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Abstract Autosomal recessive polycystic kidney disease

(ARPKD) is caused by mutations in PKHD1, a gene

encoding fibrocystin/polyductin (FC1), a membrane-asso-

ciated receptor-like protein involved in the regulation of

tubular cell adhesion, proliferation and apoptosis. Although

it is generally accepted that apoptosis is implicated in

ARPKD, the question of whether increased apoptosis is a

normal response to abnormal cell proliferation or, instead,

it is a primary event, is still subject to debate. In support of

the latter hypothesis, we hereby provide evidence that

apoptosis occurs in the absence of hyper-proliferation of

FC1-depleted kidney cells. In fact, a decrease in cell pro-

liferation, with a concomitant increase in apoptotic index

and caspase-3 activity was observed in response to FC1-

depletion by PKHD1 siRNA silencing in HEK293 and 4/5

tubular cells. FC1-depletion also induced reduction in

ERK1/2 kinase activation, upregulation of the pro-apop-

totic protein p53 and activation of NF-jB, a transcription

factor which reduces apoptosis in many organs and tissues.

Interestingly, selective inactivation of NF-jB using either

an NF-jB decoy or parthenolide, a blocker of IKK-

dependent NF-jB activation, reduced, rather then

increased, apoptosis and p53 levels in FC1-depleted cells.

Therefore, the proapoptotic function of NF-jB during cell

death by FC1-depletion in kidney cells is evident.
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Introduction

Autosomal recessive polycystic kidney disease (ARPKD)

is an important cause of renal and liver-related morbidity

and mortality in neonates and infants [1, 2]. This disease is

caused by mutations in the polycystic kidney and hepatic

disease gene 1 (PKHD1) which encodes fibrocystin/poly-

ductin (FC1), a * 500 kDa type I membrane protein

expressed in the primary cilium and plasma membrane of

renal and bile duct epithelial cells [3]. The structure and

localization of FC1 suggest that it may function as a

receptor for an, as yet, unidentified ligand which is

involved in maintaining the 3-dimensional tubular archi-

tecture. FC1 may form a functional complex with poly-

cystin-1 (PC1) and polycystin-2 (PC2), which have been

observed to be mutated in autosomal dominant polycystic

kidney disease (ADPKD) [4, 5]. In fact, FC1, as well as,

polycystins themselves, are essential for the control of

epithelial differentiation, proliferation and apoptosis which

is mediated via the integration of complex signaling events.

Apoptosis is central to normal kidney development [6] and

has been implicated in kidney diseases of various origins,

including PKD [7]. Indeed, the cystic epithelia in both

ADPKD and ARPKD display de-differentiated cells with
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polarization defects, high rates of division and apoptosis

[7–11].

To better define the elevated susceptibility to pro-

grammed cell death in ARPKD and the role therein of FC1,

we investigated proliferation and apoptosis in human kid-

ney cells possessing down-regulated PKHD1 due to siRNA

interference. Our results demonstrate that there is an

increase in apoptosis, which is dependent on caspase-3

activation and associated to abnormally elevated activity of

the nuclear factor-kappa B (NF-jB), in FC1-deficient

human cells. This is a transcription factor which is crucial

for the regulation of many physiological and pathological-

associated processes; it is closely associated with cancer

development and it plays a pivotal role in promotion of cell

proliferation and inflammation, as well as suppression of

apoptosis [12]. Nevertheless, NF-jB activation is known to

accompany apoptotic death induced by serum withdrawal

in HEK293 cells [13]. Therefore, the activation of this

transcription factor may be responsible for triggering a

distinct pattern of target genes which induce diametrically

opposite effects in different tissues or contexts [12, 14, 15].

Indeed, we have demonstrated that NF-jB inactivation is

required for the suppression of caspase-3 activity and

reduction of cell death in FC1-depleted cells, thus showing

that NF-jB may play a pro-apoptotic role in polycystic

cells.

Methods

Reagents

D-MEM/F12 and MEM media, fetal bovine serum (FBS),

glutamine and antibiotics were obtained from Euroclone

(Milano, Italy); G418, Tumor Necrosis Factor a (TNF),

protease inhibitors, Bovine Serum Albumin (BSA), mouse

anti-b-actin and anti-b-tubulin were from Sigma (Milano,

Italy). Parthenolide was obtained from Alexis Biochemicals

(Vinci, Italy). pNF-jB-TA-Luc from Clontech (BD bio-

scences, Buccinasco, Italy), scramble siRNA from Ambion

(Applied Biosystems, Monza, Italy), the antibodies anti-

p21(Waf), -NFjB-p65, -p53 were from Santa Cruz (DBA

Italia Srl, Segrate, Italy), and anti-Erk1/2 and -pErk1/2 were

from Cell Signaling Technology (Euroclone, Italy).

Enhanced chemiluminescent substrates for immunoblotting

(SuperSignalDura or SuperSignalFemto) and HRPconju-

gated goat anti-rabbit and anti-mouse antibodies were pur-

chased from Pierce (Euroclone, Italy).

Cells, DNA constructs and transfections

Human embryonic (HEK293), and adult 4/5 kidney tubular

cells (4/5) were cultured as previously described [16]. Cells

were co-transfected by calcium phosphate with pCDNA3

and either pSsiPKHD1a or pSsiPKHD1b recombinant

plasmids expressing PKHD1 siRNA, or the empty pSuper

vector, respectively. PKHD1 siRNA a and b (against

PKHD1 exon VI 50GTTTATCCACCAAGTGGTG30 and

exon VIII 50GCTCAAGGA GACAAATGGG30 sequences,

GeneBank accession number AF480064) were cloned as

previously described [16]. G418-resistant clones (HEK

293pSuper, HEK293pSsiPKHD1, 4/5pSuper and 4/5pSsiPKHD1),

and cells transfected with scramble siRNA [16] were

analysed by RT-PCR and immunoblotting.

RT-PCR analysis

Total RNA was purified with Trizol� (Invitrogen, San

Giuliano Milanese, Italy). mRNA was reverse-transcribed

using a IM-Prom II reverse transcriptase kit (Promega,

Milano, Italy) with random hexamers and specific primers

for FC1 PCR and nested PCR as already described [17].

Western blotting

Total cell lysates were obtained as described [16]. For the

protein phosphorylation analysis, cell lysates were supple-

mented with 10 mM sodium pyrophosphate and 1 mM

sodium vanadate. Lysates were subjected to 6 or 10% SDS–

polyacrylamide gel electrophoresis. For cell membranes

preparation [18, 19] cells were homogenized (Dounce) then

centrifuged at 1,500g for 10 min; the supernatant was

centrifuged at 15,000g for 1 h. Pellets were resuspended in

lysis buffer, separated on SDS–polyacrylamide gel, blotted

and analyzed as previously described [16]. The monoclonal

antibody anti-FC1 14A N-ter was employed for FC1

detection [20] and proteins were visualized by using the

SuperSignalFemto chemiluminescence system. Quantita-

tive band analysis was performed by scanning filters with a

Model GS-700 Imaging Densitometer (BIO-RAD, Milan,

Italy).

Cell proliferation and cycle assays

Cells (30,000 cells/ml) were plated overnight in 10% FBS-

supplemented medium in 24-well plates. After plating,

cells were starved for 24 h in medium supplemented with

0.4% BSA, and then cultured in medium containing 1%

FBS. Cell proliferation was calculated by direct counting

after trypan blue staining, using a Burker chamber. For cell

cycle analysis, cells (300,000/ml), in 6-well plates, were

starved for 24 h in 0.4% BSA, and stimulated for an

additional 24 h in 1% FBS. Analysis was carried out by

flow cytometry of propidium iodide-treated cells, using the

Becton–Dickinson FACSCalibur Immunocytometry Sys-

tem [16].
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Apoptosis assays

Cells were cultured on 24-mm glass coverslips in 0.4%

BSA for 24 h, and treated with 1% FBS or with the

appropriate molecules and times as specifically indicated.

For UV treatment, cells were exposed to 70 J/m2 UV

radiation. After treatments, apoptotic cell presence was

determined by fluorescence after staining with Hoechst

33258 (10 lg/ml). Images were acquired with a Zeiss

Axiovert 200 fluorescence microscope, equipped with a

back-illuminated CCD camera (Roper Scientific, Tucson,

AZ), excitation and emission filter wheels (Sutter instru-

ment company, Novato, CA) and piezoelectric motoring of

the Z stage (Physik Instrument, GmbH and Co, Karlsruhe,

Germany). Experiments were performed on stably trans-

fected clones after at least 6 month from cloning.

Caspase-3 assay

Caspase-3 activity was evaluated using an EnzChek� cas-

pase-3 Assay Kit (Invitrogen). After treatment with 1% FBS

alone or in combination with the specified molecules for

24 h, cells were harvested, lysed and centrifuged according

to the manufacturer’s instructions. Protein content of the

lysates was quantified by the Bradford assay. About 50 ll

aliquots of supernatant were incubated with 50 ll of 2X

substrate working solution containing 5 mM Z-DEVD-

R110. Fluorescence was measured at 520 nm by a fluorim-

eter (VICTOR3 1420 Multilabel Counter, PerkinElmer)

every min for 90 min. Values were normalized to the amount

of protein samples. Caspase activity of each cell sample was

represented by the maximal increase as an average value of

the final 10 min. Furthermore, caspase-9 activity was

determined using the Caspase-Glo� 9 Assay (Promega).

NF-jB activation

NF-kB transcriptional activity was assayed by trasfection

with a luciferase reporter plasmid as previously described

[16]. Cells were seeded in 6-well plates, cultured to 80%

confluence in 10% FBS and co-transfected with pNF-jB-

TA-Luc and pCMV/b-galactosidase. After 8 h, cell medium

was refreshed with a 0.4% BSA-supplemented medium for

an additional 24 h, together with the appropriate molecules

and at suitable times, as specifically indicated. Cells were

then washed once with cold PBS and lysed for measurement

of luciferase activity. Lysates were normalized for protein

content. Data were expressed as relative luciferase units

normalized by b-galactosidase units in n-fold variations with

respect to control cells.

For the NF-jB-GFP localization assay, fluorescence

analysis was performed on cells transfected with the

NF-jB-GFP construct by using the Ca2? phosphate

procedure [19]. NF-jB subcellular localization was ana-

lysed using a digital fluorescence microscope (Zeiss

Axiovert 200), and images were captured and recorded

using a digital-imaging system [21].

Ca2? measurement

Measurement of ATP-evoked calcium levels was per-

formed in cells grown on coverslips and transfected with

recombinant cytoplasmic aequorin (cyt-Aeq) cDNA [22].

Two hours after aequorin reconstitution, cells on coverslips

were transferred into the perfusion chamber of a lumino-

meter and continuously perfused at the rate of 2.5 ml/min

which ensures rapid exchange of perfusate and cell adhe-

sion to coverslips. Following 1 min of pefusion, cells were

stimulated with 100 lM ATP, as previously reported [23].

Cytoplasmic Ca2? was measured in Fura-2AM-loaded 4/5

cells, which are negligibly transfectable by cyt-Aeq cDNA

[16]. Cells, grown on coverslips, were starved overnight

with BSA, loaded with Fura-2AM (4 lM/30 min/37�C),

and transferred to the thermostated stage of a Zeiss Axio-

vert 200 inverted microscope equipped with a Sutter fil-

terwheel and 340/380 excitation filters. Cells were

stimulated with 100 lM ATP for 15 min, and images were

acquired at a frequency of 1 image/s. Signals were com-

puted into relative ratio units of the fluorescence intensity

at different wavelengths (340/380 nm). Calibration was

carried out using MetaFluor software, according to a pre-

viously reported equation [23].

Statistical analysis

Data were presented as mean ± SD or SEM, and the sta-

tistical significance of differences among three groups was

calculated by Anova followed by a Dunnett test. In addi-

tion, differences between two groups were calculated by

the paired or unpaired Student’s t-test. P values \ 0.05

were regarded as statistically significant.

Results

Effect of FC1 suppression on the cell cycle

PKHD1 RNA was undetectable in the majority of the clones

stably transfected with either a or b PKHD1 siRNA-

expressing plasmids (psiPKHD1, Fig. 1a, upper part).

PKHD1-downregulated (HEK293pSsiPKHD1) clones were

considered those that showed reduction or absence of the

FC1 protein, as compared with those transfected with either

the empty vector or scramble siRNA sequence (Fig. 1a,

lower part). Similar findings were observed in kidney tubular
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4/5 cells which were stably transfected with psiPKHD1a

(Fig. 1a, inset). Selected clones (4/5pSsiPKHD1a1 and

4/5pSsiPKHD1a2) were found to be partially PKHD1-downreg-

ulated with *40% FC1 in contrast with control 4/5pSuper.

FC1 depletion caused a reduction in cell proliferation of

both HEK293pSsiPHKD1 and 4/5pSsiPHKD1 cells. As shown in

Fig. 1b, cell proliferation in HEK293pSsiPHKD1 clones was

approximately 25% below that of control clones

(HEK293pSsiPHKD1a and HEK293pSsiPHKD1b vs. controls,

P \ 0.05). Since the reduction was observed in different a

and b clones, subsequent experiments were performed with

HEK293pSsiPHKD1a6 and HEK293pSsiPHKD1b14 clones,

which yielded a similar 30% reduction. This reduction was

also observed in transiently pSsiPKHD1-transfected, but

not in scramble siRNA-transfected, HEK293 cells (Sup-

plemental Fig. 1). The proliferation of 4/5pSsiPHKD1a cells

was roughly 30% lower than in 4/5pSuper cells (Fig. 1c),

and was also observed in transiently pSsiPKHD1a-trans-

fected cells (P \ 0.05) (Supplemental Fig. 1).

The percentage of cells in phase G1 was slightly

increased in FC1-downregulated cells with respect to

control cells. The ratio between G2/M and G1 percent

values was lower in HEK293pSsiPHKD1 and 4/5pSsiPHKD1

than in HEK293pSuper and 4/5pSuper cells (Supplemental

Fig. 2, right panels, P \ 0.05). Therefore, FC1-downreg-

ulation was associated to a small reduction in the number

of cycling cells, mainly in the transitions from phases

G0/G1 to S, and from S to G2/M.

Effect of FC1 suppression on cell apoptosis

The number of dead cells, measured as Trypan blue posi-

tivity, was at least doubled in 1% FBS-treated 4/5pSsiPHKD1

and HEK293pSsiPHKD1 cells with respect to controls, even

Fig. 1 Reduced proliferation of

FC1-depleted cells. a
Downregulation of PKHD1

mRNA and FC1 protein in

HEK293 and 4/5 (inset) cells

stably transfected with either

pSuper empty or PKHD1-

siRNA a or b expressing

plasmids. RT-PCR and Western

blot analysis of membrane

proteins were performed as

described in ‘‘Methods’’.

Numbers above the blots stand

for clone numbers. Blots were

stripped and re-probed with

b-tubulin, b, c PKHD1 silencing

decreased cell proliferation.

Cells were cultured with 1%

FBS for up to 72 h. After 48 h

culture, proliferation was

analysed (right panels). Bars
show average results (±SD) of

various clones in duplicate

experiments (n = 4 for

HEKpSuper, HEKpSsiPKHD1a and

HEKpSsiPKHD1b clones; n = 3

for 4/5pSuper and 4/5pSsiPKHD1a

cells. Analysis was by ANOVA

followed by Dunnett test in b
and by Student’s t test in c.

* P \ 0.05, in silenced versus

control clones)
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after transient expression of PKHD1 siRNA (Fig. 2a, left,

central and right panel, respectively).

A twofold increase in the number of apoptotic nuclei was

also observed after Hoechst staining in HEK293pSsiPHKD1

cells (Fig. 2b). The increase in Hoechst staining as well as in

trypan blue positivity did not change in stable clones as time

passed (data not shown). Therefore, FC1-depletion lowers

cell viability by increasing the number of apoptotic nuclei.

Consistently, caspase-3 activity was higher in both

HEK293pSsiPHKD1 and 4/5pSsiPHKD1 cells (Fig. 2c), and

even more so after UV treatment (P \ 0.01 in UV-treated

4/5pSsiPHKD1 versus UV-treated 4/5pSuper cells).

Fig. 2 Increased apoptosis in

FC1-depleted cells. a Trypan

blue positivity in 4/5 and

HEK293 clones after 48 h

culture in 1% FBS. Bars show

the mean ± SD of at least three

experiments with 4/5pSuper,

4/5pSsiPKHD1a1 and 4/

5pSsiPKHD1a2 (left panel), and in

HEKpSuper, HEKpSsiPKHD1a and

HEKpSsiPKHD1b (central panel).
Analysis was by ANOVA

followed by Dunnett test

(** P \ 0.01, *** P \ 0.001).

Results obtained in HEK293

cells 24 h after transient

transfection are also shown

(right panel), b Hoechst-33258

staining of nuclei after 24 h

culture in 1% FBS. Bars show

relative apoptotic index,

calculated using the mean

fluorescence value of groups of

at least 50 cells on a coversleep,

collected along 20 planes on the

Z axes (Z-series) (see

‘‘Methods’’) (** P \ 0.01,

Student’s t test for paired data,

n = 5), c caspase-3 activity in

HEK293 and 4/5 clones

cultured for 24 h in 1% FBS

(left panels) (see ‘‘Methods’’).

Bars (upper part) show

mean ± SE. Analysis was by

ANOVA followed by Dunnett

test, (* P \ 0.05, ** P \ 0.01).

Similarly, caspase-3 activity in

4/5pSsiPKHD1 is higher than in

4/5pSuper cells, also after

UV-irradiation. Bars (lower
part) show mean ± SD of three

experiments; * P \ 0.05 and

** P \ 0.01 versus untreated

and treated cells, respectively,

Student’s t test
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Furthermore, caspase 9 activity was elevated

(approximately 1.6 fold) in HEK293pSsiPHKD1 clones

(Supplemental Fig. 3), indicating that an induction of the

intrinsic pathway of apoptosis takes place in FC1-depleted

clones.

Effect of FC1 suppression on cell proliferation

and apoptosis-related genes

FC1-depletion triggers modifications in the expression

of genes related to cell proliferation and/or apoptosis

in HEK293pSsiPHKD1 cells (Fig. 3a). In particular, levels

of the proapoptotic mediator p53 were higher in

HEK293pSsiPHKD1 than in HEK293pSuper cells (P \ 0.01) in

the absence of 1% FBS, and they were not further incre-

mented by treatment with FBS. In contrast, levels of p21

were not significantly modified by FC1 depletion, either in

the absence or presence of 1% FBS. Furthermore, 1% FBS

treatment reduced the level of phosphorylated ERK1/2

kinase in HEK293pSsiPHKD1, but not in HEK293pSuper cells

(Fig. 4b) (P \ 0.01 in FBS-treated versus -untreated

HEK293pSsiPHKD1 cells). Results indicate that FC1-deple-

tion increases the expression or stability of p53 without

affecting p21 expression, but reduces the FBS-dependent

activation of ERK1/2 kinase.

Since FC1-depletion was associated to increased

apoptosis and reduced cell proliferation, we examined the

effect of FC1 deficiency on the activity of the tran-

scription factor NF-jB, a regulator of these cell processes

in the kidney and several other systems [24]. NF-jB-

dependent luciferase-reporter activity was markedly

increased in FC1-depleted cells (Fig. 4a): about sixfold

higher in HEK293pSsiPHKD1, and fourfold higher in

4/5pSsiPHKD1 than in control cells (P \ 0.001 and P \
0.01, respectively). Interestingly, the treatment with

TNFa (15 ng/ml), a canonic activator of the NF-jB

pathway, increased NF-jB activity in control, but not in

HEK293pSsiPHKD1 cells (Fig. 4b, P \ 0.05 versus

untreated cells). FC1-depletion was, therefore, associated

to an increase in NF-jB activity, not further incremented

by treatment with TNFa.

Since levels of p65, a component of the NF-jB protein

complex, did not differ between HEK293pSuper and

HEK293pSsiPHKD1 cells (Fig. 4c), the observed increase in

NF-kB activity was shown not to be caused by increased

expression of p65, but by an increase in NF-jB activation.

Consistently, nuclear fluorescence was variably detectable in

HEK293pSsiPHKD1 cells transiently expressing a p65 NF-jB-

GFP chimeric protein, but absent or very low in their

HEK293pSuper counterparts (Fig. 4d). Overall nuclear posi-

tivity was increased (at least threefold) in HEK293pSsiPHKD1

cells.

Effects of NF-jB inhibitors on cell apoptosis

In order to verify whether a relationship between increased

apoptosis and NF-jB activation exists in FC1-depleted

cells, HEK293pSsiPHKD1 were incubated with 10 lM par-

thenolide (PN), a sesquiterpene lactone that results in

blockade of IKK-dependent activation of NF-jB [25].

Pre-incubation with PN caused a reduction in

NF-jB activity (P \ 0.05 versus untreated cells) in

HEK293pSsiPHKD1 cells (Fig. 5a). However, PN did not

cause variations in cell growth (Fig. 5b) or death (Fig. 5c)

in HEK293pSsiPHKD1 cells, while it did it in HEK293pSuper

cells. Consistently, caspase-3 activity was increased in

PN-treated HEK293pSuper cells (*1.3-fold, P \ 0.05 ver-

sus untreated cells), but not in HEK293pSsiPHKD1 cells

(Fig. 5d). Similarly, PN treatment increased caspase-3

activity in 4/5pSuper (*1.5-fold, P \ 0.05), but not in

4/5pSsiPHKD1 cells) (Fig. 5, inset). FC1-depleted cells were,

therefore, unresponsive to the apoptotic effect of PN. Thus,

NF-jB may play an apoptotic rather than an anti-apoptotic

Fig. 3 Increased p53 expression and decreased ERK activation in

HEKpSsiPKHD1 cells. a Immunoblotting analysis of p53 and p21 in

HEKpSuper (pS) and HEKpSsiPKHD1 (pSsiPKHD1) cells that have been

cultured for 12 h in the presence of 0.1% FBS and then for another

15 h with or without 1% FBS. Total cell lysates were analysed by

10% acrylamide SDS–PAGE, blotted and probed with anti-p53 and

anti-p21 as described in ‘‘Methods’’. Densitometric values of the

protein bands were normalized for those of b-actin. Bars represent the

mean ± SD of three experiments. ** P \ 0.01 versus untreated

HEKpSuper cells, b analysis of ERK activation in cells after 12 h

culture with 0.4% BSA and 15 min stimulation with or without 1%

FBS. Total lysates were probed with anti-phospho-ERK antibody and

than re-probed with anti-ERK antibody. Density of phospho-ERK1/2

bands was normalized against that of ERK1/2. Bars represent the

mean ± SD of P-ERK/ERK values related to untreated HEKpSuper

cells. ** P \ 0.01 compared to untreated HEKpSsiPKHD1 cells (paired

data, n = 8)
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role in these cells. Interestingly, in contrast to

HEK293pSuper, PN reduced p53 levels (P \ 0.01 versus

untreated cells) in HEK293pSsiPHKD1 cells (Fig. 5e).

Overall, apoptosis in these cells is likely to be NF-jB-

dependent and mediated by p53.

The possible pro-apoptotic role of NF-jB in FC1-

depleted cells was further investigated by selective inacti-

vation of NF-jB in HEK293 cells with an NF-jB decoy, a

synthetic oligonucleotide (ODN) which can imitate the

NF-jB binding site [26]. As expected, the ODN (10 ng/ml)

caused a marked and comparable reduction of NF-jB-

binding activity in both HEK293pSuper and HEK293pSsiPHKD1

cells (Fig. 6a). The decoy effect resulted in increased cas-

pase-3 activity in HEK293pSuper cells, but in its reduction in

HEK293pSsiPHKD1 cells (Fig. 6b): caspase-3 activity in

ODN-treated, as compared to untreated cells, was found to be

increased 1.43 ± 0.28-fold in HEK293pSuper and reduced

0.8 ± 0.14-fold in HEK293pSsiPHKD1 cells, P \ 0.05.

Therefore, the loss of NF-jB activity reduced the apoptotic

features of FC1-depleted cells, consistent with a pro-apop-

totic role of NF-jB in these cells.

Effect of FC1 suppression on intracellular

Ca2? concentration

Based on the functional interaction between FC1 and the

polycystin-2 (PC2) Ca2? channel [4], intracellular Ca2?

concentrations were compared in FC1-depleted and control

cells. As expected from the FC1-dependent stability of PC2

[27], PC2 levels were lower in FC1-depleted cells (Fig. 7a).

Consistent with the PC2-dependent reduction in Ca2? release

from ER [28], ATP-evoked Ca2? levels were increased in

HEK293pSsiPHKD1 and 4/5pSsiPHKD1 cells (Fig. 7b).

Discussion

In PKD, cell apoptosis is one of several improperly func-

tioning pathways involved in cyst formation [7, 11, 29–31].

In this study we demonstrate that FC1 is involved in the

control of apoptosis through the modulation of NF-jB. In

fact, in FC1-depleted cells, (1) basal and UV-induced

caspase-3 activity is higher than in control cells; (2)

expression of the pro-apoptotic tumor suppressor protein

p53 is increased, in association with a fourfold increase in

the activitation of NF-jB; (3) treatment with PN, which

inhibits IKK-dependent NF-jB activation, does not

increase the apoptosis which occurs in control cells; (4)

selective inactivation of NF-jB using an NF-jB ODN

decoy reduces caspase-3 activity which, instead, is

increased in control cells. This observation is new for

kidney cells, in which NF-jB has been reported as a potent

anti-apoptotic response to a ubiquitous array of apoptotic

triggers [25, 32, 33].

The fact that downregulation of PKHD1 renders

embryonal HEK293 and adult 4/5 tubular kidney cells

more susceptible to apoptosis is in agreement with the

notion that apoptosis is implicated in ARPKD [11, 34, 35].

On the other hand, the association between the increased

apoptosis and the reduced cell proliferation in FC1-deple-

ted cells was unexpected for polycystic diseases which are

associated to increased proliferation. Indeed, both of these

cellular features appear to be PKHD1 siRNA-specific as

Fig. 4 Increased NF-jB activity in FC1-depleted cells. a NF-jB

activation measured by luciferase promoter activity in NF-jB-pTA-

luc-transfected HEK293 and 4/5 cells. Cells were transfected as

described in ‘‘Methods’’. NF-jB activation was determined by

measuring the luciferase/b-galactosidase ratio (luc/b-gal) in stably

pSsiPKHD1-transfected cells. Results represent the mean ± SD of at

least three experiments. Analysis was by ANOVA followed by

Dunnett test (*** P \ 0.001 in FC1-depleted vs. control cells), b 24 h

after transfection, cells were stimulated overnight with 15 ng/ml

TNFa. Results represent the mean ± SD of at least three experiments.

(** P \ 0.01 in treated vs. untreated cells, Student’s t test), c
immunoblot analysis of NF-jB p65 and b-tubulin in HEK293pSuper

and HEK293pSsiPKD1 cells before NF-jB -pTA-luc transfection, d
fluorescence of p65 NF-jB -GFP-transfected cells. Cells, grown on

coverslips, were transfected for 16 h with the NF-jB-GFP construct,

cultured for another 24 h in 1% FBS and analysed by fluorescence

microscope as described in ‘‘Methods’’. Arrows indicate prevalent

and moderate NF-jB-GFP nuclear positivity in HEK293pSsiPKD1

cells. Magnification 609. Bars show the nuclear positivity in

HEK293pSuper (n = 52) and in HEK293pSsiPKD1 (n = 84) cells as %

of total nuclei. *** P \ 0.001, Student’s t test
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they do not occur in scramble siRNA-treated cells, nor in

cells that have been silenced by PKD1 siRNA-expressing

plasmids, which showed, in contrast, increased cell

proliferation without a rise in apoptosis [19]. Moreover,

cell features observed in FC1-depleted cells are consistent

with previous findings showing increased apoptosis and

reduced proliferation in mouse renal tubular IMCD cells

after Pkhd1-silencing [36]. These observations are in

apparent contradiction to other findings [37] which have

shown no differences in proliferation between control and

PKHD1-silenced HEK293T cells. However, these cells

were investigated after culture in 10% rather than 1% FBS.

Increased apoptosis and reduced cell proliferation in

FC1-depleted cells, compared to wild type cells, are con-

sistent with their increased expression of the pro-apoptotic

tumor-suppressor protein p53, and with reduced activation

of Erk1/2 (Fig. 3). This latter finding is in agreement with

those reported in Pkhd1-silenced IMCD cells, where a

reduction in Erk1/2 phosphorylation has been associated to

that in FAK [36], a kinase proposed as a critical scaffold

protein which sequesters pro-apoptotic proteins such as p53

to mediate cell survival [38]. The reduced activation of

Erk1/2 may therefore have produced the increased

Fig. 5 Absence of parthenolide-dependent apoptosis in FC1-depleted

cells. a NF-jB activity in PN-treated HEK293 cells. Cells, after 24 h

transfection with NF-jB-pTA-luc, as described in ‘‘Methods’’, were

stimulated with PN (10 lM) for an additional 16 h. Results are

expressed as n-fold activation of treated versus untreated cells, and

reflect the mean ± SEM of at least three duplicate experiments.

* P \ 0.05, b, c cell proliferation and cell death were assessed by

counting Trypan blue-negative and trypan blue-positive cells cultured

overnight in serum-free medium and for an additional 8 h with PN.

Results are expressed as n-fold variations of treated versus untreated

cells (mean ± SD of three duplicate experiments; * P \ 0.05), d
caspase-3 activity in HEK293 and 4/5 cells (inset) cultured for 16 h

with and without PN. Bars show the mean ± SD obtained in triplicate

experiments. * P \ 0.05, e p53 and b-actin levels measured by

immunoblot in cells, as described in d and in Fig. 3 legend. Bars
show the mean ± SD obtained in at least three experiments.

** P \ 0.01 versus untreated cells

Fig. 6 NF-jB is required for FC1-depletion-dependent apoptosis. a
Loss of NF-jB activity in NF-jB decoy-treated HEK293 cells. 24 h

after transfection with NF-jB -pTA-luc (see ‘‘Methods’’), cells were

incubated with NF-jB ODN decoy (10 ng/ml) for an additional

24 h before luciferase activity measurement, b results of caspase-3

assays are expressed as n-fold variations of NF-jB decoy-treated cells

versus untreated-cells (mean ± SD of three duplicate experiments;

* P \ 0.05)
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expression of p53 in FC1-depleted cells. Interestingly, the

reduction in p53 observed after NF-jB inhibition by PN in

FC1-depleted cells (Fig. 5) also lends support to the con-

cept that p53 expression is either dependent on or sustained

by NF-jB activation in these cells. In this regard, it is well

established that NF-jB activation could increase p53 levels

[39] and that p53 could activate NF-jB transcriptional

activity, thereby contributing to apoptosis [40]. In fact, loss

of NF-jB, has been shown to abrogate p53-induced

apoptosis, thus implying that it is essential for p53-medi-

ated cell death [40].

Direct involvement of NF-jB in induction of cell death

has been already reported in HEK293 cells upon at least

3 days of serum withdrawal [13]. The 1% serum treatment

used in our study may have highlighted the greater sensi-

tivity of FC1-depleted cells to undergoing apoptosis.

It has been demonstrated that the physical interaction

between FC1 and PC2 prevents downregulation of PC2

[41] and that the loss of FC1 downregulates PC2

expression in vivo [27]. Moreover, it has been recently

reported that the knockdown of TRPP2/polycystin-2 (PC2)

channel increases both ER Ca2? release and sensitivity to

apoptosis in renal epithelial cells [28]. Therefore, FC1-

depletion may cause PC2 reduction, leading to increased

apoptosis. Interestingly, reduced PC2 levels were found to

be associated to increased ATP-evoked Ca2? levels in

FC1-depleted cells (Fig. 7). The NF-jB-dependent apop-

tosis observed in these cells may therefore be supported by

a Ca2?-dependent pathway [42] triggered by PC2 reduc-

tion, as highlighted in Fig. 8.

Conclusions

Results presented herein show that loss of FC1 is one of

several stimuli which induce NF-jB activation in renal

tubular epithelial cells. Considering that NF-jB activity is

involved in renal fibrotic events [25, 43–45], these findings

Fig. 7 PC2 expression and ATP-evoked Ca2? levels in FC1-depleted

cells. a Immunoblot analysis of PC2 in HEK293 and 4/5 cells stably

transfected with pSuper and pSsiPKHD1 plasmids. Filters were

probed with anti-PC2 N-ter [21] and with anti-b-tubulin antibodies, as

described in ‘‘Methods’’, b representative traces of 100 lM ATP-

evoked cytoplasmic Ca2? levels in HEK293pSuper (black) and

HEK293pSsiPKHD1 cells (grey). Ca2? concentrations were measured

in cyt-Aeq-transfected cells using a luminometer, as detailed in

‘‘Methods’’. Results are expressed as n-fold increase in FC1-depleted

versus control cells (mean ± SD of three duplicate experiments;

** P \ 0.01), c 100 lM ATP-evoked Ca2? levels in 4/5 cells

transiently transfected with pSuper or pSsiPKHD1 b plasmids.

Analysis was performed in Fura-2AM loaded cells by recording

fluorescent images with a microscope, as described in ‘‘Methods’’.

Results are expressed as n-fold increase in FC1-depleted versus

control cells (mean ± SD of three experiments; * P \ 0.05)
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provide evidence that NF-jB may be implicated in pro-

moting or exacerbating the pathological conditions of

ARPKD, a genetic disorder involving liver and kidney

tissue and in which both proliferation, apoptosis and

fibrosis are typical features. Moreover, the observation that

apoptosis occurs in FC1-depleted cells in the absence of

increased proliferation indicates that apoptosis may be a

primary and proliferation-independent event in ARPKD.

The discovery of an exaggerated NF-jB activation in

PKHD1-deficient cells also suggests a new area for thera-

peutic investigation of this disease.
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References

1. Guay-Woodford L (2003) Desmond R autosomal recessive

polycystic kidney disease (ARPKD): the clinical experience in

North America. Pediatrics 111:1072–1080
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