediating the trans or head-to-head interactions
across the paracellular space (28). Although various compatible claudins have
been identified, so far there is very little information about the significance of
their binding. The best-studied case in the literature is the interaction between
claudin -16 and -19, which is essential for their incorporation into the tight
junction and the formation of a cation selective tight junction complex in the thick
ascending limb (45, 46). Similar results were observed in a recent study using
cortical collecting duct cells, which reports that interaction between claudin-4 and
claudin-8 is necessary for claudin-4 assembly at the tight junction (47). The
claudin composition and interactions at the epithelial tight junction are the sole
determinants of paracellular properties of that epithelium. As more information
about claudins emerges in the literature, it may become possible to predict tight
junction electrophysiology based only on claudin expression.
1.4.6  Claudins in the proximal tubule

A complete investigation of claudin expression in the proximal tubule has yet to
be performed. However, the presence of some claudin isoforms has been
confirmed, including claudins -2, -10, -11 (55) and -4 (83). Claims of claudin -11
expression were later retracted due to probable cross-reactivity of the claudin-11
antibody with claudin-10 (77). The presence of claudin -6 and -9 was observed in
the proximal tubule of neonatal, but not adult mice (1). Altogether, the
information about the function of claudins in the proximal tubule is relatively

vague, with the exception of claudin-2, which forms a cation selective pore
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(37,77). Model systems such as MDCK and LLC-PK1 cells have been commonly
used to study claudins, but each cell line comes with certain limitations.

1.5 Common model systems for studying Claudins in the proximal tubule

1.5.1 MDCK cells

According to Dukes et al. there are at least six strains of MDCK cells (30). A
heterogeneous population of epithelial cells was originally isolated in 1958 from
the kidney of an adult female cocker spaniel. This is the parental MDCK (NBL-2)
line (66) from which MDCK I and MDCK 1I cells were derived. The difference
between the two strains lies mainly in their resistance characteristics (12, 84).
While MDCK 1 cells are very tight (TER ~4000 Q cm?), MDCK 1I cells rarely
reach over 100 Q cm?®(12). The resistance discrepancies are also accompanied by
ion selectivity differences. Namely, MDCK 1I cells are highly cation selective
(pNa'/pCI'=10 (7)), while MDCK I cells are much less so (pNa'/pCl" =1.7 (73)).
This variability is most likely due to differences in claudin expression. Although
claudin -1, -3, -4, and -7 expression was demonstrated in both strains, claudin-2
can be found only in MDCK II cells (37, 95). This is consistent with the
previously described function of claudin-2 as a cation selective channel.
According to some investigators, MDCK II cells resemble the proximal tubule,
while MDCK I cells correlate with more distal portions of the nephron (11, 84,
90, 97). However, compared to the proximal tubule in vivo, MDCK I cells have
much higher resistance and cation selectivity. ‘Anion selective’ claudins are often
introduced into the highly cation selective background of MDCK 1I cells, to find a

decrease in cation permeability. Namely, claudin- 4, -5, -8, -11 and -14
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significantly decreased cation permeability in these cells (15, 25, 102, 108, 111).
One cannot safely conclude that the expression of these claudins would have the
same effects in the proximal tubule, an epithelium, which is already much less
cation selective. Regardless of all the differences, MDCK II cells are often used
to draw conclusions about the proximal tubule epithelium (61, 70, 86, 89, 90).
Even more surprising is the use of the anion selective porcine kidney cell line —
LLC-PKI cells (48), as a representative of the proximal tubule.
1.5.2 LLC-PKI cells

The LLC-PK1 epithelium is strictly anion selective (pNa'/pCl” = 0.42) and highly
resistant when compared to the proximal tubule in vivo (TER= 127 Q cm?)(82).
Expression of claudins -1, -3, -4, and -7 has been demonstrated in this cell line
(43). More claudins may be identified in LLC-PK1 cells, pending a
comprehensive investigation of all isoforms. Expressing anion selective claudins
in this type of cell line may not have an electrophysiological effect. Instead, most
exaggerated results are obtained by the expression of cation selective claudins. To
this end, claudin -2, -15 and -16 were found to selectively increase cation
permeability in LLC-PK1 cells (44, 104). Unfortunately, due to a huge difference
in baseline characteristics such as TER and ion selectivity, these results may not

apply to the proximal tubule.
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1.5.3 Importance of the model system baseline characteristics
It is not uncommon for a claudin isoform to have dramatic effects when expressed
in one cell line, but no effect whatsoever when expressed in another. A study by
Van Itallie and colleagues (104) demonstrated that the expression of cation
selective claudins -2 and -15 has no detectable effects on the already cation
selective MDCK I cells, but increases cation selectivity in the anion selective
LLC-PK-1 cells. Similarly, anion selective claudins -4 and -11 had no effect on
LLC-PKI1 cells, but decreased cation selectivity in MDCK II cells. The same
phenomenon was later described for claudins -7 and -16, both of which increase
cation selectivity in LLC-PK1 cells, and lack a detectable effect on MDCK II
cells (3, 44). Therefore, the effect of claudin expression is intimately linked with
the endogenous properties of the cell line used. These specific properties likely
preclude claudin effects on ion selectivity and resistance alike. For example,
expression of claudin-15 in MDCK II cells results in increased TER (25), but in
LLC-PKI cells, its expression decreases resistance (104). The same discrepancy
was demonstrated for claudins -11 (104), and -16 (44, 49). These results are
further complicated by claudin knockdown studies in LLC-PK1 cells and MDCK
IT cells (43). Both model systems express claudin-4 and its knockdown in MDCK
IT cells increases cation permeability. In LLC-PK1 cells the knockdown of
claudin-4 leads to decreased chloride flux and altogether a loss of anion
selectivity. This is consistent with the role of claudin-4 as an anion selective
claudin. In the same study, a TER decrease in MDCK II and increase in LLC-PK1

cells was observed as a direct result of claudin-4 knockdown. This data is
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seemingly contradictory. However, one can argue that it is consistent if somehow
claudin-4 forms a cation barrier in MDCK II cells and an anion channel in LLC-
PK I cells, by interacting with endogenous claudins. Alternatively, it is also
possible that the electrophysiological effects are due to a secondary alteration in
the expression of other claudins. Nonetheless, this data is inconsistent with results
of another experiment where Van Itallie ez. al. found an increase in LLC-PK1
resistance upon claudin-4 expression (104). The model systems available to study
the function of claudin-4 represent two extreme epithelial environments, one
strongly cation selective and another strongly anion selective. The results of
claudin-4 expression in these cell lines are interesting but not representative of the
proximal tubular epithelium, where the expression of claudin-4 has been
demonstrated (83). Moreover, the expression of endogenous claudin isoforms has
not been exhaustively characterized in either model system, making the
assessment of perturbations in other claudin expression difficult.

It would therefore be beneficial to explore and characterize new model systems
for studying claudin function in a lower resistance, less ion-selective environment.
Existing model systems of very loose epithelia include OK cells (opossum),
NRK-52E (rat), HK2 (human), and HRPTE (human) cells. The latter two cell
systems are not suitable for studying paracellular fluxes because even after 2
weeks in culture, HK2 and HRPTE cells fail to form tight junctions (81). Of the
remaining two, preference was given to OK cells. This is because OK cells
endogenously express the PT protein NHE-3, and are therefore, more commonly

used to represent the proximal tubule (2, 5, 6).
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1.6 OK cells

Opossum Kidney cells were isolated from the kidney of an American opossum,
species Didelphys virginiana (57). The opossum genome has been sequenced and
published, however it is from the small grey tailed opossum, Monodelphis
domestica. Therefore, one expects small variations in gene sequence in OK cells
due to genetic drift (71). An in-depth analysis of paracellular permeability,
performed using OK and LLC-PK1 cells, concluded that OK cells are better
suited for studying the proximal tubule (63). Like the proximal tubule, OK cells
have a very low transepithelial resistance of < 40 Q cm?” (81, 92). The apparent
paracellular permeability coefficient of OK cells (Pap, = 12.17 %10 cm/sec) was
also reported to be remarkably similar to that of the proximal tubule (63).
However, OK cells have not been explored in terms of ion selectivity and their

tight junction molecular composition.

1.7 Hypothesis
We propose that OK cells will have electrophysiological permselectivity
properties and a claudin expression profile similar to the proximal tubule. The
over-expression of claudin-4 and claudin-2 in OK cells will help clarify their
function.
1.8 Objectives:
1. Determine the electrophysiological and molecular characteristics
governing paracellular transport across the loose epithelial cell culture
model, OK cells.

2. Use OK cells to study the function of claudin-4 and claudin-2.
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Chapter 2:

MATERIALS AND METHODS
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2.1 Cell culture and stable cell lines

All cell lines were originally obtained from ATCC (Rockville, MD, USA). OK
and LLC-PK; cells were maintained in DMEM/F12 medium, supplemented with
10% fetal bovine serum (FBS) and 5% penicillin streptomycin glutamine (PSG) at
37°C in a 5% CO; incubator. HEK 293 and MDCKII cells were maintained in
DMEM, containing 10% FBS and 5% PSG.

Polyclonal stable cell lines expressing claudin-4HA, mouse claudin-2HA and
pcDNA3.1" (Invitrogen) were created by transfecting plasmid DNA into OK cells
with Fugene 6, then selecting for transfected cells with 750 uM G418
(Invitrogen). To make monoclonal stable cell lines, the polyclonal stable cells
were plated with limiting dilutions so that individual colonies could be selected
and grown to confluence in the presence of 750 uM G418. Expression of claudin-
2 and claudin-4 in individual stable cell lines was confirmed by
immunofluorescence microscopy, immunoblot and quantitative RT-PCR.

2.2 Antibodies

The following primary antibodies were employed: rabbit polyclonal anti-claudin-
4 (Thermo Scientific, Waltham, MA, USA), mouse anti-HA (16B12, Covance,
Mississauga, ON, Canada) and rabbit anti-ZO-1 (Invitrogen, Carlsbad, CA, USA).
Secondary antibodies used were: horseradish peroxidase conjugated donkey anti-
rabbit and goat anti-mouse (Santa Cruz Biotechnology Inc., Santa Cruz, CA,
USA) as well as DyLight 488 Conjugated AffiniPure donkey anti-rabbit and
DyLight 549 conjugated AffiniPure donkey anti-mouse (Jackson

ImmunoResearch Laboratories, West Grove, PA, USA).
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2.3 Molecular Biology
2.3.1 Expression PCR
To examine claudin expression in OK cell cDNA, two sets of degenerate PCR
primers for each claudin gene were designed based on the NCBI sequence of the
Monodelphis domestica opossum (71) (Table 2.1). This approach was necessary
as OK cells were derived from Didelphis virginiana (57) and therefore contain
intrinsic genetic differences. Three different templates were utilized for PCR:
genomic DNA (extracted directly from OK cells), cDNA (generated by reverse
transcription of OK cell RNA isolated 5 days after plating) and no reverse
transcriptase cDNA (generated as per cDNA, but without the addition of reverse
transcriptase). A 1.5% agarose gel was used to analyze which claudins are
expressed based on the amplification of the appropriate size product from cDNA.
The presence of each claudin detected was confirmed by cloning it from this
cDNA.
2.3.2  Cloning and plasmid construction

pcDNA 3.1 (Invitrogen) and pGEM® -T Easy (Promega, Madison WI, USA)
vectors were utilized to generate constructs containing the claudin genes we found
to be expressed in OK cell cDNA. We also cloned glyceraldehyde 3- phosphate
dehydrogenase (GAPDH). All sequences were cloned by PCR, using homologous
primers to the Monodelphis domestica or Mus Musculus (claudin-2) sequence
found in the NCBI database. For claudins -2, -4, -9 (variant 1), -11, -12, and
GAPDH, the PCR product was shuttled directly into pcDNA 3.17. For these

constructs, a Kozak (58) sequence was introduced between the restriction site and
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Forward (set 1)

Reverse (set 1)

Forward (set 2)

Reverse (set 2)

Cldn1 | AGTTGCTGG | GTCGAAGAC | CAGTTGCTGG | GAGTCGAAGA
GCTTCATCCT | TTTGCACTGG | GCTTCATCCT | CTTTGCACTG
A G GATC
Cldn2 | TGGCTTCTA | TCGAACTTCA | GGTGGCTTCT | CTCGAACTTC
GTGCCATCT | TGCTGTCAGG | AGTGCCATCT | ATGCTGTCAG
CcC C GC
Cldn3 | AAGGTGTAC | ACGTAGTCCT | CAAGGTGTAC | CGTAGTCCTT
GACTCGCTG | TGCGGTCGTA | GACTCGCTGC | GCGGTCGTAG
CT
Cldn4 | AAGGTGTAC | GGGTTGTAG - -
GACTCGCTG | AAGTCCCGG
CT AT
Cldn5 | CCTGGAAAG | CCACAGAGC | CGGCCTTCCT | GCCACAGAGC
CAACATTGT | ACATAGAGC | GGAAAGCAA | ACATAGAGCG
GA GA C AG
Cldn 6 | CCTGTATGCT | TACTCAGAA | CCCTGTATGC | GTACTCAGAA
GGACTGCTC | GGACCTCGG | TGGACTGCTC | GGACCTCGGG
A GA AG
Cldn7 | CAACTGTTG | CAGGCAGAG | ACTGTTGGGG | AGGCAGAGCC
GGGTTCACC | CCAAGACTG | TTCACCATGG | AAGACTGAG
AT A
Cldn 8 | TCAGGATGC | TTCTCGTTTC | CGCCAACATC | GGGCTTCTCC
AGTGCAAAA | TGAGCCGAA | AGGATGCAGT | TAGTTCTCGT
TC T
Cldn9 | TCTGCTGGT | AGGTGCAGC | GTCTGCTGGT | GGTGCAGCAT
GGCTATCAC | ATAGCAGTC | GGCTATCACT | AGCAGTCCTC
TG CT GG
Cldn10 | ATCATCGCC | ATGTAACCGT | GATCATCGCC | CAGCATGGAG
TTCATGGTA | CCAGAGCCA | TTCATGGTAG | GGGAAGTCCT
GC G CT
Cldnl11 | GCAACTGGT | GAGGATGTC | CTGCAACTGG | AGGATGTCCA
TGGATTTGT | CACGAGTGG | TTGGATTTGT | CGAGTGGTTT
GA T GACG G
Cldnl12 | CGGGATGTC | CTGGTCCACC - -
CATGCAGCA | GAGGAATAC
AC C
Cldn14 | CTCCTGGGTT | ATTGGTGGTC | CCTGGGTTTC | TTGGTGGTCC
TCTTGCTCAG | CAGGAGACA | TTGCTCAGCT | AGGAGACAGC
G
Cldnl5 | GCTGGGGCT | GCAAGCATG | CGCTGGGGCT | GGCAAGCATG
ACTAATGCT | GAAGGAAAC | ACTAATGCTT | GAAGGAAACT
TG TC GG CC
Cldnl6 | CAGGTGTTC | CAGCAAGTG | TCCTGGGATT | GCAAGTGAGG
CTGGGATTG | AGGACTGCT | GTTGGCTCTG | ACTGCTCCAG
TT CcC
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Forward (set 1) | Reverse (set 1) | Forward (set 2) Reverse (set 2)
Cldn17 | CCTTCATTGG | CCCTGATGAT | GTCTGCCTTC | ATTGGCTGTC
GAGCAACAT | GAGATTGGC | ATTGGGAGCA | CAGGACACAG
T T
Cldnl18 | ACTCTTTGCC | AGCTGGAAG | CGACTCTTTG | ATGGTCGGCA
AAATGATGG | ACCAAGAAT | CCAAATGATG | CTCAGTTAAC
G AGTG GGG CC
Cldn19 | AACTCTGGC | GACATCCAG | CAACTCTGGC | GGACATCCAG
TTCCAGCTCC | AGCCCTTCGT | TTCCAGCTCC | AGCCCTTCGT
T A AG
Cldn20 | GGTAAATGC | CCTGGCTTCT | AAGGGCTGTG | GGAGGGTAGA
AAATGTGGG | TGATGCATTT | GATGGATTGC | ACCTGGCTTC
CT
Cldn22 | ACTCTGGCA | AACCCAGGA | GGACTCTGGC | CCCAGGACAC
GACTTGCGT | CACTGGAAT | AGACTTGCGT | TGGAATGAGG
TT GA
Cldn23 | GCTGGGCTA | TTTTGCAGGA | GAGCTGGGCT | GCGGTTTTGC
CTATGAGGC | CATGGGTGT | ACTATGAGGC | AGGACATGGG
TG A

Table 2.1 Opossum Kidney Claudin PCR primers. Two sets of primers were used
for each claudin isoform, generated from the NCBI sequence of Monodelphis
domestica. A dashed line instead of the second set of primers indicates that only
one set of primers was necessary to identify expression of that particular claudin.
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Forward primer Reverse primer
Claudin-1 5'-ATG GCC AAC GCG 5'-TCA CAC ATA GTC CTT
TTG-3’ TCC ACT GGA GG-3°
5’- CGC GGA TCC 5’-CCG GAA TTC TCA CGC
Claudin-2 GCC ACC ATG GCC | ATA GTC AGG AAC ATC GTA
TCC CTT GGC GTT-3" | TGG GTA CAC ATA CCC AGT
(BamHI site) CAG GCT G-3’ (EcoRI site)
57 -CGC GGA TCC 5’ -CCG GAA TTC TCA CGC
Claudin-4 GCC ACC ATG GGG | ATA GTC AGG AAC ATC GTA
TCC ATG GGG CTCC- | TGG GTA CAC GTA GTT GCT
3’ (BamHI site) GGT AGG GGC -3’ (EcoRlI site)
Claudin-6 5’- ATG GCT TCT GCC 5’-TTA TAC ATA ATT CTT
GGCCTCC-3’ GGC CTG GTA CTC AG -3’
5’ -CGG GGT ACC 5’ - GGA ATT CTC ACG CAT
Claudin-9 GCC ACC ATG GCT | AGT CAG GAA CAT CGT ATG
TCA GCT GGG CTG G | GGT ACA CAT AAT CCC GTT
-3’ (Kpnl site) TGT CCA GG -3’ (EcoRI site)
57 -CGC GGA TCC 5’ -CCG GAA TTC TCA CGC
Claudin-11 ATG GTT GCC ACT | ATA GTC AGG AAC ATC GTA
TGC CTG C-3* (BamHI | TGG GTA TAC GTG GGC ACT
site) CTT GGC G -3” (EcoRI site)
57 -CGC GGA TCC 5’ -CCG GAA TTC TCA CGC
Claudin-12 GCC ACC ATG GGT | ATA GTC AGG AAC ATC GTA
TGT CGG GAT GTC | TGG GTA GGT GGC GTG GCT
CAT GC -3° (BamHI CAC CAC AGG -3’ (EcoRI site)
site)
Claudin-15 5’-ATG TCA GTT GCT | 5°-CTA TAC ATA GGC ATT
GTA GAG ACATTT TTT CCC ATA TTT GCC -3’
GGA-3
Claudin-20 5’- ATG GCA TCA 5’- TCA TAC ATA ATC CTT
TCA GGT CTA CAG CAG GTT GTA GCC TGC- 3’
CICC-¥
5" -CCC AAG CTT 5" -CCG GAA TTC TCA CGC
GAPDH ATG TCC AAG GTG | ATA GTC AGG AAC ATC GTA
CAC ATT AGT AGA TGG GTA CTC CTT GGT GGC
TTT GG -3’ (HindIII CAT GTA CG -3’ (EcoRI site)
site)

Table 2.2 Primers and restriction sites used for cloning the Opossum Kidney
Claudins and mouse claudin-2. Primers used for amplification and cloning of
each claudin expressed in the Didelphis virginiana opossum cDNA library, and
claudin-2 from mouse kidney cDNA.
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the coding sequence in the 5° primer (except for claudin-11 and GAPDH) and an
HA tag was inserted before the stop sequence in the 3’ primer. The genes were
amplified by PCR from the OK cell cDNA library or mouse kidney cDNA (for
mouse claudin-2) using primers with unique restriction enzyme sites (Table 2.2).
PCR products were then digested with enzymes corresponding to the unique
restriction sites, and ligated into the pcDNA 3.17 vector that was previously
linearized using the same restriction enzymes. The gene in each construct was
sequenced and compared to the Monodelphis domestica sequence using the
Emboss Pairwise Alignment tool (http://www.ebi.ac.uk/Tools/psa/emboss_needle/
nucleotide.html). For the cloning of claudin -1, -6, -15 and -20, primers without
an HA tag or restriction sites were designed corresponding to the extreme 5’ and
3’ coding sequence (Table 2.2). PCR was performed using these primers and
products were inserted into pPGEM®-T Easy by ligation. Each gene was sequenced
and compared to the corresponding sequence from the Monodelphis domestica
opossum. We were only able to clone a truncated version of claudin-15 from the
Didelphis virginiana opossum cDNA generated (data not shown). All sequences
obtained were deposited into the GenBank Database.
2.3.3  Quantitative Real-time PCR

RNA was isolated from OK cells (seeded at 3 x 10°/10 cm dish and harvested at
day 5) using a Qiagen RNA isolation kit. For qRT-PCR experiments on cells after
siRNA knockdown, RNA was isolated by the same means, however cells were
seeded at 6 X 10° and they were collected 96 hours after transfection. Random

primers, SuperScript II reverse transcriptase (Invitrogen) and 1 pg of RNA, were
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used to generate cDNA that was then employed to quantify the expression of each
claudin gene and the GAPDH gene. This experiment was performed in triplicate.
IDT software (Integrated DNA Technologies Inc., San Diego, CA, USA) was
used to design Tagman quantitative real-time PCR primers and probes, based on
the cloned sequences of the Didelphis virginiana opossum claudins (Table 2.3).
To determine the absolute claudin expression, plasmid standards of each of the
previously described claudin constructs were diluted into concentrations ranging
from 0.000002 pg/ul to 2 pg/ul, and used to generate standard curves
corresponding to each gene. A linear relationship was established between copies
of claudin and fluorescence intensity, which was then used to calculate the copies
of each claudin in the experimental OK ¢cDNA samples. For the purposes of
comparing the expression levels of claudins between different stable cell lines,
standards were generated by dilution of control cDNA and the quantity of claudin
expression was normalized to GAPDH for each cDNA sample. Expression levels
were quantified using an ABI Prism 7900 HT Sequence Detection System

(Applied Biosystems Inc., Foster City, CA, USA).
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F - GAATTCTATGATCCCCTGACCC

Claudin-1 Probe — /56-

FAM/CTCCTTTGCTGTTCCTGTCCCAAGA/3IABLFQ/
R- AGGAGTCGGGTAAGAGGTTG

F- CTCCAGGTAGTGGGCATTG

Claudin-4 Probe- /56-

FAM/CCTTCATCGGCAGCAACATCGTG/3IABLFQ/
R- ACACAGTTCATCCACAGGC

F- CGTCTTGTACTGACTTCTGGG

Claudin-6 Probe- /56-

FAM/TGCTGGACTGCTCATGCGATCA/3IABKFQ/
R- CAACTCCCGTTTCTGGACTC

F- GTGTGGAAGATGAGGTGGC

Claudin-9 Probe- /56-

FAM/AGGACCAGGATCCCAGAGATGAGG/3IABKFQ/
R- CACCAGAGGATTGTAGAAGTCC

F- AGATTGTGTCATGGCTACGAG

Claudin-11 Probe- /56-

FAM/AGGTTATGTCCAGGCTTGCCGAG/3IABKFQ/
R- ACAGTCAAGAGCAGGAAGATG

F- TGCTGTTCTTGTGGTACTGTG

Claudin-12 Probe - /56-

FAM/TCTGGCCGAGTAGGGCTGAGAATA/3IABLFQ/
R- ACAGGGATGTCTATCTCGATGG

F- CCACCTCGACCATCTTTGAG

Claudin-15 Probe - /56FAM/TCCTTCCATGCTTGCCCTGTCTG
/3IABLFQ/

R- ATAGCTGTGATCATGAGTGCC

F- GGTAAATGCAAATGTGGGCTC

Claudin-20 Probe- /56FAM/ATGGTACAGCACCGGGATGTTC
AG/31ABKFQ/

R- CACATACACAGGAAGGGCTAG

Table 2.3 Opossum Kidney Claudin qRT-PCR primers and probes. Successful
probes and primers used in the quantitative real-time PCR experiments with
claudins -1, -4, -6, -9, -11, -12, -15, and -20 in OK cells.
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2.3.4  siRNA knockdown
Claudin-4 knockdown was performed in monoclonal stable cell lines expressing
claudin-4HA and pcDNA 3.1". Two different siRNA sequences against the
opossum claudin-4 sequence cloned were designed using Thermo Scientific
Dharmacon RNAi Technologies siDESIGN center software and then synthesized
(Dharmacon Inc., Lafayette, Colorado USA). The sequences were: #1 5’-AUG
GUC UUG GCC UUG GAG GUU-3’ and #2 5’-UCA UCC ACA GGC CCU
AUU-3". As a control, each sequence was scrambled using GenScript software
(GenScript USA Inc., Piscataway, NJ USA): scrambled #1 5’-AGG CUC AUG
CGG UUG UGG UUU-3’ and scrambled #2 5°-GCU CUA ACA CCC UCC AGC
CUU-3". The cells were seeded at 6 X 10° cells/snapwell insert for Ussing
chamber experiments or into each well of a 6-well plate for qRT-PCR, and
transfected with 200nM scrambled siRNA or claudin-4 siRNA using
Oligofectamine (Invitrogen) according to the manufacturer’s protocol. 96 hours
post-transfection, the cells were collected for qRT-PCR or mounted in Ussing

Chambers for dilution potential studies.
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2.4 Expression and Localization studies
2.4.1 Immunoblot analysis
HEK 293 cells (plated at 3 X 10° cells/10 cm dish) were transfected with pcDNA
3.1" or claudin-4HA and then harvested after 48 h using the protocol described
below. Cells were resuspended in 400 pl of SDS-PAGE sample buffer containing
4.6% SDS, 0.02% Bromphenol Blue, 20% Glycerol, 2% 2-ME, 130mM Tris-HCI,
pH 6.8 and a protease inhibitor cocktail (Calbiochem, Gibbstown, NJ, USA), then
mechanically sheared by passing through a 23-gauge needle. The lysates were
subjected to SDS-PAGE under denaturing conditions and then transferred to a
nitrocellulose membrane. Prior to incubation with the antibodies, the membrane
was blocked overnight with 5% milk in Tris-Buffered Saline and 0.1% Tween 20
(TBST). Primary antibodies (1:1000) were applied at 4 C overnight, followed by a
two-hour incubation with horseradish peroxidase coupled secondary antibodies
(1:5000) at room temperature. Proteins were detected with Western Lightning™
Plus ECL reagents (PerkinElmer Inc., Boston, MA, USA) and visualized using a
Kodak Image Station 440CF (Kodak, Rochester, NY, USA).
2.4.2  Immunohistochemistry

For transient transfections, OK cells were seeded on glass coverslips, transfected
with pcDNA 3.1" or claudin-4HA using Fugene 6, and then fixed using 4%
paraformaldehyde (PFA) 24 h later. The stable cell lines were plated and allowed
to reach confluence before immunofluorescence studies (>5 days). Prior to
incubation with antibodies, the cells were washed three times with Phosphate-

Buffered Saline (PBS) containing 1 mM CaCl, and 1 mM MgCl,, fixed with 4%
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PFA, and quenched with 5% glycine in PBS, then permeabilized with 0.2%
Triton-X100 and blocked with 5% milk in PBS. Antibodies and 4',6-diamidino-2-
phenylindole (DAPI) were applied at a dilution of 1:500 in 5% milk in PBS, for 1
h at room temperature. Finally, the samples were mounted with Dako (Dako,
Glostrup, Denmark) and analyzed using a custom assembled spinning disc
confocal microscope detailed in (52).

2.5 Functional studies

2.5.1 Ussing Chamber Experiments

Opossum kidney cells and stable cell lines were seeded at 1 X 10°cells on 6 well
Snapwell inserts (Corning, NY, USA) and grown to confluence (day 5). For
claudin-4 knockdown experiments, cells were seeded at 6 X 10’ and mounted 96
hours after transfection. Ussing Chamber studies were carried out with slight
modifications to published procedure (44). Initially, we corrected for baseline
conditions of empty Ussing Chambers with Buffer A (145 mM NaCl, 1 mM
CaCl,, 1 mM MgCl,, 10 mM glucose and 10 mM HEPES, pH 7.4) at 37 °C. The
Snapwell inserts with confluent OK monolayers were washed three times using
Buffer A and then mounted between the two hemi-chambers, both of which were
filled with 10 ml of Buffer A (Figure 2.1). Current clamps were performed using a
DVC 1000 I/V Clamp (World Precision Instruments, Sarasota, FL, USA) and
electrodes containing an agarose bridge with 3 M KCl. Data were acquired as a
trace and recorded using PowerLab (ADInstruments, Colorado Springs, CO,
USA) running Chart 4.0 software. To determine the TER and permeability

properties of the epithelia, a 90 pA current was applied across each monolayer
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and a dilution potential was induced by replacing Buffer A in the apical hemi-
chamber with Buffer B (80 mM NacCl, 130 mM mannitol, 1 mM CaCl,, | mM
MgCl,, 10 mM glucose, and 10 mM HEPES, pH 7.4). The osmolality of the
buffers, measured using an Advanced Osmometer, model 3D3 (Advanced
Instruments, Norwood, MA) was 310 = 10 mmol/kg water. TER measured was
quite small (11 = 1 Q cm?) and the variation in the intrinsic resistance of Snapwell
filters was considerable, relative to the low resistance of the confluent monolayer.
To eliminate this variability, the dilution potential and resistance of each filter
were determined following removal of the cells by trypsinization (30 min at 37
°C) and this measurement was subtracted from the values generated by that
specific filter with cells grown on it. The Goldman-Hodgkin Katz and Koketsu
(53) equations were used as described previously (44) to calculate the absolute
permeability of sodium and chloride, and to determine the relative permeability of
sodium to chloride (pNa+/pC1'). The permeability of Br, I', K¥, Li*, Cs" and Rb"
were obtained by the same protocol, except NaCl was substituted for an equimolar
concentration of Nal, NaBr, KCl, LiCl, CsCl and RbClI in both buffers A and B.

Osmolality of these buffers were similar to the Na containing buffers.
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Figure 2.1 Representative Ussing Chamber Dilution Potential measurment.
Diagrammatic representation of the Ussing Chamber Apparatus and
accompanying Chart recording of voltage vs time. Following a 30 minute
equilibration period (Step 1), a 90 pA pulse is applied to the cell epithelium
(situated between the two hemi-chambers, apical facing left) to produce a voltage
peak (Step 2) and Buffer A in the apical compartment is replaced with Buffer B
inducing a dilution potential (Step 3 and 4).
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2.5.2  Fluorescent Dextran Flux
The Fluorescent Dextran molecules used for paracellular permeability studies
were Alexa Fluor 488 (MW- 3 kDa, anionic), Texas Red (MW- 3 kDa, neutral)
and Rhodamine B (MW- 70 kDa, neutral) from Invitrogen. OK cells expressing
empty vector or claudin 4 were seeded on 24 well Snapwell inserts (Corning, NY,
USA) at a concentration of 4 X 10*and allowed to reach confluence (Day 5). On
the day of the experiment, both apical and basolateral compartments were washed
using Fluorescence Buffer (10 mM HEPES, 135 mM NaCl, 1 mM MgCl,, | mM
CaCly, 3 mM KCI, 10 mM glucose, pH 7.4). While shaking, the cells were
incubated with solution containing 40 ng/ml of the Fluorescent Dextran (in the
apical compartment) then, in triplicate, 10 pl samples were collected from the
basolateral compartment at 0, 5, 10, 20 and 30 minutes. The sample fluorescence
was assessed in a 384-well clear optical reaction plate (Applied Biosystems Inc)
using a SynergyMx multi mode microplate reader and Gen5 analysis software
(Biotek Instruments, Vermont USA). Final fluorescence values were calculated
using standard curves obtained by dilution of the appropriate dextran (range: 0.1-

1000 ng/ml).

2.6 Statistical Analysis

Data are reported as mean = SE. Statistical significance was analyzed with

Student’s t-test and values <0.05 were considered significant.
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Chapter 3

RESULTS

The majority of this data has been published in:

Borovac J, Barker RS, Rievaj J, Rasmussen A, Pan W, Wevrick R, and
Alexander RT. Claudin-4 forms a paracellular barrier, revealing the
interdependence of claudin expression in the loose epithelial cell culture model,
Opossum Kidney Cells. Am J Physiol Cell Physiol 2012. Oct 17. [Epub ahead of
print]
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3.1 OK cells
3.1.1 OK cells form a tight junction
To visualize whether confluent monolayers of OK cells form cell-to-cell contacts,
they were immunostained with an anti-ZO-1 antibody, which detects a tight
junction associated polypeptide (Figure 3.1A). We observed linear staining at
cell-to-cell contacts, suggesting that OK cells do form tight junctions. Confluent
monolayers of OK cells were mounted in Ussing Chambers and subjected to
increasing current pulses (from -180 pA to +180 pA). Consistent with OK cells
having a low resistance tight junction, we observed a slight linear increase in the
recorded voltage (Figure 3.1B). Ussing Chambers were also employed to perform
dilution potential measurements. Under iso-osmolar conditions induced by
adjusting the concentration of NaCl in each hemichamber, we imposed increasing
dilution factors across the monolayer and recorded the potential difference (V)
generated. We found that the dilution factor imposed correlated linearly with the
dilution potential measured across the monolayer (Figure 3.1C).
3.1.2  Tight junction characteristics

To assess the validity of our results and compare them with other model systems,
we measured TER and performed dilution potential measurements using MDCK
IT and LLC-PK, cells, along with the OK cells (Figure 3.2). We measured a TER
of 41 + 2 Q cm*for MDCKII cells, 130 + 5 Q cm® for LLC-PK, cells and 11 + 1 Q
cm’for OK cells. A permeability ratio (pNa'/pCl’) of 3.2 + 0.4 was measured for
MDCKII cells, 0.9 + 0.02 for LLC-PK, cells and 1.1 + 0.003 for OK cells. The

absolute Na* permeability was determined to be 35 + 1 X 10°cm/s for MDCKII,
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Figure 3.1 Opossum Kidney cell tight junction A) Confluent monolayers of
Opossum Kidney cells grown on a glass coverslip and immunostained with anti-
Z0O-1 (red) and Dapi (green). The scale bar represents 25 um. B) Plot of voltage
(mV) measured after the imposition of a current (WA) across OK cell monolayers.
C) Plot of potential difference (mV) vs. the dilution factor applied across
confluent monolayers of OK cells mounted in Ussing Chambers. Data are

presented as means =+ standard error. Red lines represent a linear fit of the
experimental data; the R* =0.996 for graph B, R* =0.995 for graph C and n =3 for

both.
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Figure 3.2 Electrophysiology of MDCKII, OK and LLC-PK1I cells. Comparison of
transepithelial resistance (TER) (A) permeability ratio and (B) absolute
permeability of sodium (Na’) (C) and chloride (CI) (D) across confluent
monolayers of MDCKII cells, OK cells and LLC-PK; cells, n > 4 per cell type.
Grey dashed line represents a pNa'/pCl ratio of 1. Data are presented as means =+
standard error.
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74 + 1.8 X 10° cm/s for LLC-PK, and 88 + 10 X 10° cm/s for OK cells.
Similarly, we measured an absolute CI" permeability of 12 + 2 X 10° cm/s for
MDCKII, 8.6 + 1.8 X 10°cm/s for LLC-PK, and 82 + 10 X 10°® cm/s for OK cells
(Figure 3.2 D). Thus, compared to the previously described LLC-PK, and
MDCKII cells, OK cells have a low TER (Figure 3.2 A), are slightly cation
selective (Figure 3.2 B) and have relatively high CI' and Na" permeability (Figure
32 C&D).

To further delineate the permeability profile of OK cell tight junctions, we
performed dilution potential measurements with other monovalent ions. The
permeability sequence of cations (relative to CI') across OK cell monolayers ranks
K*>> Cs"> Rb"> Na"> Li". The permeability sequence for anions was CI" > I >
Br (Figure 3.3). Next, we turned our attention to identifying the molecular

determinants of tight junction selectivity properties in this cell model.
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Figure 3.3 Permeability of monovalent cations across monolayers of OK cells.
OK cell tight junction permeability to cations (K*, Cs", Rb", Na" and Li") with
respect to CI” and anions (CI', I', and Br’) with respect to Na';n>4 per ion, data
are presented as means * standard error.
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3.2 Claudins in OK cells
3.2.1 Claudins expressed

To determine the endogenous expression of claudins in OK cells, we generated a
cDNA library from confluent cell monolayers. We then created two sets of
degenerate primers, targeting a single exon for each claudin isoform using the
NCBI sequence of the Monodelphis domestica opossum (note OK cells were
generated from a different species of opossum, Didelphis virginiana). Employing
these primers, we performed PCR on genomic DNA to test the primer set
integrity, cDNA to determine expression of each claudin, and cDNA generated in
the absence of reverse transcriptase, to ensure that genomic DNA contamination
of the cDNA was not providing a false positive result (Figure 3.4). We included a
positive control, GAPDH, and found its expression in both genomic DNA and
cDNA, but not in the template lacking reverse transcriptase. In contrast,
expression of our negative control, the lens protein crystallin, was found only in
genomic DNA, indicating that our cDNA samples were not contaminated with
genomic DNA. Using this methodology we observed expression of claudins -1, -
4,-6,-9,-11,-12, -15 and -20 in OK cell cDNA (Figure 3.4). It is noteworthy that
these results were identical to those observed when cDNA from sub-confluent

monolayers of OK cells was used (results not shown).
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Figure 3.4 Claudin expression in OK cells. PCR was performed to identify the
expression of each claudin isoform, GAPDH (as positive control) and Crystallin
(as a negative control) on three templates: genomic DNA (lane one, abbreviated
G), cDNA (lane 2, abbreviated C) and cDNA prepared without reverse
transcriptase (lane 3, abbreviated (-)). Final PCR products were electrophoresed
on 1.5% agarose DNA gels (with a 100 bp or 1.0 kB ladder), and visualized using
ethidium bromide and UV based detection.
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3.2.2  Relative claudin expression
In order to quantify the relative expression of each claudin, we cloned the
identified isoforms from the OK cell ¢cDNA library and then performed
quantitative real-time PCR. Surprisingly, the claudin that was most abundant in
this loose, cation selective epithelial cell line was claudin-4, followed by claudin -
1 >-6>-20>-9>-12 > -11 > -15 (Figure 3.5). Even though claudin-2
expression in the proximal tubule is well documented (33, 54, 55, 77, 83), we did
not find it in our proximal tubule model system. Therefore, in order to study the
role of this protein, we introduced mouse claudin-2 into OK cells.
3.3 Claudin-2

3.3.1 Claudin-2 expression and stable cell lines
We generated stable cell lines overexpressing mouse claudin-2 with a carboxy-
terminal HA tag (OK/mclaudin-2). Expression of claudin-2 was confirmed by
immunoblot analysis (Figure 3.6 A) where a 25kDa band was observed in the
stably transfected cells, but not the cells expressing the empty vector. Expression
was also confirmed by immunofluorescence (Figure 3.6 B) where co-localization
of claudin-2 (HA panel, red) with the tight junction marker ZO-1 (green) was

observed. These cells were used for Ussing chamber studies and qRT-PCR.
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Figure 3.5 Relative expression of claudins in OK cells. Quantitative RT-PCR
analysis of claudin expression in OK cells. The results are normalized to GAPDH
expression, n = 6 per group, data are presented as means + standard error.
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Figure 3.6 Expression of mouse claudin-2 in OK cells. Over-expression of
claudin-2, with an HA epitope tag, in OK cells was demonstrated by western blot

(A) and by immunofluorescence microscopy (B), Dapi staining is blue, ZO-1
green and claudin-2 (HA) in red.
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3.3.2  Claudin-2- effects on paracellular permeability
Ussing chamber experiments utilizing OK/mClaudin-2 cells revealed a significant
decrease in TER and an increase in both Na" and CI” permeability when claudin-2
was over-expressed as opposed to the empty vector (Figure 3.7 A, C&D). The
pNa'/pClI ratio was not significantly altered (Figure 3.7 B). Before attributing
these findings solely to claudin-2 expression we first sought to study the effects of
claudin-2 on the endogenous claudin levels. This is necessary because of previous
reports detailing changes in endogenous claudin expression in MDCK 1 cells,
resulting from over-expression of claudin-2 (9). Therefore, only if endogenous
claudins are unaltered can the electrophysiological effect be definitively attributed
to claudin-2 alone.

3.3.3  Claudin-2 expression alters endogenous claudin expression
Therefore, to ascertain whether the changes observed were due to the altered
expression of claudin-2, or secondary to an effect of an alteration in other
claudins, we quantified the expression of the other claudins identified in the OK
cell line by qRT-PCR. The mRNA levels of claudins -1, -4, -9, -15 and -20 were
unaltered in the claudin-2 over-expressing cells, compared to vector transfected
controls. However, the mRNA level of claudin-12 significantly decreased and
claudin-6 expression is nearly eliminated by the introduction of claudin-2 into OK

cells (Figure 3.8).
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Figure 3.7 Effects of claudin-2 expression on electrophysiology. Ussing chamber
dilution potential experiments were used to determine the TER (A), pNa'/pCl (B),
Na" (C) and CI" (D) permeability of cells expressing empty vector (V, black bars)
or over-expressing mouse claudin-2 (CLDN2, white bars). Data are presented as
means = standard error (SE), n > 3 cell lines and * denotes a p value < 0.05.
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Figure 3.8 Effects of claudin-2 over-expression on endogenous claudin
expression in OK cells. Quantitative RT-PCR analysis of claudin -1, -4, -6, -9, -
12, -15 and -20 expression in OK cells expressing the empty vector (V, black
bars) or claudin-2 (CLDN2, white bars). Gene expression is represented as
percentage of control (OK cells stably expressing pcDNA 3.17) and normalized to
the expression of GAPDH. Data are presented as means + standard error (SE), n >
3 cell lines and * denotes a p value < 0.05.
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3.4 Claudin-4
3.4.1 Claudin-4 expression and stable cell lines
We next inquired what function claudin-4, a barrier forming claudin, might play
in this loose epithelial model. To this end, we cloned the endogenous opossum
claudin-4 and shuttled it into the mammalian expression vector, pcDNA3.1" with
an HA epitope tag inserted at the carboxy terminus. Comparison between the
Didelphis virginiana claudin-4 sequence obtained and the published Monodelphis
domestica sequence is made in Figure 3.9. Next, we generated stable cell lines
over-expressing claudin-4 to enable -electrophysiological measurements on
confluent monolayers. Claudin-4 over-expression was confirmed by qRT-PCR,
immunoblot and immunofluorescence microscopy (Figure 3.10 A-C).
Importantly, claudin-4 was predominantly localized with ZO-1 at the tight
junction.
3.4.2  Claudin-4 - effects on electrophysiology

To explore the electrophysiological changes induced by claudin-4 over-
expression, we performed TER and dilution potential measurements in Ussing
chambers. We found that over-expression of claudin-4 in each of the individual
stable cell lines caused a significant increase in TER compared to empty vector
transfected OK cells (Figure 3.11A). Consistent with this, both Na" and CI’
permeability were significantly decreased in each of the claudin-4 over-expressing
lines (Figure 3.11B&C). Moreover, the decrease in flux was reduced
proportionately, such that the pNa'/pCl ratio was not significantly altered (Figure

3.11 D).
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Emboss comparison of the Monodelphis domestica opossun
claudin 4 from NCBI (top) to Didelphis
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(NN RN R RN RN AR N R RN
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Figure 3.9 Comparison of claudin-4 sequence between Monodelphis domestica
and Didelphis virginiana opossums. The NCBI sequence of Monodelphis
domestica opossum claudin-4, top sequence (XM _001366871.1) was compared to
the Didelphis virginiana opossum claudin-4, bottom sequence (obtained from the
OK cell cDNA library) using Emboss Needle Pairwise Alignment software. Base
pair differences coding for a synonymous amino acid are in green and non-
synonymous changes are displayed in red. The coding amino acid is written
above. The blue sequence at the 3’ end of the Didelphis virginiana sequence was
inserted and codes for the HA tag.

49



>

B
8000 - a-HA

6000 - I 72J

28 | —

4000 A

"

2000 1

Copies of claudin
(% of vector control)

V CLDN4 vV CLDN4

(@)

7Z0-1  CLDN4

Figure 3.10 OK cell lines stably over-expressing Claudin-4. Claudin-4 over-
expression in OK cell stable cell lines was verified by (A) qRT-PCR, presented as
percentage of vector transfected control, (B) immunoblot probed for HA and (C)
by immunostaining a confluent monolayer of OK cells over-expressing claudin-
4HA with anti-ZO-1 (green) and anti-HA (red). OK stable cell lines over-
expressing pcDNA 3.1" are abbreviated V and represented with black bars, and
those over-expressing claudin-4HA are represented with white bars. n > 3 cell
lines for each group, data are presented as means =+ standard error.
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Figure 3.11 Effects of claudin-4 expression on OK cell electrophysiology. Ussing
Chamber studies were employed to determine TER (A), absolute permeability to
sodium (Na') (B), absolute permeability to chloride (CI") (C) and the ratio of
sodium to chloride permeability (pNa'/pCly) (D). OK stable cell lines over-
expressing pcDNA 3.1" are abbreviated V and represented with black bars, and
those over-expressing claudin-4HA are represented with white bars. n > 3 cell
lines for each group, data are presented as means + standard error and * denotes a
P value < 0.05.
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3.4.3  Claudin-4 and paracellular flux of fluorescent dextrans
To complement our ion transport studies; we performed a fluorescent dextran flux
assay using OK/pcDNA 3.1" and OK/claudin-4 stable cell lines. Claudin-4
expression caused a significant increase in permeability to all three fluorescent
dextrans (Figure 3.12 A-C). Consistent with its high molecular weight of 70kDa,
Rhodamine B had the slowest flux rate. Of the two 3kDa dextrans, the neutral
Texas Red achieved a higher flux rate than the anionic Alexa fluor 488.

3.4.4  Claudin-4- effects on endogenous claudin levels
As with claudin-2, we were aware that expression of claudin-4 might have caused
perturbations in endogenous claudin expression, thereby exaggerating (or
minimizing) the electrophysiological effects observed. While studying mRNA
levels by qRT-PCR, we found no alteration in the expression of claudins -11, -12,
-15 or -20 between empty vector expressing and claudin-4 over-expressing cell
lines. However, we observed a significant increase in endogenously expressed
claudins -1, -6, and -9 mRNA in the stable cell lines over-expressing exogenous

claudin-4 (Figure 3.13).
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Figure 3.12 Effects of claudin-4 on paracellular dextran flux. The permeability to
fluorescent dextrans ((A)Texas Red- 3 kDa, neutral; (B) Rhodamine B - 70 kDa,
neutral, and (C) Alexa Fluor 488- 3 kDa, anionic) was determined over the course
of 30 minutes across confluent monolayers of OK cells expressing pcDNA 3.1°
(V, black bars) or claudin-4 (CLDN4, white bars). n > 3 cell lines for each group,
data are presented as means = standard error and * denotes a P value < 0.05.
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Figure 3.13 Effects of claudin-4 over-expression on the level of expression of
other claudins. Quantitative RT-PCR analysis of claudin expression in each of
the 3 OK stable cell lines expressing empty vector (black bars) or stable cell lines
over-expressing claudin-4HA (n = 4). Gene expression is represented as
percentage of control (OK cells stably expressing pcDNA 3.17) and normalized to
the expression of GAPDH. n > 3 for each group, data are presented as means +
standard error and * denotes a P value < 0.05.
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3.4.5 Claudin-4 siRNA knockdown
To more specifically dissect out the role of claudin-4 we performed siRNA
knockdown of claudin-4 in OK cells as well as OK claudin-4 expressing stables
(Figure 2.1). The extent of this knockdown can be visualized on the mRNA level
in Figure 3.14 showing claudin-4 knockdown in OK/empty vector cells in the left
panel and the claudin-4 knockdown in the OK/claudin-4 cells in the right panel.
Therefore, the left panel represents a situation in which OK cells are significantly
depleted of endogenous claudin-4 (by ~64%). The right panel shows knockdown
of the introduced claudin-4 leading to a slight but incomplete return to
endogenous levels of claudin-4 expression in OK cells. When compared to over-
expression, one can expect gene knockdown to result in comparable but opposite
effects on the cell physiology. Therefore, we used the claudin-4 knockdown cells
to study endogenous claudin expression and electrophysiology, exactly as

described before.
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Figure 3.14 Knockdown of endogenous and over-expressed claudin-4 in OK cells.
gqRT-PCR analysis of claudin expression in empty vector expressing cells (left)
and cells over-expressing claudin-4 (right) after transfection with scrambled RNA
(black bars) or claudin-4 siRNA (grey bars). Gene expression is represented as
percentage of control (OK cells stably expressing pcDNA 3.1") and normalized to
the expression of GAPDH. Data are presented as means + standard error (SE), n >
3 cell lines and * denotes a P value < 0.05.
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Endogenous claudin-4 knockdown in OK/vector controls results in significantly
decreased claudin -1, -4, -9 and -12 mRNA levels. On the other hand, the
significant depletion of claudin-4 in the claudin-4 over- expressing OK cells
seems to have no significant effect on the expression levels of other claudins
(Figure 3.15 A-D). Therefore, much care must be taken when drawing
conclusions from the results of our claudin-4 knockdown electrophysiological
studies (described next). Specifically, electrophysiology of the OK endogenous
claudin-4 knockdown cells represents the combined effect of claudin-4
knockdown and claudin-1, -9 and -12 down-regulation. However, claudin-4
knockdown in OK/claudin-4 cells reveals the role of claudin-4 knockdown alone
(as there are no other alterations) finally making it possible to attribute the
electrophysiological effects to a single claudin isoform. Ussing Chamber dilution
potential studies were then used to study the electrophysiological effects of
claudin-4 depletion in the OK/vector and OK/claudin-4 cells described above.
There were no significant alterations in TER, absolute Na' or CI" permeability
across confluent monolayers of OK cells stably expressing pcDNA 3.1" (the
empty vector) when endogenous claudin-4 was knocked down by ~64% (Figure
3.16 A, C&D). There was a slight decrease in the pNa'/pCl ratio (p=0.04) when
the empty vector expressing cells were treated with siRNA against claudin-4
compared to scrambled siRNA (Figure 3.16 B). In contrast, the knockdown of
claudin-4 in the cell lines over-expressing claudin-4 caused a significant decrease
in TER, as well as a significant, proportional increase in Na" and CI” permeability,

such that the pNa'/pCl ratio remained unaltered (Figure 3.16 A-D).
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Figure 3.15 Claudin-4 knockdown- effects on endogenous claudin expression.
qRT-PCR analysis of claudin-1 (A), -6 (B), -9 (C), and -12 (D) expression in
empty vector expressing cells (left) and cells over-expressing claudin-4 (right)
after transfection with scrambled RNA (black bars) or claudin-4 siRNA (grey
bars). Gene expression is represented as percentage of control (OK cells stably
expressing pcDNA 3.17) and normalized to the expression of GAPDH. Data are
presented as means =+ standard error (SE), n > 3 cell lines and * denotes a P value
<0.05.
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Figure 3.16 Electrophysiological characteristics of OK claudin-4 knockdown
cells. OK cells expressing the empty vector (V) or over-expressing claudin-4 were
treated for 96 hours with scrambled RNA (black bars) or claudin-4 siRNA (grey
bars). Ussing chamber dilution potential experiments were then performed to
determine TER (A), pNa'/pCl” (B) and absolute Na" (C) and C1" (D) permeability.
Data are presented as means + standard error (SE), n > 3 cell lines and * denotes a
P value < 0.05.
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Chapter 4

DISCUSSION
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4.1 Opossum kidney cells as a model system of the proximal tubule
4.1.1 Electrophysiology

Our preliminary investigation of the opossum kidney cell line demonstrates its
ability to form tight junctions (Figure 3.1). The strong linear relationship between
current and voltage, as well as dilution factor and voltage, serves to justify the use
of Ussing Chamber dilution potential experiments for the characterization of OK
cell electrophysiology. Consequently, using these methods we determined the
OK cell TER and pNa'/pCl to be 11 = 1 Q cm® and 1.10 = 0.01, respectively.
These values are in strong agreement with recent in vivo tubular perfusion studies,
which found the TER of the mouse proximal tubule (S2 segment) to be 11.3 + 0.4
Q cm” and a pNa“/pCl of 1.10 + 0.02 (77). This is also consistent with the TER
measured across the proximal tubule of other species (14, 17, 64, 88, 93). The
resistances of MDCK 1II, and LLC-PK1 cells, on the other hand, were much
higher (41 + 2 and 130 + 5 Q cm?, respectively) and therefore not consistent with
proximal tubule epithelium. More importantly, the selectivity of LLC-PK1 cells
(pNa'/pCl" = 0.90 + 0.02) and MDCK I cells (pNa'/pCl" = 3.2 + 0.4) are by no
means representative of the fluxes across the slightly cation selective proximal
tubule. This data strongly suggests that, in terms of endogenous epithelial
characteristics, OK cells better represent the proximal tubule than MDCK I cells
or LLC-PK1 cells do. Furthermore, the same murine tubular perfusion studies
found that K* was the most permeable cation followed by Rb" > Na" > Li" >
choline” (relative to CI). This is identical to the permeability sequence we

established for OK cells (K" > Cs">Rb">Na" > Li", Figure 3.3). Therefore, both
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of these epithelia are associated with Eisenman sequence IV, the permeability
sequence corresponding to a pore with a weak field strength binding site (32).
This implies that there is a weak pore interaction permitting cations to permeate
the pore largely in their hydrated state. This data emphasizes the similarity
between OK cells and the PT S2 segment (77). We next asked the question
whether this remarkable similarity is mirrored in the molecular composition of the
tight junction as well.
4.1.2 Claudins

Claudin composition governs paracellular fluxes across the tight junction. It is,
therefore surprising that claudin expression has not been completely characterized
in a major site of paracellular transport like the proximal tubule. So far, claudin -
2, -10, -11 (55) and -4 (83) were identified in this nephron segment. Claudin-6
and -9 were reported in the proximal tubule of neonatal (but not adult) mice (1)
and the expression of claudin -12 and -20 has not yet been examined. Using two
sets of degenerate PCR primers for each isoform, we have extensively
characterized the claudin expression in OK cells. We identified claudin -4 > 1 > 6
>20>9>12> 11 and > 15 (Figures 3.4 and 3.5). Therefore, this low resistance,
cation selective model expresses several supposed ‘barrier forming’ claudins (-1
(38, 51, 69), - 4 (104), - 6 and -9 (86)). Surprisingly the most abundant is claudin-
4, an anion selective barrier forming claudin. Moreover, OK cells lack the cation
selective, pore forming claudin-2. It is thought provoking to consider then, how
this model system can be so loose and cation selective. Perhaps there is a strong

effect induced by the proposed ‘pore forming, cation selective’ claudins (-12 (35)
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and -15 (25, 98)), which were also found in OK cells. Likewise, the tentative
contribution of claudins -11 and -20 is incalculable, as their function is still
unknown. However, the claudins common to both the proximal tubule and OK
cells are claudins -4, -6, -9 and potentially -11. Regardless of the discrepancies,
the array of claudins expressed in OK cells form tight junctions with
electrophysiological properties very similar to the proximal tubule in vivo.
Therefore, the introduction of a “cation pore” such as claudin-2 should only
exaggerate the cation selective, low resistance characteristics of the OK tight
junction.

4.2 Claudin-2 in OK cells

Claudin-2 expression was observed in the proximal tubule of several species (33,
54, 83). We were therefore surprised that we could not identify it in OK cells, a
proximal tubular model. However, a previous study also failed to identify claudin-
2 in OK cells (81). We therefore over-expressed mouse claudin-2, and observed a
decreased TER and significantly increased Na" and CI” permeability. There was a
slight, but insignificant increase in the pNa'/pCl ratio, suggesting that claudin-2
forms a cation selective pore in OK cells (Figure 3.7). This has been reported
previously in other model systems (4, 35, 37, 104).

Somewhat to our surprise, claudin-2 overexpression also decreased claudin-12
mRNA levels and eliminated claudin-6 expression almost completely, making it
impossible to ascribe the effects on permeability specifically to claudin-2 (Figure
3.8). Since we are observing these effects on the mRNA level, it is likely that

claudin-2 is altering the transcription of these two isoforms. Claudin-2 could be
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activating (or acting as) a repressor, which then decreases claudin-6, and -12
expression levels. Physiologically, the function of claudin-2 and -12 is similar
(35), so a negative feedback mechanism might be in place to prevent robust cation
permeability upon over-expression of claudin-2. In fact, it is tempting to suggest
that claudin-12 plays the role of claudin-2 in OK cells (i.e. by forming a cation
pore). Consequently the introduction of claudin-2 would eliminate claudin-12
because it is no longer necessary, or may make the epithelium too leaky. Claudin-
6 might be responsive to the same inhibitory transcription factor, such that its
expression is also eliminated.
The multiple alterations in claudin expression induced by over expressing a cation
selective pore form claudin, make it difficult to ascribe the electrophysiological
effects to a specific claudin isoform. As OK cells are highly permeable, and cation
selective, our model system might be better suited for studying the effects of
anion selective, barrier forming claudins, such as claudin-4.
4.3 Claudin-4 in OK cells

4.3.1 Claudin-4 over-expression
Of all the claudins identified in OK cells, claudin-4 is the most abundant at the
level of mRNA (Figure 3.5). In the literature, claudin-4 has been classified as a
cation barrier (25, 102, 104) as well as an anion channel (47). Claudin-4
knockdown leads to a TER decrease in MDCK II and increase in LLC-PK1 cells
(43). From this data we can predict that claudin-4 blocks Na' flux in MDCK II
cells and channels CI' in LLC-PKI1 cells. In OK cells, claudin-4 expression

increases TER. Therefore just like in MDCK II cells, claudin-4 may be acting as a

64



Na' barrier. Indeed, Na" permeability does decrease significantly upon claudin-4
expression, but CI" permeability does as well (Figure 3.11). As we are adding
claudin-4 into an environment that is already claudin-4 rich, we may simply be
overwhelming the tight junction with a barrier forming claudin, such that all ion
transport is blocked.

On the other hand, we also observed higher fluorescent dextran fluxes in the
claudin-4 expressing cells, compared to control (Figure 3.12). This is not
consistent with claudin-4 acting as a barrier. Previous examinations of
transepithelial transport mechanisms have suggested a dissociation of paracellular
flux of ions from that of uncharged solutes and other macromolecules (10, 105,
107). Therefore, a change in TER might not necessarily be reflected in the
permeability of uncharged solutes. In two separate studies, alterations of TER
caused by claudin-2 and claudin-4 expression fail to affect the paracellualar flux
of mannitol (4, 102). There seems to be one ‘size restrictive high capacity
pathway’ through abundant small pores, and another, ‘low capacity size
independent pathway’ through fewer much larger pores. The former pathway
serves paracellular ion transport, while the latter mediates the paracellular
movement of macromolecules (105, 107). This explains why increased TER was
not associated with decreased flux of fluorescent dextrans in our studies. The
larger, neutral 70kDa Rhodamine B dextran had the slowest flux rate, followed by
the neutral 3kDa Texas Red and then anionic 3kDa Alexa Fluor 488 (Figure 3.12).
Although the anionic dextran exhibits slower flux than the neutral Texas Red, this

data is not inconsistent with claudin-4 being anion selective, precisely because of
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the proposed second pathway of paracellular transport. Claudin-4 overexpression,
however, does affect this pathway significantly, causing the “low capacity size
independent” pores to become either more numerous or more permeable to
dextrans upon over-expression. These results suggest the possibility of novel
claudin-4 mechanisms. However, these effects may not be due to claudin-4
manipulation alone.
4.3.2 Effects on endogenous claudins

The over-expression of claudin-4 is accompanied by an increase in claudin -1, -6,
and -9 mRNA (Figure 3.13). As with claudin-2, we propose these effects are
carried out through alterations in transcription. Claudin-4 could be activating (or
acting as) a transcription factor responsible for increased expression of the barrier
forming claudin -1, -6 and -9 (51, 69, 86). In fact, claudin-1 and -4 share a
common transcription factor Snail, which was observed to down-regulate these,
and any other isoforms containing an E-box sequence in the promoter region (50,
67). Interestingly, one study observed up-regulation of endogenous claudin-1
resulting from the expression of any exogenous claudin isoform (113). After
finding that claudin -2, -6, -7 and -9 all up-regulate claudin-1, Zavala-Zendejas et.
al. suggest that claudin-1 expression can be regulated by numerous common
transcription activators or repressors. These transcription factors are yet to be
identified. There might be significant physiological relevance of claudin-4
induced up-regulation of other predicted barrier forming claudins. As the majority
of ions are reabsorbed through tight junctions of the proximal tubule a

physiological situation might occur that necessitates immediate tight junction
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blocking. An example of this might be to prevent excessive paracellular
reabsorption of sodium at times of high sodium intake. Consequently, up-
regulation of an anion selective barrier forming claudin (such as claudin-4) could
activate the expression of other barrier claudins (-1, -6, and -9) through common
transcription factors.

It is also possible that claudins -1, -6, and -9 are potential interacting partners for
claudin-4, and the over-expression of claudin-4 requires their presence in order
for it to be inserted into the tight junction. More studies are needed before a
conclusion can be reached regarding the mechanism of claudin-4-induced
increases in claudin -1, -6, and -9 expression. One such study is the removal of
claudin-4 from the tight junction by siRNA (Figure 3.14-3.16).

4.3.3 Claudin-4 knockdown

Endogenous and over-expressed claudin-4 were knocked down in OK cells and
OK/claudin-4 cells, respectively. This methodology allowed us to eliminate the
effects of secondary claudin up-regulation (-1, -6, and -9). Specifically, the
significant knockdown of claudin-4 in the claudin-4 over-expressers did not
down-regulate the levels of claudin -1, -6, and -9 (Figure 3.15, set of right panels).
Therefore, the electrophysiological effect in Figure 3.16 (decreased resistance,
increased sodium and chloride permeation) is due to claudin-4 knockdown alone.
This data nicely complements our claudin-4 over-expression experiment, which
showed an increase in resistance and decreased Na'™ and CI” flux. One might
wonder why the expression of claudin-4 increases the levels of claudin -1, -6, and

-9, but knockdown does not result in the opposite. This may be because the
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OK/claudin-4 stable knockdown cells still express much more claudin-4 than wild
type OK cells (~10X more claudin-4, Figure 3.14 left panel black bar vs right
panel grey bar). The knockdown is significant when compared to the scrambled
RNA control in the stable cell line, but compared to wild type OK cells, claudin-4
is still over-expressed. More importantly, this knockdown was strong enough to
induce electrophysiological effects, but not strong enough to affect the regulatory
mechanisms required to induce alterations in claudin -1, -6, and -9 expression.
Would claudin -1, -6, and -9 be altered by knockdown of endogenous claudin-4?
Figure 3.15 (left panels) illustrates a significant down-regulation of claudin -1, -9
and -12 mRNA levels upon endogenous claudin-4 knock-down, but no change in
claudin-6. Therefore, the mechanism responsible for increased claudin-1 and -9
expression likely also maintains their expression in the presence of claudin-4.
This correlation in expression levels is consistent with claudin-1 and -9 being
interaction partners of claudin-4. However, we cannot exclude the possibility that
claudin-4 is acting as (or through) a transcription factor which activates the
expression of these isoforms. If this is the case, the knockdown of claudin-4 might
decrease the transcription factor and consequently the levels of -1, -6 and -9. The
claudin-12 expression pathway is also affected, such that claudin-12 is down-
regulated as well. This could explain why we see no significant difference in the
electrophysiology of OK cells and OK claudin-4 endogenous knockdown cells
(Figure 3.16 A-D, left panel), with the exception of a decrease in pNa'/pCl". The
combined decrease of the anion selective barrier forming claudin-4 and cation

selective pore forming claudin-12 could return the cells to their native
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electrophysiological characteristics. There may be numerous reasons for claudin
expression to cause alterations of other claudins, which is why the
electrophysiological results in the literature are often inconsistent and almost
always dependent on the model system employed (Section /.5.3) (43, 102, 104).

Unfortunately, there is not enough data available to draw conclusions about the
way claudins regulate each other. In fact, very few studies investigate the effects
of claudin over-expression or knock-down on the levels of endogenous isoforms,
often due to a lack of antibodies or other reagents. For OK cells, we have created
tagged constructs and confirmed successful qRT-PCR primers and probes for
each endogenous claudin isoform (Table 2.3). Therefore, OK cells have a strong
advantage in being able detect delicate claudin alterations. This is a good model
system of the PT where expression of claudins causes the predicted effect as well
as an accompanied alteration in the endogenous claudin isoforms. In OK cells,

and likely in all epithelia, claudin expression is strongly interlinked.
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SUMMARY

We have characterized a very loose epithelial cell culture model and shown that it
can be used to study the effect of claudins on paracellular ion transport. OK cells
form tight junctions that exhibit low resistance and slight cation selectivity. We
observed a linear relationship between voltage and current, as well as between the
dilution factor and resulting dilution potential generated. Hence, Ussing chamber
dilution potential experiments can be performed successfully on a loose
epithelium. The observed electrophysiological characteristics are likely conferred
by the expression of endogenous claudins, which ranks claudin-4 > -1 > -6 > -20
>-9>-12>-11>-15. We employed this new model system to study the function
of two different claudins: claudin-2, the cation selective “channel” claudin, and
claudin-4, an anion selective barrier forming claudin. As we were unable to detect
claudin-2 in this common proximal tubular cell culture model, we over-expressed
mouse claudin-2 and found decreased TER, proportional increase in pNa' and
pCl™ as well as a decrease in claudin-12 and -6 expression. On the other hand,
over-expression of claudin-4 led to significantly increased TER (without altering
pNa'/pCl’), increased permeability to fluorescent dextrans, and increased claudin-
1, -6 and -9 mRNA levels. To dissect out the specific role of claudin-4 in OK cells
we knocked it down in the vector transfected and the claudin-4 over-expressing
cell lines. Knockdown of endogenous claudin-4 decreased claudin -1, -9, and -12
expression without significantly altering the resistance or the absolute
permeability of Na" and CI". A 64% knockdown of claudin-4 although significant,

compared to scrambled RNA treated control, was not sufficient to cause
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electrophysiological alterations. Obvious alterations in electrophysiology occurred
only when claudin-4 was knocked down in the over-expressing stables. This did
not induce significant alteration in the expression of the other endogenous
claudins; allowing us to conclude that the decreased TER and increased Na” and

CI permeability are due to claudin-4. Thus, claudin-4 acts as a barrier in OK cells.
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CONCLUSION

Unlike the other model systems available, OK cells closely represent the
electrophysiological ~characteristics of the proximal tubule. However,
manipulation of claudin expression in this model system significantly alters
endogenous claudin expression, suggesting that claudin expression is strongly

interdependent and complicating the use of this model system.

FUTURE DIRECTIONS

The claudin alterations induced by expression or knockdown were observed at the
mRNA level. Since this regulation is completely unexplored, the first step is to
identify the transcription factors involved and study their effects on endogenous
claudins. Only then can the interdependence of claudin expression be further
elucidated. It is also important to show claudin alterations at the level of protein
expression, and subcellular localization. Prior to this, we must identify specific
antibodies for each opossum claudin isoform. Pending the identification of
specific reagents, it would be interesting to examine the possible interaction of
claudins in OK cells. There seems to be a strong correlation between claudin-2
and -12, as well as claudin-4 and claudins -1, -6 & -9. By immunofluorescence,
FRET and co-immunoprecipitation, it will be possible to determine whether these
claudin isoforms interact. OK cells can be used in general to represent the
proximal tubule, where the majority of filtered calcium is reabsorbed from.
Therefore, this model system can be used to study the role of specific claudins on

Ca’" transport and their role in causing hypercalciuria (calcium wasting in urine).
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