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BACKGROUND AND PURPOSE
Nephrotoxicity is the principal dose-limiting factor for cisplatin chemotherapy and is primarily associated with proximal
tubular epithelial cells, including disruption of cell adhesions and induction of apoptosis. Cell adhesion and survival is
regulated by, amongst other factors, the small GTPase Rap and its activator, the exchange protein directly activated by cAMP
(Epac). Epac is particularly enriched in renal tubule epithelium. This study investigates the cytoprotective effects of
cAMP–Epac–Rap signalling in a model of cisplatin-induced renal cell injury.

EXPERIMENTAL APPROACH
The Epac-selective cAMP analogue 8-pCPT-2′-O-Me-cAMP was used to activate the Epac–Rap signalling pathway in proximal
tubular epithelial cells. Cells were exposed to cisplatin, in the presence or absence of 8-pCPT-2′-O-Me-cAMP, and
nephrotoxicity was determined by monitoring cell–cell junctions and cell apoptosis.

KEY RESULTS
Activation of Epac–Rap signalling preserves cell–cell junctions and protects against cell apoptosis of mouse proximal tubular
cells during cisplatin treatment. Activation with the Epac-selective cAMP analogue 8-pCPT-2′-O-Me-cAMP or receptor-
mediated induction of cAMP both induced cytoprotection against cisplatin, whereas a PKA-selective cAMP analogue was not
cytoprotective. 8-pCPT-2′-O-Me-cAMP mediated cytoprotection was blocked by RNAi-mediated silencing of Epac–Rap
signalling in these cells. In contrast, 8-pCPT-2′-O-Me-cAMP did not protect against cisplatin-induced cell death of cancer cells
that lacked Epac1 expression.

CONCLUSIONS AND IMPLICATIONS
Our study identifies activation of Epac–Rap signalling as a potential strategy for reducing the nephrotoxicity associated with
cisplatin treatments and, as a result, broadens the therapeutic window of this chemotherapeutic agent.

Abbreviations
8-pCPT-2′-O-Me-cAMP, 8-(4-chlorophenylthio)-2′-O-methyladenosine-3′,5′-cyclic monophosphate; AM, acetoxymethyl
ester; AMC, 7-amino-4-methylcoumarin; cisplatin, cis-diammineplatinum(II) dichloride; CREB, cAMP response element
binding protein; Epac, exchange protein directly activated by cAMP; GEF, guanine nucleotide exchange factor; GFP,
green fluorescent protein; HPRT, hypoxanthine phophoribosyltransferase; IM-PTEC, conditionally immortalized
proximal tubular epithelial cells; NHE3, Na+/H+ exchanger 3; PSA, penicillin/streptomycin/amphotericin B; ZO-1, zona
occludens-1
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Introduction
Cisplatin has been widely used for clinical treatment of tes-
ticular cancer (Bosl and Motzer, 1997), ovarian carcinomas
(Jandial et al., 2009), head and neck cancer (Khuri et al.,
2000), malignant melanoma (Atzpodien et al., 2007), lung
cancer (Winton et al., 2005) and breast cancer (Decatris et al.,
2004). However, severe adverse effects, in particular acute
renal failure, limit the dose that can be given and conse-
quently prevent more efficient treatment with higher doses
(Nagai et al., 1996; Mathe et al., 2011). The principal cause of
cisplatin-induced nephrotoxicity is direct damage to the
proximal tubular epithelial cells (Townsend et al., 2003;
Vickers et al., 2004). Physiologically, these cells are highly
polarized, and their function is dependent on the integrity of
cell adhesions and the actin cytoskeleton network (Mays
et al., 1995; Drubin and Nelson, 1996). The pathological alter-
ation of these cells by cisplatin begins with disruption of cell
adhesion and actin cytoskeleton reorganization, followed by
depolarization and mislocalization of Na+/K+-ATPase. These
changes eventually lead to cell detachment and/or cell death
(Thadhani et al., 1996; Imamdi et al., 2004; de Graauw et al.,
2005). Cell–cell and cell–matrix adhesions provide epithelial
cells with the environmental signals necessary to maintain
normal cellular processes including cell survival, whereas loss
of cell adhesion has been found to induce cell death through
apoptosis (Meredith and Schwartz, 1997; Cordes, 2006).
Although enhanced adhesion signalling may confer resis-
tance of cancer cells to chemotherapeutic agents (Hodkinson
et al., 2007), it also represents a potential strategy for reduc-
ing toxicity in healthy tissues such as the kidney.

cAMP is a ubiquitous second messenger that is generated
via the activation of the plasma membrane-bound or soluble
adenylate cyclase. Several GPCRs increase intracellular cAMP
levels via the activation of adenylate cyclase. Endogenous
cAMP signalling regulates many cellular processes mostly
through activation of PKA and the exchange protein directly
activated by cAMP (Epac) (Cheng et al., 2008). Epac is a
guanine nucleotide exchange factor (GEF) for the small
GTPase Rap (de Rooij et al., 1998; Kawasaki et al., 1998), a
regulator of both integrin-mediated cell adhesion (Caron
et al., 2000; Reedquist et al., 2000; Enserink et al., 2004) and
cadherin-mediated cell adhesion (Knox and Brown, 2002;
Hogan et al., 2004; Price et al., 2004). Two isoforms, Epac1
and Epac2, are expressed at varying levels in different tissues.
Epac1 is highly abundant in adult kidney, being particularly
enriched in tubule epithelium, suggesting a functional role
for Epac–Rap signalling (Kawasaki et al., 1998; Honegger
et al., 2006; Ulucan et al., 2007). Recent studies on the crystal
structure of Epac proteins suggested that cAMP binding
induces conformational changes of Epac proteins, thus lifting
an autoinhibition of Epac to allow the binding and thus
activation of Rap (Rehmann et al., 2006; 2008).

cAMP analogues, such as 8-pCPT-2′-O-Me-cAMP, have
been identified that selectively activate Epac without influ-
encing the PKA pathway (Enserink et al., 2002; Holz et al.,
2008). The conjugation of an acetoxymethyl ester (AM) to
8-pCPT-2′-O-Me-cAMP generates the membrane permeable
analogue 8-pCPT-2′-O-Me-cAMP-AM, which accumulates
intracellularly due to esterase-mediated cleavage of the AM
group, reaching high cellular concentrations (Vliem et al.,

2008). These have been used to demonstrate that Epac–Rap
signalling controls adhesion-associated processes including
migration and survival (Kwon et al., 2004; Lyle et al., 2008)
and mediates actions of cAMP-elevating Gs-coupled GPCRs
(Enserink et al., 2004; Holz et al., 2008). An Epac-selective
cAMP analogue was also used to demonstrate that Epac medi-
ates cAMP-dependent regulation of the Na+/H+ exchanger 3
(NHE3) in mouse proximal tubules (Honegger et al., 2006).
We propose that the activation of Epac–Rap signalling in the
kidney may promote cell adhesions and survival and conse-
quently prevent cisplatin-induced nephrotoxicity.

In this study, we have investigated the effects of Epac
activation in a model of cisplatin-induced nephrotoxicity. We
showed that Epac activation by 8-pCPT-2′-O-Me-cAMP stabi-
lized cell–cell junctions and protected against apoptosis of
mouse proximal tubular epithelial cells in response to cisplatin
treatment but did not protect Epac-deficient cancer cells from
cisplatin-induced cell killing. Pharmacological activation of
the Epac–Rap signalling pathway is therefore a potential strat-
egy to reduce the nephrotoxicity and consequent renal insuf-
ficiency caused by cisplatin in clinical cancer treatment.

Methods

Isolation and culturing of cells
All animal care and experimental procedures complied with
institutional guidance and national health standards and
were approved by the Animal Care and Use Committee of
Leiden University, the Netherlands. Eight-week old wild-type
male C57BL/6 mice were purchased from Charles River
(Maastricht, the Netherlands) and maintained at the animal
facility of the Leiden University Gorlaeus Laboratories.

Mice were anaesthetized by i.p. injection of Euthasol
(20%, ASTfarma, Oudewater, the Netherlands). Kidneys were
minced and digested with collagenase Type XI (0.6 g·L-1,
2330 units·mg-1 of collagen digestion activity) in HBSS
(137 mM NaCl, 5 mM KCl, 0.8 mM MgSO4, 0.4 mM Na2HPO4,
0.4 mM KH2PO4, 1.3 mM CaCl2, 4 mM NaHCO3, 25 mM
HEPES, 5 mM D-glucose, pH 7.4) for 30 min at 37°C. The cell
suspension was washed for three times in HBSS. After the
washing steps, cells were re-suspended in Dulbecco’s modified
Eagles medium (DMEM)/Ham’s F12 (1:1) (Invitrogen) con-
taining 1% (v/v) fetal bovine serum (FBS, Hyclone, Etten-Leur,
the Netherlands), 0.5 mg·mL-1 BSA, 10 ng·mL-1 epidermal
growth factor, 10 ng·mL-1 cholera toxin, 50 nM hydrocorti-
sone, 15 mM HEPES, 2 mM glutamine (Invitrogen), 5 mg·mL-1

insulin and transferrin, 5 ng·mL-1 sodium selenite (Roche
Applied Science, Mannheim, Germany) and 1% (v/v)
penicillin/streptomycin/amphotericin B (PSA, Invitrogen).
Cells were maintained at 37°C in a humidified atmosphere of
95% air/5% CO2, and medium was changed every other day
until they reached confluence, 6–9 days after plating.

The conditionally immortalized proximal tubular epithe-
lial cells (IM-PTEC) were generated as previously described
(Stokman et al., 2011). Cells were grown in HK-2 medium
[DMEM/F12 medium with 10% FBS, 5 mg·mL-1 insulin and
transferrin, 5 ng·mL-1 sodium selenite, 20 ng·mL-1 tri-iodo-
thyrionine, 50 ng·mL-1 hydrocortisone, 5 ng·mL-1 prostaglan-
din E1, with L-glutamine, antibiotics and mouse IFN-g
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(1 ng·mL-1, R&D Systems, Minneapolis, MN, USA)] at 33°C in
5% CO2 and 95% air. For experiments, cells were cultured
under restrictive conditions at 37°C in the absence of IFN-g
for 7 days.

The human breast cancer cell lines MCF7, HBL100,
BT474, BT549, T47D and MDA-MB-231 were cultured as
described (de Graauw et al., 2010). The human lung cancer
cell lines H460, A549 and H1299 were obtained from
American Type Culture Collection (ATCC, Manassas, VA) and
cultured in RPMI 1640 Medium (Invitrogen) supplemented
with 10% FBS. The human clear cell renal cell carcinoma cell
line RCC10 was kindly provided by Dr Rachel Giles (UMC
Utrecht, the Netherlands) and was cultured in DMEM (Invit-
rogen) supplemented with 10% FBS.

siRNA transfection and treatments
Thermo Scientific Dharmacon siGENOME SMARTpools, tar-
geting mouse RAPGEF3/EPAC1 (M-057800–00), RAP1A
(M-057058–01) and RAP1B (M-062638–01) were purchased
from Thermo Fischer Scientific (Lafayette, CO). The siRNA
targeting green fluorescent protein (siGFP) was used as a
control siRNA. For siRNA reverse transfection, cell suspension
was transfected with siRNA at a final concentration of
100 nM (50 nM each for siRNAs targeting RAP1A and RAP1B)
using INTERFERinTM siRNA transfection reagent (PolyPlus-
transfection, Illkirch, France) according to the manufacturer’s
instruction. Cells were kept for 48–72 h before experiments,
and the efficiency of siRNAs was evaluated by Western blot-
ting using specific antibodies against Epac1 and Rap1.

Primary mouse renal cells cultured in 96-well plates or
6-well plates were treated in complete culture medium with
indicated concentrations of cisplatin in the presence or
absence of 100 mM 8-pCPT-2′-O-Me-cAMP or 10 mM forskolin.
After the indicated times, cell morphology was microscopi-
cally examined, and apoptosis was determined by cell cycle
analysis and caspase-3 activity assay, as well as the level of
cleaved caspase-3.

Confluent monolayers of IM-PTEC in 96-well plates,
24-well plates containing glass coverslips or 6-well plates were
exposed to 25 mM cisplatin, 100 mM 8-pCPT-2′-O-Me-cAMP or
both. In some experiments, cells were exposed to 10 mM
N6-Bnz-cAMP-AM or isoproterenol in the presence or absence
of 25 mM cisplatin. To monitor cell–cell contacts by immun-
ofluorescence, cells were fixed after 16 h. After 24 h, cell
apoptosis was determined by cell cycle analysis or caspase-3
activity assay.

Confluent cancer cells in 96-well plates were exposed to
cisplatin (0–100 mM), in the presence or absence of 100 mM
8-pCPT-2′-O-Me-cAMP. Cell apoptosis was determined using
caspase-3 activity assay after 24 and 48 h.

Rap1-GTP pulldown assay
Rap1 activation was assayed as previously described (Stokman
et al., 2011). Briefly, cells were starved in serum-free medium
for 1 h and then incubated with different analogues for
15 min, except for isoprenaline where cells were treated for
5 min. In some experiments, IM-PTEC cells were treated with
25 mM cisplatin, in the presence or absence of 100 mM
8-pCPT-2′-O-Me-cAMP, for 6 h in HK-2 medium. After the
incubation, cells were washed with cold PBS containing

1 mM MgCl2 and lysed on ice for 15 min with lysis buffer
containing 10% (v/v) glycerol, 1% (v/v) Nonidet P-40, 50 mM
Tris–HCl, pH 7.4, 200 mM NaCl, 2.5 mM MgCl2 supple-
mented with 1 mM aprotonin and 2 mM leupeptide. Lysates
were centrifuged, and active Rap in the supernatant was pre-
cipitated with glutathione Sepharose 4B beads (GE Health-
care, Buckinghamshire, UK) pre-coated with a GST fusion
protein of RalGDS-RBD. Both precipitate and supernatant
were subjected to Western blotting to detect GTP-bound Rap1
and total Rap1 respectively.

Western blotting
Cells were washed twice with ice-cold PBS and harvested in
lysis buffer as above supplemented with protease inhibitor
cocktail II (Sigma). The protein concentration was deter-
mined using BCA protein assay (Thermo Fisher Scientific,
Rockford, IL, USA) with BSA as a standard. Equal amounts of
protein were separated by SDS-PAGE and transferred to
Immobilon-P (Millipore, Amsterdam, the Netherlands).
Membranes were blocked in 5% (w/v) BSA in Tris-buffered
saline/Tween 20 (TBS-T, 0.5 M NaCl, 20 mM Tris–HCl and
0.05% (v/v) Tween 20, pH 7.4) for 1 h at room temperature.
The incubation of primary antibodies against Rap1, Epac1,
pSer133-CREB, tubulin, cleaved caspase-3 was performed over-
night at 4°C. Thereafter, blots were incubated with HRP or
Cy5-conjugated secondary antibody in 1% BSA in TBS-T for
1 h at room temperature. Protein signals were detected with
ECL Plus reagent (GE Healthcare) by imaging with the
Typhoon 9400 (GE Healthcare).

Caspase-3 activity assay
For exposures performed in six-well plates, both attached and
detached cells were collected and centrifuged (900¥ g, 5 min,
4°C). The cell pellet was re-suspended in lysis buffer (10 mM
HEPES, 40 mM b-glycerophosphate, 50 mM NaCl, 2 mM
MgCl2 and 5 mM EGTA) and subjected to three cycles of
freezing in liquid nitrogen and thawing to fracture cells. The
suspension was centrifuged at 17 000¥ g for 30 min, and the
supernatant, containing cytoplasmic fraction, was collected.
The protein concentration was determined by Bradford
protein assay (Bio-Rad Laboratories, Munich, Germany) using
IgG as a standard. Equal amounts of protein (10 mg) were used
for measuring caspase-3 activity with Ac-DEVD-AMC as the
substrate (25 mM). AMC fluorescence was followed in time
using a fluorescence plate reader (FLUOstar OPTIMA, BMG
LABTECH, Offenburg, Germany). Caspase-3 activity was cal-
culated as pmol min-1 mg-1 using AMC as a standard.

For the exposure in 96-well microplates (Greiner Bio-
One), five times concentrated lysis buffer (250 mM HEPES,
pH 7.4, 25 mM CHAPS, 25 mM DTT) was added after expo-
sure, and cells were lysed on ice for 30 min. The protein
concentration was determined by BCA protein assay using
BSA as a standard. The caspase-3 activity was measured as
above. In some experiments, caspase-3 activity was normal-
ized to cisplatin alone group (as 100%).

Cell cycle analysis
After the exposure, both attached and detached cells were
collected, centrifuged (900¥ g, 10 min, 4°C) and then
re-suspended in 90% ethanol for fixation (-20°C). Fixed cells
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were centrifuged and washed once with PBS followed by
re-suspension in PBS–EDTA containing 7.5 mM propidium
iodide and 10 mg·mL-1 RNase A. After 30 min at room tem-
perature, cells were analysed by flow cytometry (FACSCalibur;
BD Biosciences, Franklin Lakes, NJ). The amount of cells in
sub-G0/G1, indicating the percentage of apoptotic cells, was
calculated using the CellQuest software (BD Biosciences).

Real-time quantitative PCR (Q-PCR)
Total RNA was isolated from cells using an RNeasy Plus Mini
Kit (Qiagen, Hilden, Germany) according to the manufactur-
er’s protocol. RNA was reverse transcribed for cDNA with
RevertAid H Minus First strand cDNA Synthesis Kit (Thermo
Fisher Scientific).

Real-time Q-PCR for Epac1 mRNA expression was per-
formed on the ABI PRISM 7700 Sequence Detector by using
the SYBR Green PCR Master Mix Kit (Applied Biosystems,
Foster City, CA USA). Hypoxanthine phophoribosyltrans-
ferase gene (HPRT, forward 5′-ATGGGAGGCCATCACATTGT-
3′; reverse 5′-ATGTAATCCAGCAGGTCAGCAA-3′) was found
to be equally expressed in all the tested cell lines, thus was
used as internal standard. Human Epac1 primers (forward:
5′-CTGCTGAGGGAGCAGTGG-3′; reverse: 5′-AGCCAAACAG
GCAAGTTCC-3′) were designed by online ProbeFinder soft-
ware (Roche Applied Science) and purchased from Eurogentec
(Maastricht, the Netherlands). The cycling condition was as
follows: initial denaturation at 95°C for 10 min, followed by
40 cycles consisting of denaturation at 95°C for 15 s and
amplification at 60°C for 1 min. The average CT value was
calculated from triplicates of each sample. The relative Epac1
mRNA expression in each cell line was calculated using the
2-DDCT method (Livak and Schmittgen, 2001) and expressed as
fold change of normalized Epac1 expression level in RCC10.

Immunofluorescence and imaging techniques
Cells were cultured on glass coverslips in 24-well plates. After
exposure, cells were fixed with 3.7% formaldehyde for 20 min
and permeabilized with 0.4% (w/v) Triton X-100 in PBS for
10 min, followed by three washes with PBS. After blocking
with 5% (v/v) normal goat serum (Vector Laboratories, Burl-
ingame, CA, USA) and 1% (w/v) BSA in PBS, cells were stained
for anti-b-catenin and anti-ZO-1 overnight at 4°C. Thereafter,
cells were washed three times with PBS and subsequently
incubated with Alexa 488 or Cy3-labelled secondary antibod-
ies, in combination with 2 mg·mL-1 Hoechst 33258 (1 h at
room temperature). Coverslips were mounted on glass slides
using Aqua-Poly/Mount (Polysciences, Warrington, PA) and
imaged using a Nikon E600 epifluorescence microscope
(Nikon, Tokyo, Japan) with a 60¥ Plan Apo NA1.4 objective
lens (Nikon).

Quantitative analysis of cell–cell junctions
To segment the b-catenin and ZO-1 image signals, we adapted
the watershed masked clustering algorithm, whereby the cell
periphery is predicted to be equidistant from adjacent nuclei.
This prediction was anchored by fluorescence signal that was
present in this area, which was also extrapolated to generate
an intact line using a watershed algorithm. As an indicator of
cell–cell junction strength, the average area occupied by
b-catenin fluorescence signal in the cell–cell junction region

of each cell was calculated and expressed as area per nucleus
in pixels. To quantify the ZO-1 signal at cell–cell junctions,
we measured the percentage of the cell border that was posi-
tive for ZO-1 staining at the periphery of each cell (‘intact-
ness’). To do this, the ZO-1 fluorescence was overlaid with the
predicted intact line (described above). A continuous line
encircling a cell was given a score of 100%, while interrupted
staining scored proportionately lower values. This ‘intactness’
parameter was considered most appropriate in view of the
function of ZO-1 and tight junctions to provide a continuous
seal around each cell at the apical membrane. The analysis
was performed using ImageJ 1.44i software.

Statistical procedures
Data are expressed as mean � SEM. Data from cell–cell junc-
tion quantification were analyzed using the non-parametric
Kolmogorov–Smirnow (KS) test. All the other data were tested
for normality and passed the KS test (a = 0.05). Statistical
significance was determined using an unpaired t-test. Values
of P � 0.05 were considered statistically significant. All sta-
tistical analyses were performed using GraphPad Prism 4
(GraphPad Software, San Diego, CA).

Materials
Mouse monoclonal antibody to Epac1 (5D3, available from
Cell Signaling, Danvers, MA) was generated in the laboratory
of J L Bos, Utrecht, the Netherlands. The primary antibodies
used were as follows: rabbit-anti-Rap1 from Santa Cruz Bio-
technology Inc. (Santa Cruz, CA); rabbit-anti-phospho-CREB
(Ser133) from Cell Signaling); rabbit-anti-cleaved caspase-3
from Upstate Biotechnology (Lake Placid, NY); mouse-anti-
vinculin and anti-tubulin from Sigma-Aldrich (St. Louis,
MO); mouse anti-b-catenin from BD Biosciences (San Jose,
CA) and rabbit-anti-zona occludens-1 (ZO-1) from Zymed
(Burlington, NC). The secondary antibodies conjugated to
horseradish peroxidase (HRP) and Cy5 were purchased from
Jackson Immunoresearch (Newmarket, UK); antibodies
coupled to Alexa-488 and Cy3, as well as rhodamine phalloi-
din, were from Invitrogen (Breda, the Netherlands).

8-pCPT-2′-O-Me-cAMP, 8-pCPT-2′-O-Me-cAMP-AM and
N6-Bnz-cAMP-AM were from BIOLOG Life Sciences (Bremen,
Germany). Forskolin was purchased from Calbiochem (Not-
tingham, UK). Acetyl-Asp-Glu-Val-Asp-AMC (Ac-DEVD-AMC)
was obtained from Enzo Life Sciences (Zandhoven, Belgium).
Cis-diammineplatinum(II) dichloride (cisplatin), collagenase
(Crude: Type XI), isoprenaline, propidium iodide, RNase A,
7-amino-4-methylcoumarin (AMC) and other reagents not
specifically mentioned were obtained from Sigma-Aldrich.

Results

cAMP signalling protects against cisplatin-
induced apoptosis in primary mouse
renal cells
To determine cisplatin-induced apoptotic cell death, conflu-
ent primary mouse renal cells were treated with cisplatin in a
dose- and time-dependent manner, and caspase-3 activity was
measured. Treatment with cisplatin led to an induction of
apoptosis, starting at 18 h after 25–75 mM of cisplatin treat-
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ment (Supplementary data, Figure S1A). This effect was con-
firmed by measurement of caspase-3 activation by Western
blotting, which revealed pronounced cleavage of caspase-3
that was detectable at 24 h exposure with 25 mM cisplatin
(Supplementary data, Figure S1B).

To investigate the effect of cAMP signalling on cisplatin-
induced apoptosis in primary mouse renal cells, confluent
monolayers were exposed to 25 mM cisplatin, in the presence
or absence of 10 mM forskolin or 100 mM 8-pCPT-2′-O-Me-
cAMP. Forskolin induces cAMP synthesis via adenylate cyclase
activation and therefore activates all downstream effectors,
including PKA and Epac, whilst 8-pCPT-2′-O-Me-cAMP is an
Epac-selective cAMP analogue that preferentially activates
Epac (Enserink et al., 2002). Microscopic examination after a
24 h exposure showed that cisplatin treatment resulted in
disruption of cell–cell interactions and induced massive cell
detachment, which was profoundly reduced by simultaneous
treatment with either forskolin or 8-pCPT-2′-O-Me-cAMP
(Figure 1A). Cisplatin-induced cell detachment coincided
with increased caspase-3 activity and a higher percentage of
cells with hypodiploid DNA content (i.e. sub-G0/G1), confirm-
ing that cisplatin induced apoptosis in these cells. Activation
of Epac–Rap signalling by either forskolin or 8-pCPT-2′-O-Me-
cAMP significantly inhibited cisplatin-induced caspase-3 acti-
vation and reduced the percentage of cells in sub-G0/G1 phase
of the cell cycle, indicating a protective effect on these cells
against cisplatin-induced apoptosis (Figure 1B and C). The
similar degree of protection by forskolin and 8-pCPT-2′-O-Me-
cAMP suggests that cAMP signalling confers protection pre-
dominantly via activation of Epac in these cells.

Taken together, these data indicate that Epac signalling
can be activated by cAMP to protect against cisplatin-induced
apoptosis in primary mouse renal cells.

8-pCPT-2�-O-Me-cAMP activates Epac–Rap
signalling and protects against cisplatin-
induced apoptosis in IM-PTEC
In the kidney, the proximal tubules are the principal sites of
cisplatin-induced nephrotoxicity (Townsend et al., 2003;
Vickers et al., 2004) and also show high Epac1 expression
(Honegger et al., 2006). Therefore, we used IM-PTEC, a con-
ditionally SV40-immortalized mouse proximal tubular epi-
thelial cell line for further study (Stokman et al., 2011). First,
to determine whether Epac–Rap signalling is functional in
IM-PTEC, we determined whether Epac1 protein was
expressed and the ability of cAMP to activate Epac–Rap1
signalling. Epac activation is associated with a conforma-
tional change allowing the binding and activation of Rap
(Rehmann et al., 2006; 2008); thus, the activation of Epac is
measured indirectly through measurement of activation of
the Epac target, Rap1 using a Rap1-GTP pulldown (activity)
assay. As shown in Figure 2A, IM-PTEC cells expressed endog-
enous Epac1. More importantly, the Epac-selective cAMP
analogues 8-pCPT-2′-O-Me-cAMP and its highly membrane-
permeable ester form 8-pCPT-2′-O-Me-cAMP-AM, and also
the adenylate cyclase activator forskolin increased Rap1 acti-
vation, indicating that Epac–Rap signalling is induced by
cAMP in these cells (Figure 2A and B). Similarly, Epac–Rap
signalling was also observed in primary mouse renal cells
(Supplementary data, Figure S2).

Second, IM-PTEC cells were exposed to 25 mM cisplatin,
100 mM 8-pCPT-2′-O-Me-cAMP or both to determine the
effect of Epac–Rap activation on cisplatin-induced apoptosis.
Rap1 activation was determined after 6 h of treatment. Rap1
activation by 8-pCPT-2′-O-Me-cAMP was similar in both
DMSO- and cisplatin-treated cells, showing that cisplatin

Figure 1
Activation of cAMP signalling protects primary mouse renal cells against cisplatin-induced apoptosis. Primary mouse renal cells were exposed to
25 mM cisplatin for 24 h, in the presence or absence of 10 mM forskolin or 100 mM 8-pCPT-2′-O-Me-cAMP (007). (A) Cell morphology was
monitored by light microscopy, and representative images are shown. Original magnification: 10¥. Apoptosis was determined by (B) caspase-3
activity assay and (C) cell cycle analysis. Data are expressed as mean � SEM of three independent experiments (n = 3). *P < 0.05, significantly
different from cisplatin alone. ND indicates that value is not detectable.
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does not disrupt 8-pCPT-2′-O-Me-cAMP activation of Epac–
Rap signalling (Figure 2C). After 24 h, cell apoptosis was
determined by caspase-3 activity and cell cycle analysis.
Although IM-PTEC cells were somewhat more resistant to
cisplatin compared with primary cells and did not show sig-
nificant cell detachment, 8-pCPT-2′-O-Me-cAMP still showed
a protective effect against apoptosis (Figure 2D and E).

Taken together, these results are consistent with those
observed in the heterogeneous mix of primary mouse renal
cells and demonstrate that Epac–Rap signalling functions to
specifically protect proximal tubular epithelial cells against
cisplatin-induced apoptosis.

The protective effect of 8-pCPT-2�-O-Me-
cAMP against cisplatin-induced apoptosis is
Epac–Rap dependent
Although 8-pCPT-2′-O-Me-cAMP is an Epac-selective activa-
tor, to confirm that Epac–Rap signalling confers the observed

antiapoptotic effects, we disrupted Epac–Rap signalling in
IM-PTEC by silencing Epac1 and Rap1 gene expression. Trans-
fection of IM-PTEC cells with siRNAs targeting against Epac1
and Rap1 resulted in significant reduction in Epac1 and Rap1
expression respectively (Figure 3A and B). As expected, the
knockdown of Epac1 (or Rap1) prevented 8-pCPT-2′-O-Me-
cAMP induction of Rap1 activation in these cells, whilst
8-pCPT-2′-O-Me-cAMP was still able to activate Rap1 in
control siGFP-transfected cells (Figure 3A). In both untrans-
fected and siGFP-transfected cells, the co-incubation of
8-pCPT-2′-O-Me-cAMP significantly reduced the high per-
centage of apoptotic cells caused by cisplatin treatment
(Figure 3C). However, the ability of 8-pCPT-2′-O-Me-cAMP to
inhibit cell apoptosis was impaired in either Epac1 or Rap1
knockdown cells, concordant with the suppression of Rap1
activation in these knockdown cells. These results demon-
strate that Epac–Rap signalling is required for 8-pCPT-2′-
O-Me-cAMP-mediated protection against cisplatin-induced
apoptosis.

Figure 2
8-pCPT-2′-O-Me-cAMP activates Epac–Rap signalling and protects IM-PTEC against cisplatin-induced apoptosis. (A) IM-PTEC were exposed to
vehicle (10 mM Tris–HCl, pH 7.4, 50 mM NaCl) as control, 100 mM 8-pCPT-2′-O-Me-cAMP (007), 2.5 mM 8-pCPT-2′-O-Me-cAMP-AM (007-AM)
or 10 mM forskolin for 15 min. Lysates were used for detection of active GTP-bound Rap1 levels by pulldown analysis followed by immunoblotting.
The expression of total Rap1 and Epac1 was confirmed by Western blotting. Blots shown are representative of four independent experiments. (B)
Densitometric analysis of the blots in (A) determined the ratio of Rap1-GTP/total Rap1 and normalized to control. (C) IM-PTEC were exposed to
vehicle or 100 mM 8-pCPT-2′-O-Me-cAMP (007), in the presence or absence of 25 mM cisplatin in complete HK2 medium for 6 h. The active
GTP-bound and total Rap1 levels were detected by pulldown analysis followed by immunoblotting. Blots shown are representative of three
independent experiments. (D–E) IM-PTEC were exposed to 25 mM cisplatin for 24 h, in the presence or absence of 100 mM 8-pCPT-2′-O-Me-cAMP
(007). Apoptosis was determined by (D) caspase-3 activity assay and (E) cell cycle analysis. Data are expressed as mean � SEM of three
independent experiments (n = 3). *P < 0.05, significantly different from cisplatin alone.
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Endogenous cAMP protects IM-PTEC
against cisplatin-induced apoptosis via
Epac–Rap signalling
The b-adrenoceptor increases intracellular cAMP levels via Gs
coupling to adenylate cyclase. Both Epac and PKA have been
found to participate in a wide range of b-adrenoceptor
-mediated biological processes, including integrin-mediated
cell adhesion and gap junction formation (Rangarajan et al.,
2003; Somekawa et al., 2005). As the b-adrenoceptor is also
expressed in the kidney, we examined whether this cAMP-
elevating GPCR reproduces the antiapoptotic effect of
8-pCPT-2′-O-Me-cAMP in IM-PTEC.

Stimulation with isoprenaline, a ligand for the
b-adrenoceptor, induced both activation of Rap1 and phos-
phorylation of the cAMP response element binding protein
(CREB) (Figure 4A and B), indicating that both Epac and PKA
pathways were activated. In contrast, the PKA-selective ana-
logue N6-Bnz-cAMP-AM induced phosphorylation of CREB
but not Rap1 activation, whereas the Epac-selective analogues
8-pCPT-2′-O-Me-cAMP and 8-pCPT-2′-O-Me-cAMP-AM acti-
vated Rap1 but not CREB. The adenylate cyclase activator
forskolin also induced both Rap1 activation and phosphory-
lation of CREB (Figure 4A and B). We then looked at the
effect of these compounds on cisplatin-induced apoptosis
in IM-PTEC. Treatment with isoprenaline significantly
decreased cisplatin-induced elevation of caspase-3 activity,
similar to that observed with 8-pCPT-2′-O-Me-cAMP treat-
ment (Figure 4C). However, N6-Bnz-cAMP-AM did not blunt

cisplatin-induced apoptosis, suggesting that the anti-
apoptotic effect of cAMP signalling was not induced by PKA
activation. More importantly, the protective effect of isopre-
naline against cisplatin-induced elevation of caspase-3 activ-
ity was blocked in both Epac1 and Rap1 knockdown cells,
confirming a critical involvement of Epac1–Rap1 in the pro-
tection (Figure 4D).

These results demonstrate that endogenous cAMP signal-
ling induced by cell surface receptors can protect IM-PTEC
from cisplatin-induced apoptosis, and that this protection is
dependent on Epac–Rap signalling.

8-pCPT-2�-O-Me-cAMP stabilizes cell–cell
junctions and protects against cisplatin-
induced disruption of cell–cell adhesions
in IM-PTEC
The small GTPase Rap is regarded as an important regulator of
cell–cell and cell–matrix adhesions. These adhesions provide
direct cellular survival signals and also structural elements
required for essential cellular functions, such as cell polarity.
We explored the hypothesis that Epac activation also contrib-
uted to the stabilization of cell adhesions in IM-PTEC. As
cisplatin treatment did not result in significant loss of cell–
matrix adhesion in IM-PTEC, we determined the effect of
active Epac–Rap signalling on two major types of cell–cell
adhesions, adherens junctions and tight junctions. Immun-
ofluorescence staining showed that b-catenin and ZO-1 were
predominantly localized at the cell membrane as expected

Figure 3
8-pCPT-2′-O-Me-cAMP-mediated antiapoptotic effect is Epac–Rap dependent. (A) The active GTP-bound Rap1 level after 15 min incubation in the
presence or absence of 100 mM 8-pCPT-2′-O-Me-cAMP (007), as well as the expression of Epac1 and Rap1 were detected as above in
siRNA-transfected IM-PTEC. The siGFP was used as a control siRNA. Blots shown are representative of three independent experiments. (B)
Densitometric analysis of the blots in (A) determined the ratio of Epac1/tubulin and Rap1/tubulin and normalized to siGFP-transfected IM-PTEC.
Data are expressed as mean � SEM of duplicates for each siRNA (n = 2). *P < 0.05, significant difference between siEPAC1- and siGFP-transfected
cells. #P < 0.05, significant difference between siRAP1A + 1B- and siGFP-transfected cells. (C) Mock- or siRNA-transfected IM-PTEC were exposed
to 25 mM cisplatin for 24 h, in the presence or absence of 100 mM 8-pCPT-2′-O-Me-cAMP (007). Apoptosis was determined by cell cycle analysis.
Data are expressed as mean � SEM of three independent experiments (n = 3). *P < 0.05, significant difference between two groups.
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(Figure 5A). We measured the fluorescence signal from these
proteins at cell–cell junctions using quantitative digital image
analysis (Figure 5B and C). For b-catenin, a component of
adherens junctions that confers strength to the cell–cell inter-
action, we measured the total amount of staining in the
junction area per cell. For ZO-1, a component of tight junc-
tions at the apical membrane that provides a water-tight seal
to the epithelial layer, we measured the degree of intactness
of the junction staining (percentage intact junction around
each cell). Figure 5A-C show that cisplatin treatment caused
loss of both proteins from the plasma membrane, indicating
a reduction in cell–cell adhesions. The treatment with
8-pCPT-2′-O-Me-cAMP strongly reduced the loss of b-catenin
and ZO-1 caused by cisplatin, indicating a protective effect
against cell–cell junction disruption.

These results demonstrate that Epac–Rap activation by
8-pCPT-2′-O-Me-cAMP enhances cell–cell adhesions in
IM-PTEC and protects cells from cisplatin-induced disruption
of both adherens junctions and tight junctions.

8-pCPT-2�-O-Me-cAMP protects IM-PTEC
against cisplatin-induced disruption of
cell–cell adhesions via Epac–Rap activation
To confirm that 8-pCPT-2′-O-Me-cAMP-mediated protection
of cell–cell junctions was also dependent on Epac–Rap signal-

ling, Epac1 and Rap1 knockdown cells were exposed to either
cisplatin alone or in combination with 8-pCPT-2′-O-Me-
cAMP and then immunostained for b-catenin and ZO-1. The
fluorescence signal from both proteins at cell–cell junctions
was measured using quantitative digital image analysis as
above. As shown in Figure 6, most of both fluorescence
signals disappeared from cell–cell contacts after treatment
with cisplatin in untransfected and siRNA-transfected cells.
Simultaneous treatment with 8-pCPT-2′-O-Me-cAMP rescued
both the loss of b-catenin at the junction area and the loss of
ZO-1 at the plasma membrane in either untransfected or
siGFP-transfected cells. However, the preservation of either
b-catenin or ZO-1 by 8-pCPT-2′-O-Me-cAMP against cisplatin
was inhibited in both Epac1 and Rap1 knockdown cells, indi-
cating that Epac–Rap signalling is required for 8-pCPT-2′-O-
Me-cAMP-mediated stabilization of adherens and tight
junctions. These results suggest that the activation of Epac–
Rap signalling stabilizes cell–cell adhesions and protects them
from cisplatin-induced disruption.

8-pCPT-2�-O-Me-cAMP does not protect
Epac-deficient cancer cells from cisplatin-
induced cell killing
Whilst 8-pCPT-2′-O-Me-cAMP protects renal cells during cis-
platin treatment, it should not compromise the capacity of

Figure 4
cAMP protects IM-PTEC against cisplatin-induced apoptosis via Epac–Rap signalling. (A) IM-PTEC were exposed to vehicle as control, 100 mM
8-pCPT-2′-O-Me-cAMP (007), 2.5 mM 8-pCPT-2′-O-Me-cAMP-AM (007-AM), 10 mM forskolin, 10 mM PKA-selective analogue N6-Bnz-cAMP-AM
(N6-Bnz) for 15 min, or 10 mM b-adrenoceptor agonist isoprenaline (iso) for 5 min. Lysates were used for detection of active GTP-bound Rap1
levels by pulldown analysis followed by immunoblotting. The expression of total Rap1 and phosphorylation of CREB at Ser133 was confirmed by
Western blotting. Blots shown are representative of three independent experiments. (B) Densitometric analysis of the blots in (A) determined the
ratio of Rap1-GTP/total Rap1 and pSer133-CREB/tubulin and normalized to control. (C) IM-PTEC were exposed to 25 mM cisplatin for 24 h, in the
presence or absence of 100 mM 8-pCPT-2′-O-Me-cAMP (007), 10 mM N6-Bnz-cAMP-AM (N6-Bnz) or 10 mM isoprenaline (iso). Apoptosis was
determined by caspase-3 activity assay. Data are expressed as mean � SEM of three independent experiments (n = 3). *P < 0.05, significant
difference between two groups. (D) siRNA-transfected IM-PTEC were exposed to 25 mM cisplatin for 24 h, in the presence or absence of 100 mM
8-pCPT-2′-O-Me-cAMP (007) or 10 mM iso. Apoptosis was determined by caspase-3 activity assay. Data are expressed as mean � SEM of three
independent experiments (n = 3). *P < 0.05, significant difference between two groups.
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cisplatin to kill tumour cells. We therefore examined the
effect of 8-pCPT-2′-O-Me-cAMP on cisplatin-induced tumour
cell killing using a panel of human cancer cell lines. Since
cisplatin has been applied in the chemotherapy of lung and
breast cancers, we tested human lung cancer cell lines H460,
A549 and H1299, as well as human breast cancer cell lines
MCF7, HBL100, BT474, BT549, T47D and MDA-MB-231.

All the cancer cell lines were exposed to a range of cispl-
atin concentrations. Four cell lines H460, A549, HBL100 and
BT549 showed significant cell apoptosis, whereas the others
were resistant to cisplatin treatment (data not shown). There-
fore, the EC50 of each cell line for cisplatin-induced cell
apoptosis was determined by caspase-3 activity assay
(supplementary data, Table S1), and these four cell lines were
used for further exposure experiments.

The Epac1 protein level was determined by Western blot-
ting in all tested human cancer cell lines. Two out of three
lung cancer cell lines and five out of six breast cancer cell
lines had undetectable Epac expression (data not shown),
which is consistent with the low mRNA level of RAPGEF3/
EPAC1 in most of NCI60 cancer cell lines tested in a
HG-U133A array (data available at GNF BioGPS http://
biogps.gnf.org/#goto=genereport&id=10411). Among the
four selected cancer cell lines, H460 was the only one that
exhibited detectable Epac1 protein, which was low compared
with kidney epithelial cells (Figure 7A and B). The Epac1
mRNA level was determined by real-time Q-PCR in these four
cancer cell lines, with RCC10, a renal cell carcinoma cell line
that expresses considerable Epac1, as positive control. Again,
H460 was the only cell line that expressed Epac1 mRNA,
which was consistent with the pattern at protein level
(Figure 7A and D).

We next tested the effect of 8-pCPT-2′-O-Me-cAMP on
cisplatin-induced cancer cell apoptosis in the selected cell
lines. The concentration of cisplatin for each cell line was
chosen according to the EC50 dose. Cells were exposed to
cisplatin for 24 h, in the presence or absence of 8-pCPT-2′-O-
Me-cAMP, and cell apoptosis was determined using a
caspase-3 activity assay. Both primary mouse renal cells and
IM-PTEC were included as controls. As shown in Figure 7C,
8-pCPT-2′-O-Me-cAMP significantly inhibited the elevated
caspase-3 activity in H460 cells, as it did in primary mouse
renal cells and IM-PTEC, whereas there was no protection
against apoptosis in Epac-deficient A549, HBL100 and BT549
cells.

These results suggest that while Epac activation reduces
cisplatin-mediated damage to kidney epithelial cells, it does
not reduce the chemotherapeutic effect towards cancer cells
in which Epac expression is absent.

Discussion and conclusions

Our results demonstrate that cAMP signalling protects mouse
proximal tubular epithelial cells against cisplatin-induced
cytotoxicity via activation of the Epac–Rap signalling
pathway. First, cAMP-mediated protection from cytotoxicity
was independent of PKA but dependent on Epac activation,
as the protection could be induced with the Epac-selective
activator 8-pCPT-2′-O-Me-cAMP and was prevented by
siRNA-mediated depletion of Epac1 and Rap1 proteins. Fur-
thermore, a PKA-selective cAMP analogue was not able to
induce protection against apoptosis. This identifies Epac–Rap
signalling as a cAMP-dependent cytoprotective pathway.

Figure 5
8-pCPT-2′-O-Me-cAMP stabilizes cell–cell junctions and protects IM-PTEC from cisplatin-induced cell junction disruption. (A) IM-PTEC were
exposed to 25 mM cisplatin for 16 h, in the presence or absence of 100 mM 8-pCPT-2′-O-Me-cAMP (007). Cells were fixed and stained for
b-catenin (green) and ZO-1 (red). Images shown are representative of three independent experiments. Original magnification: 60¥. Arrows show
gaps between cells, indicating disruption of monolayer integrity by cisplatin. (B) The area of b-catenin fluorescence at the cell junctions was
quantified, and the average area occupied by b-catenin in each cell was calculated and expressed as area per nucleus in pixels. (C) The ZO-1
fluorescence at the cell junctions was identified. The percentage of the cell border that overlapped with ZO-1 localization was calculated and
expressed as intactness ZO-1 per field. Data are representative of three independent experiments and expressed as mean � SEM (n = 3). *P < 0.05,
significant difference between two groups.
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Second, Epac activation prevented disruption of the intercel-
lular junctions, suggesting that its effect on cell survival may
be attributed to pro-survival signals from these adhesion
complexes. Third, Epac expression is absent in a number of
cell lines from human cancers that are routinely treated with
cisplatin and 8-pCPT-2′-O-Me-cAMP does not protect them
from cisplatin-induced cell killing. Therefore, activation of
the Epac–Rap signalling pathway has the potential to protect
against nephrotoxicity without compromising the therapeu-
tic value of cisplatin as an anti-cancer drug for tumours that
do not express Epac.

Cisplatin causes renal tubular cell death, either by apop-
tosis or necrosis, dependent on the severity of the injury in
vivo, or the concentration and duration of exposure in cul-
tured renal tubular cells (Lieberthal et al., 1996; Imamdi et al.,
2004). It was observed in our experiments that, whereas a
short exposure period of 24 h is sufficient to induce apoptosis
in renal cells, longer exposure (48 h) or higher doses were

required to kill cancer cells. At these higher doses, renal cells
were severely damaged and underwent cell necrosis (data not
shown). These results are consistent with the clinical situa-
tion that the cisplatin exposure required for optimum che-
motherapy is nephrotoxic. A protective effect of cAMP and
inducers of cAMP against cisplatin-induced nephrotoxicity
has been previously described (Mishima et al., 2006; Arany
et al., 2008; Li et al., 2010). Some studies have attributed this
protective effect to activation of the archetypal cAMP target
PKA (Arany et al., 2008). However, in our model, we find that
cAMP protects against cisplatin-induced apoptosis through
activation of Epac. A role for Epac in mediating the anti-
apoptotic effects of cAMP in various tissues is beginning to
emerge; in cardiac myocytes, inhibitors of PDE4, which
increase cAMP levels, were found to inhibit NO-mediated
apoptosis – an effect that was mediated by Epac (Kwak et al.,
2008). However, a different study (also in cardiac myocytes),
showed that super-activation of adenylate cyclase via

Figure 6
8-pCPT-2′-O-Me-cAMP-mediated cell junction preservation is Epac–Rap dependent. Mock- or siRNA-transfected IM-PTEC were exposed to 25 mM
cisplatin, in the presence or absence of 100 mM 8-pCPT-2′-O-Me-cAMP (007). After 16 h, cells were fixed and stained for (A) b-catenin and (C)
ZO-1. Images shown are representative of three independent experiments. Original magnification: 60¥. (B) Average area occupied by b-catenin
in each cell was calculated and expressed as area per nucleus in pixels. (D) The percentage of the cell border that overlapped with ZO-1 localization
was calculated and expressed as intactness ZO-1 per field. Data are representative of three independent experiments and expressed as mean �

SEM (n = 3). *P < 0.05, significant difference between two groups.
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b-adrenoceptor-enhanced apoptosis (Iwatsubo et al., 2004). A
recent study using Epac1 knockout mice demonstrated that
this pro-apoptotic effect was indeed mediated by Epac1
(Suzuki et al., 2010). Follow-up in vivo studies to examine the
reno-protective effects of Epac activation must inevitably
include a close examination for any cardiotoxic effects.

Tubular damage in nephrotoxicity is frequently associated
with impaired cell–cell and cell–matrix adhesions of proximal
tubular epithelial cells (Kruidering et al., 1998; Imamdi et al.,
2004), which results in loss of polarity and transport function
and can lead to shedding of epithelial cells into the lumen of
the nephron (Thadhani et al., 1996). Cisplatin-based cancer
chemotherapy primarily relies on its ability to damage DNA,
thus selectively killing rapidly dividing cancer cells. Previous

studies also indicated a requirement for cell adhesion in DNA
damage-induced apoptosis of certain cancer cell types (Lewis
et al., 2002; Truong et al., 2003). In the case of cisplatin-
induced nephrotoxicity, disruption of adhesion protein com-
plexes may be partly independent of DNA damage, being a
result of direct protein or lipid modifications or generation
of reactive oxygen species (Ma et al., 2007). One important
cellular response to cAMP-induced Epac–Rap signalling is
enhanced cell adhesion, which in turn leads to the mainte-
nance of monolayer integrity and the preservation of both
epithelial and endothelial resistance (Fukuhara et al., 2005;
Kooistra et al., 2005; Wittchen et al., 2005; Stokman et al.,
2011) and provides survival signals to the cell (Meredith and
Schwartz, 1997; Cordes, 2006). Recent studies showed that
Epac stabilized cell–cell junction components either directly
via integrating into junction complexes (Rampersad et al.,
2010) or indirectly via actin bundling, thereby enabling sub-
sequent anchoring of adherens junctions to the actin cytosk-
eleton (Noda et al., 2010). In this study, both adherens and
tight junctions were preserved by 8-pCPT-2′-O-Me-cAMP after
cisplatin treatment, suggesting that enhanced cell adhesion
may mediate the cytoprotective effect of 8-pCPT-2′-O-Me-
cAMP treatment. 8-pCPT-2′-O-Me-cAMP-induced protection
from apoptosis generally did not exceed 50%, suggesting that
8-pCPT-2′-O-Me-cAMP-insensitive cytotoxic processes also
contribute to cisplatin-induced apoptosis. We cannot exclude
the possibility that stabilization of cell–cell junctions by
8-pCPT-2′-O-Me-cAMP is actually a consequence of reduced
cisplatin cytotoxicity. However, this is unlikely in our model
as junction breakdown, which is clearly evident after 16 h of
cisplatin exposure, appears to precede apoptosis, as caspase
cleavage and other indicators of apoptosis are only detectable
after 18–24 h (Figures 5 and S1). Epac also mediates the
cAMP-dependent inhibition of the apical membrane protein
NHE3 – an effect that would appear to be independent of cell
adhesion (Honegger et al., 2006; Murtazina et al., 2007).
Further work is required to establish whether NHE3 modula-
tion or other adhesion-independent effects confer cytopro-
tection in response to 8-pCPT-2′-O-Me-cAMP.

Several Rap1GEFs, in addition to Epac, regulate Rap1 acti-
vation, such as PDZ-GEF, C3G and CalDAG-GEF1 (Boettner
and Van Aelst, 2009). These Rap1GEFs are under the control
of various second messengers and may also contribute to
Rap1 signalling in proximal tubular cells (Bos et al., 2001).
This observation may also explain why Epac1-deficient cells
do not have significantly lower basal Rap activity levels or
more severe cell injury, even in the absence of cAMP signal-
ling. However, protection by receptor activation and 8-pCPT-
2′-O-Me-cAMP against apoptosis and junction disruption was
strongly attenuated by knockdown of Epac1 (Figures 3, 4 and
6), indicating that Epac only contributes to survival and junc-
tion preservation when it is specifically activated by cAMP.
These findings also indicate that indeed Epac1 is the isoform
that contributes to protection against cisplatin in IM-PTEC.
Epac2 is also present in the kidney; however, the expression
level is low compared with Epac1 and compared with other
organs such as brain and adrenal glands (Li et al., 2008).
Epac2 is absent in a number of human cancer cell lines and
was only detectable in H460 cells (data not shown), which
also showed expression of Epac1 and demonstrated protec-
tion against apoptosis by 8-pCPT-2′-O-Me-cAMP. Thus,

Figure 7
8-pCPT-2′-O-Me-cAMP does not protect Epac-deficient cancer cells
from cisplatin-induced cell apoptosis. (A) Western blot analysis of
Epac1 protein levels in primary mouse renal cells, IM-PTEC, human
lung cancer cell lines (H460, A549) and human breast cancer cell
lines (HBL100, BT549). Blots shown are representative of three inde-
pendent experiments. (B) Densitometric analysis of the blots in (A)
determined the ratio of Epac1/tubulin and normalized to primary
mouse renal cells. (C) Cells were cultured in 96-well microplate to
reach 90% confluence and exposed to 31.6 or 100 mM (H460, A549)
cisplatin for 24 h, in the presence or absence of 100 mM 8-pCPT-2′-
O-Me-cAMP (007). Apoptosis was determined by caspase-3 activity
assay and expressed as percentage of that in cisplatin alone group (as
100%). Data are expressed as mean � SEM of three independent
experiments (n = 3). *P < 0.05, significant difference between two
groups. (D) Real-time Q-PCR analysis of Epac1 mRNA levels in human
renal cell carcinoma cell line (RCC10), human lung cancer cell lines
(H460, A549) and human breast cancer cell lines (HBL100, BT549).
Data are mean � SEM of relative Epac1 mRNA levels from two
independent experiments in triplicates, expressed as fold changes of
normalized expression level in RCC10. Values indicate the fold
change of Epac1 mRNA level in each cell line normalized to RCC10.
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expression of Epac2 in tumours may still result in protection
from cisplatin-induced cytotoxicity by systemically adminis-
tered 8-pCPT-2′-O-Me-cAMP. The knockdown of Rap1 with a
combination of siRNAs for both RAP1A and RAP1B also pre-
vents all the protective effects of 8-pCPT-2′-O-Me-cAMP.
Together with the results from Epac1 knockdown experi-
ments, we conclude that the activation of Epac–Rap signal-
ling mediates the cytoprotective effects of cAMP. Both
isoforms of Rap1 can be activated by Epac but may display
different sensitivities and functions upon activation by
Rap1GEFs (McPhee et al., 2000; Dube et al., 2008; Severson
et al., 2009). Further work with knockdown of the individual
Rap1 isoforms could identify the isoform-specific effects of
Rap1 in our experimental models.

In addition to the effect on the IM-PTEC cell line, 8-pCPT-
2′-O-Me-cAMP also activated Epac–Rap signalling and
induced protection against cisplatin-induced detachment
and apoptosis in cultured primary mouse renal cells, which
resemble the heterogeneous mix of various cell populations
in the kidney. We showed recently that Epac–Rap signalling
in kidney tissue can be directly activated by 8-pCPT-2′-O-Me-
cAMP via intrarenal administration during acute renal
ischemia, protecting against kidney failure in a mouse model
(Stokman et al., 2011). While this form of drug administra-
tion is not appropriate for rodent cisplatin injury models,
which typically have a duration of several days, these results
demonstrate that Epac can be activated in vivo by 8-pCPT-2′-
O-Me-cAMP.

In conclusion, our study identifies the cAMP-Epac–Rap
signalling pathway as a potential therapeutic target for reduc-
ing nephrotoxicity associated with clinical cancer treatment
with cisplatin. The high expression of Epac in the kidney, as
well as its pharmacological accessibility with Epac-selective
cAMP analogues, also support the potential for small mol-
ecule combination therapy with cisplatin.
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Supporting information

Additional Supporting Information may be found in the
online version of this article:

Figure S1 Cisplatin induces apoptosis in primary mouse
renal cells. (A) Primary mouse renal cells were exposed to
cisplatin at different concentrations (0–75 mM). Apoptosis at
12, 18 and 24 h was determined by caspase-3 activity assay.
Data are expressed as mean � SEM of three independent
experiments (n = 3). (B) Primary mouse renal cells were
exposed to 25 mM cisplatin. After 18 and 24 h, the cleavage of
caspase-3 was determined by Western blotting. Blots shown
are representative of three independent experiments.
Figure S2 8-pCPT-2′-O-Me-cAMP activates Epac–Rap signal-
ing in primary mouse renal cells. (A) Primary mouse renal
cells were exposed to vehicle (10 mM Tris–HCl, pH 7.4,
50 mM NaCl) as control, 10 mM forskolin, 100 mM 8-pCPT-2′-
O-Me-cAMP (007) or 2.5 mM 8-pCPT-2′-O-Me-cAMP-AM (007-
AM) for 15 min. Lysates were used for detection of active
GTP-bound Rap1 levels by pulldown analysis followed by
immunoblotting. The expression of total Rap1 and Epac1 was
confirmed by Western blotting. Blots shown are representa-
tive of four independent experiments. (B) Densitometric
analysis of the blots in (A) determined the ratio of Rap1-GTP/
total Rap1 and normalized to control.
Table S1 Dose–effect of cisplatin treatment on different cell
lines after 24 and 48 h
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