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Abstract Cadmium (Cd**) induces renal proxi-
mal tubular (PT) damage, including disruption of
the E-cadherin/f-catenin complex of adherens
junctions (AJs) and apoptosis. Yet, chronic Cd**
exposure causes malignant transformation of
renal cells. Previously, we have demonstrated
that Cd**-mediated up-regulation of the multi-
drug transporter Abcbl causes apoptosis resis-
tance in PT cells. We hypothesized that Cd**
activates adaptive signaling mechanisms medi-
ated by f-catenin to evade apoptosis and increase
proliferation. Here we show that 50 uM Cd**,
which induces cell death via apoptosis and
necrosis, also causes a decrease of the trans-
epithelial resistance of confluent WKPT-0293 CL.2
cells, a rat renal PT cell model, within 45 min of
Cd** exposure, as measured by electric cell-
substrate impedance sensing. Immunofluores-
cence microscopy demonstrates Cd**-induced
decrease of E-cadherin at AJs and redistribution
of f-catenin from the E-cadherin/f-catenin com-
plex of AJs to cytosol and nuclei after 3 h.
Immunoblotting confirms Cd**-induced decrease
of E-cadherin expression and translocation of
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p-catenin to cytosol and nuclei of PT cells. RT-
PCR shows Cd**-induced increase of expression
of c-myc and of the isoform Abcbla at 3 h. The
data prove for the first time that Cd** induces
nuclear translocation of f-catenin in PT cells. We
speculate that Cd** activates f-catenin/T-cell
factor signaling to trans-activate proliferation
and apoptosis resistance genes and promote
carcinogenesis of PT cells.

Keywords Nephrotoxicity - Apoptosis -
Multidrug resistance P-glycoprotein -
Malignancy - T-cell factor/

lymphoid enhancer factor

Introduction

Cadmium (Cd®") is a non-essential metal, which
causes increasing concern as an environmental
toxicant that also enters the food chain (Friberg
et al. 1986; Singh and McLaughlin 1999). Following
pulmonary or gastrointestinal absorption, Cd** is
taken up by the liver where it forms complexes with
small peptides and proteins via sulfhydryl groups,
including glutathione (GSH) or the high affinity
metal binding protein metallothionein (MT) (Coyle
et al. 2002). Cd** is then either secreted into the bile
or released into the circulation as CdAGSH or CAMT
complexes (Dudley et al. 1985).

Any bound or unbound Cd** that is released
into the circulation and ultrafiltered by the
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kidney glomeruli is reabsorbed by the S1-
segment of the PT, because it possesses trans-
port pathways and receptors for free Cd** as
well as for the various forms of complexed Cd**
(Thévenod 2003; Bridges and Zalups 2005;
Wolff et al. 2006). Consequently, the S1-segment
of the PT represents the primary target of Cd**-
induced nephrotoxicity (Friberg et al. 1986;
Thévenod 2003; Bridges and Zalups 2005),
which can result in a general transport defect
of the PT with proteinuria, aminoaciduria,
glucosuria and phosphaturia.

The cellular processes underlying cadmium
nephrotoxicity usually culminate in the triggering
of cell death either by apoptosis or necrosis (for
review, see (Zalups and Koropatnick 2000; Théve-
nod 2003)). PT apoptosis has been described in
vivo (Liu et al. 1998; Takebayashi et al. 2000) and
in vitro (Thévenod and Friedmann 1999). It can
occur as early as 3 h after exposure to Cd**
(Thévenod et al. 2000) and involves activation of
the mitochondria-dependent pathway (Thévenod
2003; Lee et al. 2005). This entails the release of
death promoting factors, such as cyt. ¢ and apop-
tosis inducing factor (AIF) (Lee et al. 2005) and
activation of calpain- and caspase-dependent
apoptotic pathways (Lee et al. 2006).

Interestingly, exposure of kidney PT cells to
low micromolar concentrations of Cd** may
also induce the expression of cell survival genes,
such as the proto-oncogenes c-fos, c-jun, and
c-myc (Matsuoka and Call 1995), which pro-
mote cell proliferation. Genes coding for the
synthesis of protective and/or anti-apoptotic
molecules are also activated, including metallo-
thioneins, glutathione, stress (heat shock) pro-
teins, and the multidrug transporter Abcbl (for
review, see (Waisberg et al. 2003)). Previously,
we have demonstrated that during exposure to
10 uM Cd** for up to 72 h apoptosis peaks at
24 h, but then decreases over time (Thévenod
et al. 2000; Erfurt et al. 2003). This is caused by
over-expression of Abcbl that apparently con-
tributes to apoptosis resistance in PT cells
(Thévenod 2003). These protective and anti-
apoptotic mechanisms induced by Cd** may be
of utmost medical importance because chronic
Cd** exposure has been found associated with
cancers of the lung, prostate, pancreas and
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kidney and has therefore been classified as a
class 1 carcinogen (IARC 1993). Further evi-
dence has been provided by recent controlled
epidemiological case studies, which have dem-
onstrated an association between occupational
Cd** exposure and renal cancer (Pesch et al.
2000; Hu et al. 2002).

One early event associated with Cd** nephro-
toxicity is the alteration of the properties of
adherens junctions (AJs) and tight junctions (TJs)
due to Ca’" displacement, which triggers disrup-
tion of the homophilic E-cadherin interaction.
This causes a loss of the integrity of the cell-cell
adhesion belt and disassembly of TJs (Rothen-
Rutishauser et al. 2002), with a concomitant
decrease in the transepithelial resistance and
increased paracellular permeability. Cd** in-
creased the paracellular permeability of the PT
in vivo, which was associated with a redistribution
of the TJ protein claudin-2 (Jacquillet et al. 2006).
In vitro studies (Prozialeck and Niewenhuis
1991b; Zimmerhackl et al. 1998; Gennari et al.
2003) showed an increase in the paracellular
permeability to small solutes and a decrease in
transepithelial resistance induced by Cd**. This
was associated with a decrease of E-cadherin
expression in AJs of a PT cell line (Prozialeck and
Niewenhuis 1991a) and PT of Cd**-treated rats
(Prozialeck et al. 2003).

In addition toits structural role in AJs, f-catenin
also functions as a latent signaling molecule that
can act as a transcription factor in the nucleus by
serving as a co-activator of the lymphoid enhancer
factor (LEF)/T-cell factor (TCF) DNA-binding
protein family (Conacci-Sorrell et al. 2002). As
such, it trans-activates target genes that stimulate
cell proliferation, e.g. c-myc and cyclin D1, but also
genes that protect cells from apoptosis, such as
Abcbl (for review, see (Conacci-Sorrell et al.
2002)).

Thus, the present study was designed to
determine whether disruption of the E-cadher-
in/p-catenin complex, as observed during Cd**
exposure, results in the release of f-catenin
from the E-cadherin/f-catenin complex in the
AJ pool and its translocation and accumulation
in the nucleus to trans-activate target genes of
the f-catenin/TCF complex, such as c-myc and
Abcbla.
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Methods
Materials

ECIS 8WI10E cell culture plates and u-Slide 8-
well plates were purchased from Integrated
BioDiagnostics (Munich, Germany). The mouse
monoclonal Clone 14 anti-f$-catenin IgG1 anti-
body and the mouse monoclonal Clone 36 anti-
E-Cadherin IgG2a antibody were obtained from
BD Transduction Laboratories, (Heidelberg,
Germany). Cy"™3-conjugated donkey anti-mouse
IgG (red) was from Jackson ImmunoResearch
Laboratories Inc. (Cambridgeshire, UK). The
horseradish peroxidase (HRP)-conjugated sheep
anti-mouse immunoglobulin was obtained from
GE Healthcare UK Limited (Little Chalfont,
England). 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphe-
nyl-2H-tetrazolium bromide (MTT) was from
Sigma (St. Louis, MO).

Methods
Cell culture

An immortalized cell line from the S1-segment of
rat PT (WKPT-0293 Cl1.2) (Woost et al. 1996) was
cultured as previously described (Wolff et al.
2006). Cells were passaged (passage number <50)
twice a week upon reaching confluency.

Isolation of cytoplasmic and nuclear protein
extracts from WKPT-0293 CL.2 cells

The protocol was adapted from the method
described by Andrews and Faller (1991). Essen-
tially, 5 x 10° cells per well were grown in
standard culture medium for 48 h in 35 mm 6-
well plates (Nunc, Wiesbaden, Germany). The
medium was replaced by serum-free medium
(SFM) and cells were incubated with or without
50 uM Cd** for 3 h. Cells were harvested into
400ul of ice cold buffer A (10 mM HEPES-KOH,
pH 79, 1.5 mM MgCl,, 10 mM KCI, 0.5 mM
DTT, 0.2 mM Pefabloc SC), and allowed to swell
and lyse on ice for 10 min. An aliquot of the cell
suspension representing homogenate was col-
lected for immunoblotting, and the remainder
was centrifuged at 4°C and 15,800 x g for 10 s.

The supernatant containing cytosolic proteins was
removed and retained for immunoblotting.
Exactly 100 pl of buffer B (20 mM HEPES-
KOH, pH 7.9, 25% glycerol, 420 mM NaCl,
1.5 mM MgCl,, 0.2 mM EDTA, 0.5 mM DTT,
0.2 mM Pefabloc SC) was added to the pellet and
incubated on ice for 20 min. The suspension was
centrifuged at 15,800 x g for 2 min and the
supernatant containing the nuclear proteins was
collected and aliquoted for immunoblotting.

Immunoblotting

Protein concentration of samples was determined
by the Bradford method (Bradford 1976), using
bovine serum albumin as a standard.

Exactly 20 ng protein of cell homogenates,
cytosolic and nuclear proteins of cells 50 uM
Cd** in SFM for 3 h were mixed with 3-x Laemmli
buffer, incubated for 5 min at 95°C and sonicated
on ice. The 7.5% SDS-PAGE, transfer, antibody
incubation and immunoblot development and
visualization were performed as previously de-
scribed (Abouhamed et al. 2006). Dilutions of
primary anti-mouse f-catenin antibody and pri-
mary anti-human E-cadherin antibody were 1:500
and 1:2,000, respectively. HRP-conjugated second-
ary anti-mouse IgG antibody was diluted 1:10,000.
Blots were scanned digitally and signals were
evaluated by densitometry using TINA software
(Raytest IsotopenmessgeriteGmbH, Strauben-
hardt, Germany), compatible with the TINA-
PCBAS and TIFF files.

Immunofluorescence staining of WKPT-0293 CL2
cells

Exactly 9 x 10* cells were grown for 48 h on round
glass coverslips with a diameter of 12 mm. The
standard medium was then replaced by SFM
medium and cells were incubated with or without
50 uM Cd** for 3 h. Immunofluorescence staining
was performed as previously described (Abouha-
med et al. 2006; Wolff et al. 2006). Anti-mouse
f-catenin antibody was diluted 1:2000 and anti-
human E-cadherin antibody was diluted 1:900.
Cy™3-conjugated donkey anti-mouse IgG was
diluted 1:600. Cells were counter-stained with
2’-(4-Ethoxyphenyl)-5-(4-methyl-1-piperazinyl)-
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2,5”-bi-1H -benzimidazole - 3HCI (H-33342, 1 pg/
ml), viewed using filters for Cy"™3 and DAPI and
acquired, processed and analyzed as described
earlier (Abouhamed et al. 2006; Wolff et al. 2006).

Reverse transcriptase-polymerase chain reaction
(RT-PCR)

WKPT-0293 Cl.2 cells were treated for 3 h
+50 pM Cd** in SFM in paired experiments.
Total RNA was extracted from 1 x 107 cells using
the RNeasy Mini Kit (Qiagen GmbH, Hilden,
Germany) with on-column DNase digestion. First
strand cDNA was synthesized with the Omni-
script RT kit (Qiagen), using 1.0 pg of RNA per
20 pl reaction and oligo(dT) primer.

Abcbla/lb (mdrla/lb) and c-myc were ampli-
fied from WKPT-0293 Cl.2 cDNA by PCR with
GAPDH as the standard, using the HotStarTaq
Master Mix kit (Qiagen) with 4 vol% of RT
reaction. After the initial activation step at 95°C
for 15 min, PCR for c¢-myc and GAPDH were
performed for 28 cycles of the following amplifi-
cation parameters: 94°C for 20 s, 61.9°C for 30 s,
72°C for 45 s. Cycling conditions for Abcbla/lb
after the activation step were 35 cycles of 94°C for
20 s, 55°C for 20 s, 72°C for 30 s. The following
primers (Operon Biotechnologies, Huntsville,
AL) were used:

Rat Abcbla forward 5-GGACAGAAACAGA

GGATCGC-3
reverse

GTGGCC-3

5-CCCGTCTTGATCAT

Rat Abcblb forward 5-GGACAGAAACAGA
GGATCGC-3’

reverse 5-TCAGAGGCACCAGT
GTCACT-3’

Rat c-myc forward 5-AGCGTCCGAGTGCAT

CGACC-¥
reverse

TGTGTG-3’

5-ACGTTCCAAGACGT

Rat GAPDH forward 5-AATGCATCCTGCA
CCACCAACTGC3

reverse
ATCCACAACGG-3’

5-GCGGCATGTCAG-
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Primers and cycling conditions for rat Abcbla/
1b were chosen according to Lee et al. (2001).
Primers for c-myc were designed with the Fast-
PCR program version 3.6 (University of Helsinki,
Institute of Biotechnology), using the GenBank
sequence of rat c-myc (Accession number
Y00396). The upstream primer sequence for
GAPDH was taken from Harrison-Bernard et al.
(1999). Control reactions for each primer pair
were also performed without RT, or with water
instead of cDNA template. PCR products were
separated on 1.5% agarose gels containing 0.01%
GelRed (Biotium, Hayward, CA), loading 9 ul
PCR reaction per lane.

Electric cell-substrate impedance sensing (ECIS)

The ECIS technology is based on non-invasive
live measurements of frequency-dependent
changes in total electrical impedance (Z) of cell-
covered gold-film electrodes to alternating cur-
rent (AC using an ECIS™1600R instrument
(Applied BioPhysics). The current flows between
250 pm-diameter electrodes (1-10 depending on
the array type) and a larger counter-electrode,
which are attached to the bottom of ECIS cell
culture wells, using culture medium as the elec-
trolyte. Without cells, the current flows unre-
strained from the surface of the electrodes. When
cells attach and spread on the surface of planar
gold-film electrodes they behave like insulating
particles that hinder current flow from the elec-
trode into the bulk electrolyte and thereby
increase the overall electrode impedance. Z is
given by the AC equivalent of Ohm’s law: Z = V/IL
The ECIS™1600R instrument breaks down the
impedance into two parts—one due to resistance
(R) and the other to the reactance (X.) of the
system, which is due to the capacitance (C)
associated with the gold surfaces in the tissue
culture medium. Hence, the total impedance is
given by Z = (R* + X%)°°. The basic principles of
the method are described elsewhere (Giaever and
Keese 1991; Wegener et al. 2000).

Practically, Z values of cell-free electrodes and
electrodes covered with a confluent monolayer of
WKPT-0293 CIL.2 cells are sampled at different
frequencies. The difference in R of cell-free
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electrodes as opposed to the same electrodes
covered with a cell monolayer passes a maximum
at 400 Hz, whereas the difference in C of
electrodes without and with cells reaches a
maximum at 40 kHz, indicating that impedance
readings at these two frequencies are most sen-
sitive to mirror the associated respective changes
in electrode R and C (Giaever and Keese 1991).
A change of R at 400 Hz mainly reflects altera-
tions of the paracellular electrical properties of
the monolayer (i.e. changes of the permeability of
tight-junctions), provided C remains constant
(Giaever and Keese 1991; Wegener et al. 2000).
An additional increase of C at 40 kHz mirrors a
loss of monolayer integrity.

Exactly 1.5 x 10° WKPT-0293 Cl.2 cells/well
(passage numbers <50) were plated on ECIS
8WI10E cell culture plates at 37°C and incubated
with 5% CO,. For Cd** experiments, the culture
medium of functional monolayers was changed to
SFM. No changes in C or R were observed after
changing from standard serum containing med-
ium to SFM in control cells. Z of the 10 gold
electrodes in each well was measured every 9 min
at different frequencies. C and R values were
calculated from the Z values and the correspond-
ing changes in phases of AC by the ECIS
software.

For phase contrast microscopy of control and
Cd**-treated WKPT-0293 C1.2 cells, experiments
were performed simultaneously with the ECIS
measurements, using u-Slide  8-well plates.
Images were captured, acquired, processed and
analyzed as described for immunofluorescence
microscopy.

MTT cell toxicity assay

Exactly 5 x 10® cells were grown for 48 h in
serum containing medium until they reached a
confluency of about 30%. The standard medium
was then replaced by SFM medium and cells were
incubated in the absence or presence of 50 uM
Cd** for 3 h. The MTT assay is a measurement of
cell viability, hence it does not distinguish
between apoptosis, necrosis or inhibition of cell
growth (Mosmann 1983). MTT, a yellow tetrazo-
lium salt is metabolyzed by active succinate

dehydrogenase in the mitochondria of living cells
into a blue formazan product. Hence, the MTT
method is a measure of mitochondrial function.
Assays were conducted according to Denizot and
Lang (Denizot and Lang 1986), as previously
described (Lee et al. 2006). Reference wave-
length values were subtracted from test wave-
length values and the differences obtained in
controls were set to 100%, which was equivalent
to 0% cell death.

Statistical analyses

Representative data or means + S EM. are
shown. Statistical analysis using unpaired Stu-
dent’s t-test was carried out with Sigma Plot 8.0
(Inc., Chicago, IL). For more than two groups,
one-way ANOVA was used assuming equality of
variance with Levene’s test and Tukey post hoc
test for pairwise comparison with SPSS 12.0.
Results with P <0.05 were considered to be
statistically significant. To obtain ECs, values,
individual dose-response curves of Cd** cytotox-
icity were fitted using the Sigma Plot 8.0 spread-
sheet program assuming a sigmoidal dose
response.

Results

Assessment of E-cadherin and [ -catenin
expression in WKPT-0293 Cl.2 cells

by immunofluorescence labelling

and immunoblotting

Cell-cell contacts are formed at the adherens
junctions (AJs) by intercellular Ca**-dependent
E-cadherin homodimer formation (Vleminckx
and Kemler 1999; Miyoshi and Takai 2005). To
assay for the explression of E-cadherin by rat PT
cells, immunofluorescence distribution of the
protein was investigated on confluent monolayers
of WKPT-0293 Cl.2 cells. Monolayers demon-
strated the typical pattern of E-cadherin expres-
sion at the cell borders (Fig. 1A). Expression of
the E-cadherin protein in WKPT-0293 Cl.2 cells
was further confirmed by immunoblotting, where
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Cd2* (50pM; 3 h)

Fig. 1 Expression and cellular localization of E-cadherin
in WKPT-0293 C1.2 cells. (A) Immunofluorescence label-
ling of E-cadherin in PT cells. Cells were treated +50 uM
Cd** for 3 h prior to immunostaining using an E-cadherin
primary antibody (1:900) and secondary Cy ™3-conju-
gated antibody (1:600). (B) E-cadherin immunoreactivity
in WKPT-0293 Cl.2 cells. Cell homogenates (50 pg

the E-cadherin antibody recognized a protein of
~120 kDa, which is the predicted molecular mass
of E-cadherin (Fig. 1B).

p-catenin normally associates with E-cadherin
and with a-catenin and thereby participates in the
regulation of cell-to-cell adhesion (Vleminckx
and Kemler 1999; Miyoshi and Takai 2005).
WKPT-0293 Cl. 2 cells also express f-catenin.
As shown in Fig. 2A, fluorescence labeling was
mainly distributed along the cell borders, but was
also weakly expressed in the cytosol, indicating
that even under control conditions f-catenin is
not exclusively bound to E-cadherin (Gottardi
et al. 2001). This distribution was confirmed by
immunoblotting, where the antibody recognized a
major immunoreactive band in PT cell homoge-
nate at the predicted molecular mass of 92 kDa
(first lane of Fig. 3A). Figure 3A also shows that
in control cells some cellular f-catenin was
distributed to the cytosolic and nuclear fractions
of PT cells.
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protein) from PT cells +50 pM Cd*>* for 3 h were separated
by SDS-PAGE on 7.5% acrylamide gels. Blots were
incubated with anti-human E-cadherin antiserum
(1:2,000). Sizes (in kDa) of molecular mass (MM) markers
are indicated on the left. The arrow indicates E-cadherin
with an approximate MM of 120 kDa

Capacitance and resistance changes measured with
the ECIS technique and changes in cellular
morphology and cell viability of WKPT-0293 CL.2
cells induced by Cd**

When cells were plated at a density of 1.5 x 10°
cells/well in serum containing medium the resis-
tance (R) increased slowly from values of the cell-
free electrode to its final values after 40-55 h
(data not shown), reflecting the establishment of a
monolayer with functional tight-junctions that
restricts the current flow between neighboring
cells (Wegener et al. 2000). Simultaneous mea-
surements of the electrode capacitance (C)
reflected cell attachment, spreading and prolifer-
ation. The cell-free area of the electrode de-
creased and C dropped to reach a baseline of
~8 nF after 40-55 h, when an intact monolayer
(shown in Fig. 4B, 0 h Cd**) was formed.

For Cd** experiments, the culture medium of
functional monolayers was changed to SFM. No
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Control

Cd?* (50 uM; 3 h)

Fig. 2 Effect of Cd** on the intracellular distribution of
p-catenin in WKPT-0293 Cl.2 cells. Cells were incubated
without (A) or with 50 pM Cd*'for 3 h (B) prior to
immunostaining using a f-catenin primary antibody

changes in C or R were observed after changing
from serum containing medium to SFM in control
cells (not shown). Changes in R and C of WKPT-
0293 Cl.2 cell monolayers during incubation with
50 yM Cd** over 4h were then monitored.
Within 45 min after addition of 50 pM Cd** to
the medium, R began to steadily decrease,
whereas the corresponding C values still re-
mained stable at the baseline (Fig. 4A). In
simultaneously performed control experiments
without Cd**, both parameters were unchanged
throughout the experimental period of 4h
(Fig. 4A). After 90 min Cd** exposure, R values
had dropped to about 60% of the control values.
At this time C started to increase, indicating that
the integrity of the cell monolayer began to
disrupt. Still, no major change in the morphology
of the epithelial monolayer could be observed
(Fig. 4B, 1.5h Cd**). However, after 3 h, a
number of cells were rounded or detached
(arrows in Fig. 4B, 3 h Cd**), which was paral-
leled by a substantial increase of C by about
2.5-fold (Fig. 4A). Hence, the ECIS measure-
ments of confluent WKPT-0293 Cl.2 cells indicate
that 50 uM Cd** affects the paracellular perme-
ability within 45 min, possibly by displacement
of Ca®* from and/or interaction of Cd** with
E-cadherin homodimers (Prozialeck et al. 2002),
resulting in disassembly of adherens and tight-
junctions (Rothen-Rutishauser et al. 2002). At
later time points, cell damage most likely induced
by Cd** uptake and cellular toxicity resulted in an

(1:2000) and secondary Cy™3-conjugated antibody
(1:600). Nuclei were counter-stained with H-33342 (blue)
(1 pg/ml). Arrows indicate nuclear f-catenin immunola-
belling after Cd** exposure
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Fig. 3 Cd*' induces translocation of f-catenin to cytosol
and nuclei of WKPT-0293 C1.2 cells. (A) f-catenin protein
immunoreactivity in PT cells. Cytosolic (cytosol) and
nuclear (nucleus) proteins from controls and Cd**-treated
(50 uM; 3 h) PT cells were fractionated from cell homog-
enate (homo) as described in “Methods”. Equal amounts
of protein (20 pg) were loaded onto 7.5% acrylamide gels.
Blots were incubated with $-catenin antiserum (1:500). (B)
Semiquantitative analysis of f-catenin protein immunore-
activity in PT cells +Cd** exposure (50 uM; 3 h). Immu-
noblotting signals were evaluated by densitometry. The
ratio of the optical density (O.D.) of signals from
Cd®* treated cells over controls was calculated and
expressed as % of controls. *Indicates a significant
difference (P < 0.01) in Cd**-treated cells compared to
controls using unpaired Student’s ¢-test

increase of C reflecting changes in cell shape,
decreased adherence and loss of integrity of the
epithelial monolayer (Wegener et al. 2000; Arndt
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Fig. 4 Effect of Cd®" on the electrical properties and cell
viability of confluent WKPT-0293 Cl.2 cell monolayers.
(A) At time 0, confluent monolayers of PT cells grown in
8-well ECIS arrays were treated with 50 uM Cd** (filled
symbols) or left untreated (open symbols). Electrode
resistance (R) measured at 400 Hz (squares) and electrode
capacitance (C) measured at 40 kHz (circles) were
simultaneously recorded. The area between the dashed
vertical lines indicates the time window for a decrease of
transepithelial resistance without a decrease of monolayer
integrity (see ‘“‘Methods”). Values are given as a percent-
age of control R (4.5 kQ +0.1; n = 3) and C (7.8 nF + 0.9;
n =3). Means + SEM of 3 — 6 separate experiments are
shown. (B) Phase contrast microscopy of control and Cd**-
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treated PT cells. In parallel experiments, PT cells were
grown on yu-Slide 8 well plates for phase contrast micros-
copy. Monolayer integrity was determined qualitatively by
estimating rounded or detached cells (arrows) after 0, 1.5
and 3 h of exposure to 50 uM Cd>". (C) Cell viability of PT
cells as a function of the Cd** concentration. Cells
(5 x 10* per well) were grown for 48 h prior to
incubation with different Cd** concentrations in SFM for
3 h. Cell viability was determined using the MTT assay.
Means + SEM of 2-9 separate experiments are shown,
where applicable. ECsy was derived using a curve fitting
that assumed a sigmoidal dose-response. The mean ECs,
value + SEM of 9 different individual experiments is also
indicated
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Fig. 5 Upregulation of c-myc and Abcbla mRNA in
WKPT-0293 Cl.2 cells upon Cd*" exposure. First-strand
cDNA was synthesized from RNA isolated from WKPT
cells incubated for 3 h at 37°C in serum-free medium
without (=) or with (+) 50 uM Cd**. PCR was then
performed with primers specific for rat c-myc (538 bp), rat
Abcbla (441 bp) and Abcblb (356 bp), or rat GAPDH
(300 bp) as a house-keeping gene. Equal volumes of
products were run on a 1.5% agarose gel stained with
GelRed. This result was reproducible in 4 out of 4 different
experiments for c-myc and in 5 out of 7 experiments for
Abcbla/lb

et al. 2004). Cell viability experiments following
exposure to different concentrations of Cd** for
3 h, which were determined with the MTT assay,
indicated a concentration-dependent increase of
cytotoxicity and death with an ECsy of ~25 pM
and about 60% cytotoxicity at S0 uM Cd**
(Fig. 4C).

Cd** decreases E-cadherin expression and
increases cytosolic and nuclear distribution
of B -catenin in WKPT-0293 Cl.2 cells

As shown in Fig. 1A, in cells incubated with
50 uM Cd** for 3 h in SFM, E-cadherin expres-
sion at the cell borders was diminished, probably
as a consequence of disruption of the homodi-
meric E-cadherin interaction and subsequent
degradation (Vleminckx and Kemler 1999; Ro-
then-Rutishauser et al. 2002; Miyoshi and Takai
2005). Accordingly, immunoblotting showed a
decrease of E-cadherin protein expression in
homogenate from WKPT-0293 CI.2 cells and an
increase of a degradation product with a molec-
ular mass of about 60 kDa (Fig. 1B). Figure 2B

demonstrates that in cells treated with 50 pM
Cd** for 3 h in SFM, f-catenin expression at the
cell borders was fuzzy and irregular, suggesting
disassembly of the E-cadherin/f-catenin com-
plex. Dotty fS-catenin labelling was detected in
the cytosol and at perinuclear sites of most cells,
but also in the nucleus of certain cells (arrows in
Fig. 2B). A similar redistribution was already
observed after 1-2 h of exposure of PT cells to
50 uM Cd**, but was less obvious (data not
shown). Moreover, when cells were pre-treated
with the proteasomal inhibitors MG132 or lact-
acystin (10 pM with 2 h pre-incubation; 50 uM
Cd** for 1-3h) (Thévenod and Friedmann
1999), cytosolic and nuclear f-catenin labelling
was enhanced (data not shown) suggesting that
p-catenin released from the AlJs is partially
degraded by the proteasome. To verify the
immunofluorescence microscopy data, nucleic
and cytosolic proteins of controls and of cells
treated with 50 pM Cd** for 3 h were fraction-
ated and immunoblotting of f-catenin was per-
formed. A representative immunoblot shows an
increase of ff-catenin in both nucleus and cytosol
of Cd**-treated cells compared to controls
(Fig. 3A). To quantify the changes in cellular
distribution of f-catenin after Cd** treatment,
the ratio of the optical density of immunoreac-
tive signals in Cd**-treated and control cells was
calculated. As shown in Fig. 3B, a significant
increase of nuclear and cytosolic p-catenin
induced by exposure to 50 uM Cd** for 3 h by
64.0 + 7.9% and 91.5 + 17.5%, (n = 4; P < 0.01),
respectively, was observed, whereas total f-
catenin in the cell homogenate was not affected
by Cd** treatment, indicating redistribution
rather than an increased expression of f-catenin.
Taken together, the immunofluorescence and
immunoblotting data demonstrate for the first
time that 50 uM Cd** for 3 h causes disruption
of E-cadherin/f-catenin complexes of AlJs and
degradation of E-cadherin, but also induces a
redistribution of f-catenin from the E-cadherin/f-
catenin complexes at the AlJs of the plasma
membrane to cytosol and nuclei of WKPT-0293
Cl.2 cells.

@ Springer



816

Biometals (2007) 20:807-820

Cd’* increases mRNA expression of target genes
of the p -catenin-T-cell factor transcription factor
complex in WKPT-0293 Cl.2 cells

In addition to its structural role in AJs, -catenin
may function as a latent signaling molecule that
can act as a transcription factor in the nucleus by
serving as a co-activator of the lymphoid
enhancer factor (LEF)/T-cell factor (TCF) family
of DNA-binding proteins, which trans-activate
genes that stimulate cell proliferation, such as
cyclin DI and c-myc, but also genes that protect
cells from apoptosis, such as Abcbl (for review,
see (Conacci-Sorrell et al. 2002)). Hence, we
investigated whether Cd®* exposure activates
target genes of the f-catenin/(LEF)/TCF
transcriptional activator complex in WKPT-0293
Cl2 cells. mRNA expression of c-myc and
Abcbla/lb was compared to that of the house-
keeping gene GAPDH by RT-PCR in control
cells and cells that had been exposed to 50uM
Cd** for 3 h, which is the time frame of nuclear
translocation of f-catenin (Figs. 2 and 3). As
shown in the representative experiment of Fig. 5,
c-myc was up-regulated by 3 h of exposure to
50 uM Cd>* (Fig. 5, compare lane 2 to the control
in lane 1), whereas GAPDH was not affected by
Cd** treatment (Fig. 5, lanes 3 and 4). Abcbla
and Abcb1b have similar expression levels in the
kidney, where they are mainly located in the
apical membrane of proximal tubule cells (Schin-
kel et al. 1994). In WKPT-0293 CL.2 cells, Abcbla
appeared to have a higher expression level than
Abcblb (Fig. 5, lane 5). Exposure of cells to
50 uM Cd** for 3 h increased Abcbla expression,
but not Abcblb (Fig. 5, compare the control in
lane 5 to Cd** in lane 6). These data suggest that
Cd**-induced translocation of f-catenin to the
nucleus induces a trans-activation of specific
target genes of the f-catenin/TCF complex,
including c-myc and Abcbla.

Discussion
The aim of the present study was to investigate

whether Cd** exposure, apart from its known
apoptosis-inducing effects, causes E-cadherin/
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p-catenin disruption to trigger a signaling path-
way that may contribute to apoptosis resistance
and cancer development. First, we demonstrated
by immunoblotting and immunolocalization that
the rat PT cell line WKPT-0293 ClL.2 expresses
both components of the AJ complex of E-
cadherin (Fig. 1) and p-catenin (Figs. 2A and
3A). Next we investigated the effect of Cd** on
transepithelial resistance of confluent PT cells.
Exposure of PT cells to 50 pM Cd** resulted in a
rapid decrease of transepithelial resistance
occurring within 45 min, as measured with the
ECIS technique (Fig. 4A). These effects oc-
curred prior to manifest cellular damage and
death (Fig. 4), which confirms previous studies in
LLC-PK1 cells (Niewenhuis et al. 1997). The
changes of transepithelial resistance suggested a
disassembly of the E-cadherin/f-catenin complex
and subsequent disruption of TJs (Rothen-Rut-
ishauser et al. 2002; Miyoshi and Takai 2005). In
fact, Cd** exposure was associated with disrup-
tion of the E-cadherin/f-catenin complex and
degradation of E-cadherin, which was reflected
by a decrease of E-cadherin expression at the
cell borders (Fig. 1A) and a concomitant reduc-
tion of total cellular E-cadherin protein content
(Fig. 1B), a diffuse membrane staining for f-
catenin (Fig. 2B) and an increase of f-catenin in
the cytosol (Fig. 3B).

Cd**-induced interference with the E-cadherin/
f-catenin complex, AJ disruption and a decrease
of the transepithelial resistance have been previ-
ously demonstrated in vitro (Prozialeck and
Niewenhuis 1991b; Prozialeck and Niewenhuis
1991a; Zimmerhackl et al. 1998; Gennari et al.
2003) and in vivo (Prozialeck et al. 2003) and
were confirmed in the present study with our cell
line (Fig. 4). E-cadherins are indirectly linked to
the cortical actin cytoskeleton through f-catenin
and o-catenin (Vleminckx and Kemler 1999;
Miyoshi and Takai 2005). Consequently, Cd**-
induced disruption of the E-cadherin/f-catenin
complex may lead to a reorganization of the actin
cytoskeleton, which has been demonstrated in rat
kidney PT (Sabolic et al. 2001) and in PT cell
lines (Prozialeck and Niewenhuis 1991b;
Zimmerhackl et al. 1998).

Our data demonstrate for the first time that
Cd** induces a subsequent translocation of
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f-catenin to the nucleus, which was suggested by
the localization of f-catenin immunofluorescence
in the cytosol and the nucleus after Cd** exposure
for 3 h (Fig. 2B, arrows) and proven by demon-
strating an increase in the proportion of cytosolic
and nuclear f-catenin in Cd**-treated cells com-
pared to controls (Fig. 3B).

Cd**-induced disruption of the E-cadherin/f-
catenin complex and the decrease of the trans-
epithelial resistance have been previously found
to be associated with reduced proliferation and
cell death of PT cells (Zimmerhackl et al. 1998).
We detected rounding up of PT cells after 3 h of
exposure to 50 uM Cd** (Fig. 4B, arrows) and
about 60% cytotoxicity, as determined with the
MTT cell viability assay (Fig. 4C), which corre-
lated with an increase of the electrode capaci-
tance in the ECIS measurements (Fig. 4A).
Though the Cd** concentration of 50 uM used
in the present cellular study to induce a disruption
of the E-cadherin/f-catenin complex and a
decrease of transepithelial resistance may appear
relatively high, the effective free Cd** concentra-
tion may actually be far lower, because Cd** will
nonspecifically bind to many surface proteins.
Humans and animals exposed to Cd** in real life
may accumulate Cd** in kidney cells to concen-
trations far exceeding 50 pM. The threshold
kidney Cd** concentration at which renal tubular
dysfunction develops is estimated to be about
200 pg/g tissue (equivalent to 1-2 mM) for long
term exposures (Friberg et al. 1986). This is in
part due to the fact that intracellular Cd** induces
the synthesis of metallothioneins, low-molecular-
weight proteins that bind Cd** ions (Coyle et al.
2002) and thereby lower free Cd** concentration,
which is toxic to the cells (Thévenod 2003).

The nephrotoxic effect of Cd** is well docu-
mented in vivo (Liu et al. 1998; Takebayashi
et al. 2000) and in vitro (Thévenod and Fried-
mann 1999; Thévenod 2003; Lee et al. 2005):
However, aside from its pro-apoptotic and
necrotic potency, Cd** at the same time triggers
a variety of cellular pathways and processes that
aim at counter-acting toxicity and promoting cell
survival and proliferation, and thereby may con-
tribute to malignant transformation of mutated or
pre-malignant cells. For example, chronic Cd**
exposure of rat liver epithelial cells is associated

with specific suppression of JNK1/2 signaling,
which may result in apoptotic resistance and
contribute to the development of malignancy (Qu
et al. 2006). Moreover, induction of stress
response genes by Cd**, such as heat shock
protein 70, will limit cell damage (Gennari et al.
2003), whereas oxidative stress-mediated induction
of the proto-oncogenes c-jun, c-fos and c-myc will
promote cell proliferation (Matsuoka and Call
1995; Beyersmann and Hechtenberg 1997).

Because f-catenin is thought to represent a
latent oncogen that forms a complex with the
transcription factor TCF/LEF to trans-activate
cell proliferation and survival genes (Polakis
1999), we hypothesized that Cd**-induced trans-
location of f-catenin to the nucleus might
enhance transcription of these genes. Indeed,
within 1.5-3 h of Cd** exposure, c-myc and
Abcbl mRNAs were increased (Fig. 5), which
confirms previous observations in other renal cell
lines (Chin et al. 1990; Matsuoka and Call 1995).
Abcbla was the predominant isoform expressed
in WKPT-0293 Cl.2 cells and was accordingly up-
regulated by Cd**, whereas AbcbIb expression
was not affected (Fig. 5). Prolonged exposure of
PT cells to Cd** for up to 72 h has previously
been found to result in increased resistance to
apoptosis, which was in part due to up-regulation
of the Abcbl protein (Thévenod et al. 2000). We
observed the effects of Cd** on the E-cadherin/f-
catenin complex and transepithelial resistance
(Figs. 1-4) at the same Cd** concentration that is
known to induce apoptotic cell death in our
cellular model (Lee et al. 2006), which confirms
previous data obtained in LLC-PK1 cells (Zim-
merhackl et al. 1998). Conversely, Cd** at low
micromolar concentrations (5-20 uM) has been
shown to induce both up-regulation of Abchl and
c-myc but also apoptosis in kidney cells (Chin
et al. 1990; Matsuoka and Call 1995; Thévenod
et al. 2000), indicating that damage to Als, trans-
activation of Abcbla and c-myc, and induction of
cell death may all be elicited at the same Cd**
concentrations.

Activation of f-catenin/TCF signaling evokes
increased trans-activation of the proliferation
genes c-myc and cyclin D1 as well as of the cell
survival gene Abcbl (for review, see (Conacci-
Sorrell et al. 2002)). Interestingly, trans-activa-
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tion of Abcbl seems to be causative in the
development of FAP (familial adenomatous
polyposis)-syndrome, an inherited carcinoma of
epithelial cells of the colon (Yamada et al. 2003).

Epithelial tissues form a protective barrier
against the environment. They are characterized
by a high rate of proliferation and are also
constantly exposed to endogenous and exogenous
toxicants, which render them particularly suscep-
tible to mutations and development of malignan-
cies. Due to its association with cancers of the lung,
prostate, pancreas and kidney, Cd** has been
classified as a class 1 carcinogen (IARC 1993).
There is a general consensus that Cd** has no direct
genotoxic effect (Verougstraete et al. 2002), how-
ever, chronic Cd** exposure may result in malig-
nant transformation of cells that have been
simultaneously exposed to other genotoxic com-
pounds (Verougstraete et al. 2002). Cd** may
contribute to carcinogenesis by indirect mecha-
nisms, such as interference with DNA repair
mechanisms (Jin et al. 2003), generation of reac-
tive oxygen species, imbalance between pro- and
anti-apoptotic mechanisms, etc. (reviewed in
(Waisberg et al. 2003)). Apoptosis protects cells
against oncogenesis through elimination of mutant
or transformed cells. The development of tumor
cell populations is determined by the rate of cell
proliferation relative to the rate of apoptosis.
Evasion of programmed cell death is a hallmark
of cancer development (Hanahan and Weinberg
2000). Thus, the study of the mechanisms of
acquired resistance to apoptosis in carcinogenesis
could have important implications in both tumor
initiation and progression of renal carcinomas.

In summary, we provide evidence indicating
that micromolar Cd** concentrations decrease
transepithelial resistance of confluent PT cells
within 45 min of exposure. This is associated with
disruption of the E-cadherin/f-catenin complex of
Als, degradation of E-cadherin and the release of
p-catenin into the cytosol and nucleus. The
increase of nuclear f-catenin correlates with an
increased expression of the mRNA for c-myc and
Abcbl, suggesting that the f-catenin/TCF tran-
scription factor trans-activates both genes. Thus,
Cd**-mediated activation of the p-catenin/TCF
complex and trans-activation of genes for prolif-
eration and cell survival may contribute to the

@ Springer

development of resistance to apoptosis, ulti-
mately leading to kidney cancer.
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