J Mol Med (2012) 90:1267-1282
DOI 10.1007/500109-012-0902-3

ORIGINAL ARTICLE

Polycystin-1 regulates amphiregulin expression
through CREB and AP1 signalling: implications

in ADPKD cell proliferation

Gianluca Aguiari - Fabiana Bizzarri - Anna Bonon -
Alessandra Mangolini - Eros Magri - Massimo Pedriali -
Patrizia Querzoli - Stefan Somlo - Peter C. Harris -
Luigi Catizone - Laura del Senno

Received: 5 October 2011 /Revised: 26 March 2012 / Accepted: 4 April 2012 /Published online: 9 May 2012

© Springer-Verlag 2012

Abstract In autosomal dominant polycystic kidney disease
(ADPKD), renal cyst development and enlargement, as well
as cell growth, are associated with alterations in several
pathways, including cAMP and activator protein 1 (API)
signalling. However, the precise mechanism by which these
molecules stimulate cell proliferation is not yet fully under-
stood. We now show by microarray analysis, luciferase
assay, mutagenesis, and chromatin immunoprecipitation that
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CREB and AP1 contribute to increased expression of the
amphiregulin gene, which codifies for an epidermal
growth factor-like peptide, in ADPKD cystic cells, thereby
promoting their cell growth. Increased amphiregulin (AR)
expression was associated with abnormal cell proliferation
in both PKDI1-depleted and -mutated epithelial cells, as
well as primary cystic cell lines isolated from ADPKD
kidney tissues. Consistently, normal AR expression and
proliferation were re-established in cystic cells by the
expression of a mouse full-length PC1. Finally, we show
that anti-AR antibodies and inhibitors of AP1 are able to
reduce cell proliferation in cystic cells by reducing AR
expression and EGFR activity. AR can therefore be con-
sidered as one of the key activators of the growth of
human ADPKD cystic cells and thus a new potential
therapeutic target.
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Introduction

Autosomal dominant polycystic kidney disease (ADPKD) is a
common renal disease caused by mutation of PKD1 or PKD2
gene [1]. PKD1 and PKD?2 encode for polycystin-1 (PC1) and
polycystin-2, respectively [2] which, independently or inter-
acting as a complex, possess regulatory functions in the reg-
ulation of cell differentiation and proliferation [1]. In
particular, mutated polycystins alter pathways featuring im-
portant players in the control of epithelial cell prolifer-
ation, such as adenosine 3',5'-cyclic monophosphate
(cAMP), the mammalian target of rapamycin (m-Tor), and
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the epidermal growth factor receptor (EGFR) [1], thereby
leading to increased cell proliferation and ultimately caus-
ing development and enlargement of renal cysts.

Increased cAMP levels stimulate trans-epithelial chloride and
fluid secretion and promote proliferation of human cyst epithe-
lial cells [3]. Consistently, treatment with molecules able to
reduce cAMP levels causes a reduction of cell proliferation in
PKD1-mutated cystic cells [4]. In addition, abnormal expression
of epidermal growth factor (EGF) and EGFR has been demon-
strated in both autosomal-recessive and autosomal-dominant
PKD [5, 6]. Furthermore, multiple EGF-related growth factors,
including amphiregulin (AR) and heparin-binding EGF, are
abnormally expressed in murine ARPKD supporting a role of
these molecules in the pathogenesis of cystic kidney disease
[5]. Nevertheless, the specific pathway by which PKD1 mu-
tation leads to increased expression of EGF-like peptides in
ADPKD kidney cells has not yet been elucidated.

Here, we show mechanisms that lead from PC1 depletion
to increased transcription of the gene for AR, an EGF-like
peptide that promotes the growth of most normal and trans-
formed epithelial cells [7]. AR promoter hyperactivity in
PCl-mutated cells results from the activation of cAMP
response element-binding transcription factor (CREB) and
activator protein 1 (AP1). Finally, we show the inhibitory
effects of anti-AR antibodies and inhibitors of AP1 on cell
proliferation of cystic cells, indicating AR as one of the key
activators of ADPKD cystic cell proliferation.

Material and methods
Reagents

Protease inhibitors, ClI-IB-MECA, curcumin, and all material
for cell culture were purchased from Sigma, Italy. Rabbit
polyclonal anti-{3-actin, anti-PC1 (7E12), anti-Ha, anti-c-jun,
anti-calnexin, and monoclonal anti-AR antibodies were from
Santa Cruz, Italy. Anti-AR polyclonal antibody was from
Abcam (Cambridge, UK). Anti-EGFR, anti-pEGFR, anti-
CREB, and anti-pCREB antibodies were from Cell Signaling
Technology (Euroclone, Italy). Enhanced chemiluminescent
substrates for Western blotting (SuperSignalDura or Super-
SignalFemto) and HRP-conjugated goat anti-rabbit and anti-
mouse antibodies were from Pierce (Euroclone, Italy).

Cell lines and tissues

HEK293 cells expressing PKD1 siRNA were generated in
our laboratory [8]. Human kidney cell lines, one derived
from a normal (4/5) and two from a cystic kidney (9.7 and
9.12) carrying the Q2556X PKD1 mutation were generated
by others [9], as well as the homozygous (Pkdl ") and
heterozygous (Pkdl"") PkdI-gene-deleted mouse cell lines
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[10]. Kidney samples were obtained from two non-ADPKD
adult kidneys with normal histology and from the kidneys of
four ADPKD patients, respectively. These presented typical
clinical manifestations and end-stage renal disease [4]. The
study protocol was in line with the 1975 Declaration of
Helsinki. Primary cell cultures were produced according to
published protocols [11, 12].

RT-PCR analysis and mutagenesis

RNA was reverted with the ImProm-II Reverse Transcrip-
tase (Promega, Italy) with random primers. Amphiregulin
and (-actin were co-amplified with Dream Taq polymerase
(Fermentas, Italy) with AR specific primers (F5S'AGAGTT
GAACAGGTAGTTAAGCCCC3'; R5" GTCGAAGTTT
CTTTCGTTCCTCAGS3') [13] and (3-actin primers (Sigma,
Italy). 1uL of cDNA mixture was amplified by an initial
incubation at 94°C for 4 min followed by 28 cycles of 94°C
for 30 s, 54°C for 30 s, 72°C for 50 s, and a final extension at
72°C for 4 min. Reverse transcription polymerase chain reac-
tion (RT-PCR) values were calculated as the ratio between AR
and [3-actin band intensities. Quantitative real-time RT-PCR
was performed by TagMan protocol (Applied Biosystems,
Italy) as described in Electronic supplementary material.

Mutagenesis of AR promoter was performed by PCR
using AR-pGL2C plasmid [14] through primers AR-
pGL2C-mutF (5'"CCGGGCTCGAGTAAACGTCA
TGGGCT3' and AR-pGL2C-mutR (5'AGCCCATGA
CGTTTACTCGAGCCCGG3') mutated on CRE consensus
site. The inserted bases (underlined) are located at the be-
ginning of CRE, —274 and —273 nt from the AR translation
start site [15]. AR-pGL2-C plasmid was amplified with
pGL2F (5'TACTAACATACGCTCTCCATC3') and AR-
pGL2C-mutR and with AR-pGL2C-mutF and pGL2R (5’
ATATGTGCATCTGTAAAAGC3'). pGL2F and pGL2R
were located upstream and downstream of insertion site of
the AR promoter in the pGL2-C vector. Amplicons were
purified by PCR Clean-Up System (Promega Italy), then
diluted to 1:100, and then re-amplified, using pGL2F and
pGL2R primers to reconstruct the AR promoter with the
inserted mutations. The purified PCR product was digested
and re-cloned in pGL2-C. Correct base substitutions were
confirmed by sequencing (ABI Prism 3100 sequencer,
Applied Biosystems, Italy).

Chromatin immunoprecipitation

Chromatin immunoprecipitation (ChIP) analysis was per-
formed following published protocols [16]. Cells were
transfected overnight with AR-PGL2C, AR-PGL2C-ACRE,
and AR-pGL2C-mut plasmids using TurboFect in vitro Trans-
fection Reagent (Fermentas, Italy). After cross-linking, cells
were resuspended in sodium dodecyl sulfate (SDS) lysis
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Table 1 Upregulated and downregulated genes in PKD1-silenced HEK293 cells

GenBank Name Gene ID Function Fold

PKD1-related/dependent

Upregulated
NM_002467 MYC v-myc viral oncogene homolog Cell growth +3.05
NM_004379 CREBI1 cAMP responsive element binding proteinl Transcriptional activity +3.04
Downregulated
NM_003304 TRPCl1 TRP cation channel, subfamily C, member 1 Cation channel activity -5.12
NM_001036 RYR3 Ryanodine receptor 3 Calcium channel activity —4.76
NM 014386 PKD2L2 Polycystic kidney disease 2-like 2 Cation channel activity -3.93
NM_000296 PKD1 Polycystic kidney disease typel Receptor activity —2.71

NM_001904 CTNNBI Catenin beta 1 Whnt signalling —2.05
NM_000548 TSC2 Tuberous sclerosis 2 Tumor suppressor —2.04

Proliferation

Upregulated
NM_001657 AR Amphiregulin Growth factor activity +9.33
NM_004195 TNFRSF18 Tumour necrosis factor Receptor Receptor activity +7.66
NM_000660 TGFBI Transforming growth factor, beta 1 Growth factor activity +7.39
NM_000410 HFE Hemochromatosis Iron ion binding +7.35
NM_004114 FGF13 Fibroblast growth factor 13 Growth factor activity +7.10
NM_000800 FGF1 Fibroblast growth factor 1 Growth factor activity +6.61
NM_000601 HGF Hepatocyte growth factor Growth factor activity +3.81
NM_015032 APRIN Androgen-induced proliferation inhibitor DNA binding +3.28
NM 001721 BMX BMX non-receptor tyrosine kinase Angiogenesis +3.22
NM 014271 ILIRAPL1 Interleukinl receptor protein-likel Receptor activity +3.12
NM_005197 CHESI Checkpoint suppressor 1 Transcriptional activity +3.07
NM_000610 CD44 CD44 antigen Cell-matrix adhesion +2.42
NM_000245 MET Met proto-oncogene Cell growth +2.39
NM_000141 FGFR2 fibroblast growth factor receptor 2 Receptor activity +2.25
NM_004417 DUSPI Dual specificity phosphatase 1 Phosphatase activity +2.08
NM_001025366 VEGF Vascular endothelial growth factor Growth factor activity +2.01
Downregulated
NM_004985 KRAS v-Ki-ras2 Cell growth —8.76
NM_022337 RAB38 Member RAS oncogene family Cell growth -7,83
NM_171998 RAB39B Member RAS oncogene family Cell growth -7.29
NM_005375 MYB v-myb viral oncogene homolog Cell growth —5.55
NM_ 002006 FGF2 Fibroblast growth factor 2 Growth factor activity —4.83
NM_001881 CREM cAMP responsive element modulator Transcriptional activity —4.76
NM 006823 PKIA PKA inhibitor alpha Inhibitory activity —4.42
NM_006989 RASA4 RAS p21 protein activator 4 GTPase activator activity —4,09
NM_002010 FGF9 Fibroblast growth factor 9 Growth factor activity -3.63
NM_006534 NCOA3 Nuclear receptor coactivator 3 Signal transduction -3.12
NM_003749 IRS2 Insulin receptor substrate 2 Signal transducer activity -3.10
NM_001759 CCND2 Cyclin D2 Cell cycle regulation -2.08
NM_014781 RBICC1 RB1-inducible coiled-coil 1 Transcriptional activity -2.04

Changes in expression of genes involved in cell growth and related to/dependent from PKDI1 were analyzed in silenced HEK293PSsiPKPIal 4

compared with wild-type HEK293PS cells [8]. Variations in gene expression are indicated as fold change. Data were obtained by analysis of gene
expression profiles using Affymetrix microarray chip containing until 38500 human genes

buffer, and 100 pL of each sample were pre-cleared with
60 uL of protein A-agarose beads. The 10 pL amount was

removed from the supernatant (input), and the remainder was
used directly for overnight immunoprecipitation with 2 pg of
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anti-c-jun and anti-calnexin (irrelevant antibody). After incu-
bation with protein A-agarose beads, immunocomplexes were
collected and washed. Input and immunoprecipitated plas-
mids were eluted, and cross-linking reactions were re-
versed by incubation at 65°C. Finally, samples were
digested with proteinase K, and plasmid DNA was purified
by PCR Clean-Up System. PCR analysis of input (positive
control) and immunoprecipitated plasmids was performed (25
cycles) with pGL2F and pGL2R primers.

AR gene silencing and proliferation assays

AR gene was silenced using a primer cocktail (ON-TAR-
GETplus SMARTpool siRNA) according to the manufac-
turer’s protocol (Dharmacon, Italy). AR siRNA specific and
scramble sequences were diluted to a final concentration of
10 nM and used for 48 h cell transfection.

For cell counting, cells (25,000 cells/ml) were plated
overnight in 24-well plates in 10% fetal bovine serum
(FBS)-supplemented medium, starved for 24 h in Dulbec-
co’s modified Eagle’s medium (DMEM) with 0.4% bovine
serum albumin (BSA), and cultured for further 24 h in
DMEM containing 1% FBS and different substances, as
indicated. Cell proliferation was calculated by direct cell
counting (Burker chamber) after trypan blue staining [4, 8].

Western blotting

Disrupted tissues and cultured cells were lysed in a 1%
Triton X-100 solution containing a cocktail of protease
inhibitors and processed for immunoblots as described
[17]. Total proteins (25 pg) were electrophoresed in 10%
SDS-polyacrylamide gel and blotted to PVDF (for AR blot-
ting) and nitrocellulose filters for other proteins (Euroclone,
Italy). Blocked membranes were probed overnight at 4°C
with the primary antibody and then for 2 h with the second-
ary antibody. Finally, proteins were visualized using the
chemiluminescence system. Band intensity was detected
by X-ray film scanning with the Model GS-700 Imaging
Densitometer (BIO-RAD, Italy). Quantitative phosphoryla-
tion and protein levels were calculated as the ratio between
phosphorylated and un-phosphorylated protein and between
protein and (3-actin, respectively [4].

Luciferase assay

After 24 h of culture in six-well plates, cells were transiently co-
transfected with 6 pg of promoter construct and 3 pg of f3-
galactosidase plasmid. CRE-Luc and 7x-AP1-Luc plasmids con-
tain binding elements for CREB and AP1, respectively [18, 19].
Six hours post-transfection, cells were incubated for an
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Fig. 1 Increased amphiregulin expression in PKD1-deficient cells and p

ADPKD tissues. a RT-PCR analysis of AR and {3-actin mRNA from three
PKDI-downregulated HEK293PSPXP1 ¢lones (a,, a,, and bs) and wild-
type HEK293PS cells (wr), stably transfected with vector expressing
PKD1 siRNA and scramble RNA sequences [8]. b RT-PCR (/eff) and
Western blot (right) analysis of AR and (3-actin gene showing AR
upregulation in PKD1-mutated 9.7 and 9.12 kidney cystic cells, as
compared with 4/5 normal tubular kidney cells. In 1B on the right, the
PC1 content in normal (4/5) and in cystic (9.7 and 9.12) cells was also
shown. Anti-PC1 N-ter antibody recognized full-length (PC1-FL) and N-
terminal fragment (NTF) only in 4/5 normal tubular kidney cells. ¢
Analysis of AR mRNA by RT-PCR in normal (w¢ /-2) and ADPKD
(PK [—4) tissues. Bars show the mean+SD, calculated as ratio between
the optical density (OD) of AR and f(3-actin RNA bands. Values were
0.63+0.28 in ADPKD tissues (n=4) vs. 0.077+0.01 in normal kidney
tissues (n=2); ¥**p<0.01. d AR expression was quantified by real-time
quantitative RT-PCR in normal and ADPKD kidney tissues. RNA
levels relative to those of actin RNA were measured by AACt values
(see Electronic supplementary material) and shown as fold increase
(ADPKD vs. wt). Values, expressed as mean+SD, were 1.694+0.09 in
control kidneys vs. 7.07+2.21 in ADPKD tissues; ***p<0.001. Data are
representative of three independent experiments in duplicate. e Analysis
of AR mRNA by RT-PCR in normal (w¢ /-2) and ADPKD (PK /—4)
primary cells. Normal and ADPKD primary cell lines were obtained from
the same kidney tissues numbered in the point ¢. Bars indicate the mean+
SD and values were 0.43+0.05 in primary cystic vs. 0.12+0.04 in normal
tubular cells; ***p<0.001. Data are representative of three independent
experiments. f Real-time quantitative RT-PCR in normal and ADPKD
primary cells. Bars, calculated as fold increase (ADPKD vs. control cells),
show the mean+SD of three independent experiments in duplicate. The
values were 1.07+0.13 in control cells vs. 3.13+0.8 in ADPKD primary
cystic cells, ¥¥*p<0.001. g Representative images of immunohistochem-
istry performed with anti-AR polyclonal antibody in normal and ADPKD
kidney tissues. Pictures were acquired with X20 and x40 (inset) magnifi-
cation. Wt (3—4) are different control kidneys and PK (5—6) are polycystic
kidneys from two patients different from those reported in ¢. The number-
ing of new normal and polycystic tissues follows that of previous tissues
shown in ¢. Results were confirmed in other four ADPKD kidneys (see
Electronic supplementary material Fig. 1). Arrows indicate higher AR
positivity in flat than cubic cells of early cystic tubules (fub). h Immuno-
fluorescence detection of AR in normal 4/5, and 9.7, and 9.12 cystic cells.
Arrows show in 4/5 control cells an AR prevalent plasma membrane
distribution which becomes markedly punctuated in cystic cells. Pictures
were acquired with 63 magnification and with five times longer exposure
for 4/5 control cells. See Electronic supplementary material for detailed

additional 20 h in medium-0.4% BSA (serum free) or 1%
FBS. After cell lysis, luciferase activity was analyzed follow-
ing the Promega protocol with 20/20 n luminometer (Turner
Biosystems, USA). Data were expressed as relative firefly
luciferase units normalized for the (3-galactosidase units
and as n-fold change with respect to control cells [4].

Statistical analysis

Analysis of data was performed using Student’s ¢ test (un-
paired analysis). Differences were considered significant at a
value of p<0.05. All data are reported as mean+SD of at least
three independent experiments.
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Results siRNA silencing [8]. Our study revealed an altered gene
expression profile in many genes related to/dependent
Amphiregulin gene expression is upregulated from PKD1 and involved in cell growth, including AR,

in PKD1-mutated kidney cells and ADPKD kidney tissues FGF1, HGF, and CREB. In particular, we discovered that

the AR gene was upregulated more than ninefold in PCI1-
To identify genes that may contribute to ADPKD, we  depleted HEK293 cells, as compared with wild-type cells
performed a high-density oligonucleotide microarray anal-  (Table 1). Consistently, RT-PCR analysis of AR mRNA
ysis, comparing the gene expression pattern of wild-type  showed an increased expression of the AR gene in PCl-
HEK293 cells with those depleted in PC1 protein by  depleted cells (Fig. 1a). Similar results were observed in
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Fig. 1 (continued)

9.7 and 9.12 PKDI-mutated kidney cystic cells, which
showed higher AR expression at both mRNA and protein
levels with respect to 4/5 normal kidney cells (Fig. 1b).
Increased AR mRNA levels were also observed in kidney
tissues (Fig. Ic, d) and in primary cystic cultures (Fig. le, f) of
various ADPKD patients, as compared with healthy controls.
These data were confirmed also by immunohistochemistry in
further cystic tissues. This analysis showed a marked AR-
positive staining confined to epithelial cells of early tubular
and enlarged cysts of ADPKD samples (Fig. 1g). Further-
more, immunofluorescence showed a more marked and punc-
tuated detection of AR in 9.7 and 9.12 cystic cells as
compared with 4/5 control cells (Fig. 1h). Upregulation of
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AR gene appears, therefore, to be a typical feature of both
cystic cells and tissues in ADPKD.

Increased AR promoter activity is CREB-dependent
in PKD1-mutated cells

Since the presence of a CREB consensus site has been
identified in AR promoter [14] and the response to cAMP
is known to be involved in ADPKD cyst development [3, 4],
we investigated the possible role of CREB, a downstream
effector of cAMP, on AR expression in ADPKD cystic cells
and tissues.
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We observed a significant increase in CREB phosphory-
lation in both 9.7 and 9.12 cystic cells and ADPKD tissues,
as compared with normal 4/5 cells and tissues, respectively
(Fig. 2a, b). At a functional level, increased CREB activity
was confirmed by transfection of renal cells with a CREB-
responsive luciferase reporter plasmid. Luciferase activity
was increased roughly 16-fold in cystic, with respect to
control, cells (Fig. 2c). Hence, it is feasible that abnormally
increased CREB activity is implicated in increased AR
expression in cystic cells.

To confirm the role of CREB in AR gene upregulation in
cystic cells, we analyzed AR promoter activity using two
luciferase reporter plasmids: AR-pGL2-C, containing a
cAMP-responsive element (CRE), and AR-pGL2-C-ACRE,
with a three-base deletion in the CRE sequence (inset of
Fig. 2d) of the AR promoter sequence [14]. After transfec-
tion with AR-pGL2-C plasmid, AR promoter activity was
markedly increased in 9.7 and 9.12 cells, as compared with
4/5 cells (Fig. 2d), but this increase was clearly reduced after
AR-pGL2-C-ACRE transfection (Fig. 2¢). The reduction of
AR promoter activity due to loss of CRE was also observed
in homozygous and heterozygous Pkdl knock-out mouse
kidney cells (Fig. 2f). AR gene overexpression is, therefore,
modulated by CREB activation in ADPKD cells.

Consistently, treatment with CI-IB-MECA, a specific
A3 adenosine receptor agonist that reduces cAMP levels
in 9.7 and 9.12 cystic cells [4], also reduced AR promoter
activity in AR-pGL2C-transfected cystic cells (Fig. 3a).
However, reduction of AR promoter activity by CI-IB-
MECA was not observed in cells transfected with AR-
pGL2-C-ACRE, which lacks CRE (Fig. 3b). Notably, Cl-
IB-MECA also significantly decreased endogenous AR
protein levels in 9.7 and 9.12 cystic cells (Fig. 3¢). Increased
AR expression in ADPKD cystic cells is, therefore, CREB-
and cAMP-dependent.

AP1 contributes to increased AR promoter activity
in PKD1-mutated cells

Despite the loss of CRE function, AR promoter activity
was, on the whole, still higher in cystic than in control
cells (Fig. 2e), indicating the involvement of other fac-
tors. Hence, we analyzed the AR-pGL2-C-ACRE plas-
mid using the transcription element search system
database and thereby identified a putative element for
Jun (a member of the API transcription factor family)
overlapping the CRE sequence. We therefore analyzed
the activity of AP1 in cystic and normal cells. Lucifer-
ase activity was found higher in 9.7 and 9.12 cystic
cells transfected with a plasmid containing a 7x repeated AP1

element than in 4/5 control cells (Fig. 4a). Furthermore,
treatment of cells transfected with the AR-pGL2C plas-
mid with 20 uM curcumin, a specific AP1 inhibitor
[20], significantly decreased the AR promoter activity
in cystic, with respect to control, cells (Fig. 4b). AP1
may, therefore, contribute to the increased activity of
AR promoter in cystic cells, possibly by binding to
CRE.

We therefore investigated the putative AP1 binding to
CRE/ACRE sequences in the AR promoter by mutagen-
esis of CRE and subsequent ChIP. Accordingly, the first
two bases (TG) of the CRE sequence in the AR-pGL2C
plasmid were substituted with AA (inset of Fig. 4c).
Interestingly, in 9.7 and 9.12 cells transfected with the
CREB/AP1 mutated plasmid (AR-pGL2C-mut), lucifer-
ase activity was lower than in the same cells transfected
with AR-pGL2-C-ACRE (Fig. 4c). Morecover, ChIP
analysis of cells transfected with AR-pGL2C, AR-
pGL2-C-ACRE, and AR-pGL2C-mut plasmids (inset of
Fig. 4d) and immunoprecipitated using anti-Jun antibody
showed PCR fragments in cells transfected with AR-
pGL2C and AR-pGL2-C-ACRE (Fig. 4d) and none in
cells transfected with AR-pGL2C-mut plasmid (Fig. 4d).
Both wild-type and CRE-deleted versions are, therefore,
recognized by Jun, which thereby contributes to in-
creased AR promoter activity in ADPKD cystic cells.

AR gene expression is modulated by PC1

Since the upregulation of amphiregulin was observed only
in ADPKD cystic cells and tissues, this may be a direct
effect of PKD1 gene mutation. Indeed, a significant reduc-
tion of AR promoter activity was observed in cystic cells
transfected with full-length Pkdl mouse cDNA as compared
with those transfected with the empty vector (Fig. 5a). Con-
sistently, expression of mouse PC/ led to a considerable
reduction in AR protein levels in both 9.7 and 9.12 cystic
cells (Fig. Sc, d). PC1 controls, therefore, amphiregulin gene
expression.

Increased EGFR activity is associated with AR
overexpression in ADPKD cystic cells

Since AR growth factor, a ligand of EGFR, was over-
expressed in ADPKD cells and tissues, it is conceivable
that EGF receptor activation is greater in cystic than in
normal cells. Accordingly, the phosphorylated form of
EGFR was found to be higher in 9.7 and 9.12 than in
4/5 cells (Fig. 6a). In addition, the AR gene silencing
that was shown to cause a reduction in both AR mRNA
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(Electronic supplementary material Fig. 2A) and protein
levels (Fig. 6b and Electronic supplementary material
Fig. 2B) in AR-siRNA transfected cystic cells also
induced a significant reduction in EGFR phosphoryla-
tion in 9.7 and 9.12 but not in 4/5 cells (Fig. 6c¢).
Likewise, treatment with specific anti-AR antibodies
only caused a reduction in EGFR phosphorylation in
9.7 and 9.12 cystic cells but not in 4/5 cells (Fig. 6d).
Thus, amphiregulin overexpression stimulates the activation
of EGF receptor in ADPKD cystic cells.

AR upregulation contributes to increased cell growth
in PKD1-mutated cystic cells

As expected, treatment with cetuximab, an EGFR-blocking
antibody, reduced cell proliferation in cystic cells to a great-
er extent than in control cells (Fig. 7a). Interestingly, treat-
ment with a specific anti-AR polyclonal antibody also
caused a reduction in cystic cell proliferation with respect
to their untreated counterparts or those treated with an
irrelevant antibody (Fig. 7b). Comparable reductions were
also obtained using a monoclonal anti-AR antibody (data
not shown), which also reduced cell growth in two different
human primary cystic cell cultures but not in normal cells
(Fig. 7c). Moreover, the treatment with anti-AR antibodies
reduced cell proliferation in both homozygous and hetero-
zygous mouse Pkdl knock-out cell lines (Fig. 7d). In addi-
tion, cell cycle analysis showed that the anti-AR treatment
increased G1 phase and reduced S and G2+M phases in 9.7
and 9.12 cystic but not in normal cells (see percentage
values in Fig. 7e). These changes were also observed in
anti-AR-treated mouse heterozygous Pkdl™~ and homozy-
gous Pkdl™"" cells (Fig. 7¢). Consistently, 9.7 and 9.12
cystic cells treated with anti-AR antibody shoved a signifi-
cant reduction of *H-thymidine incorporation compared
with untreated cells (Fig. 7f). The reduction in cell prolifer-
ation by anti-AR treatment was not associated to increased
apoptosis (Fig. 7g). These results are consistent with those
obtained by siRNA-mediated AR gene downregulation in
cystic cells (Fig. 7h) and strongly support the implication of
AR in increased ADPKD cystic cell proliferation.
Interestingly, treatment with curcumin, an AP1 inhibitor,
also reduced cell proliferation to a greater extent in cystic
than in normal cells (Fig. 7i). On the other hand, we have
previously reported that CI-IB-MECA, by decreasing cAMP
levels [4] and probably CREB activity, reduced 9.7 and 9.12
cystic cell proliferation [4], as well as reducing AR promoter
activity (Fig. 3). In addition, reintroduction of a functional
PC1I protein to 9.7, 9.12, and 4/5 cells (Fig. 5¢) reduced
cystic cell growth (Fig. 7j), which is consistent with a
reduction in AR expression (Fig. 5c, d). Functional PCI
was shown, therefore, to be responsible for the control of
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Fig. 2 Increased CREB activation and AR promoter activity in PKD1- p>
mutated cells. a Western blot analysis of CREB phosphorylation in
normal and ADPKD cells. Ratios between phospho- and unphospho-
CREB in 9.7 and 9.12 cystic cells (1.05+0.12 and 1.63+0.08, respec-
tively) and 4/5 control cells (0.6£0.09) are shown as mean+SD of
three independent experiments, ***p<0.001 and *»<0.05. b CREB
activation, calculated as described in a, in ADPKD (2.99+1.08) and
normal tissues (1.55+0.31), **p<0.01. ¢ CREB activation measured
by luciferase activity using a plasmid with CREB-specific promoter
sequences in 9.7 and 9.12 cystic cells and in 4/5 normal cells. Lucif-
erase activity was higher in 9.7 and 9.12 cells (2.72+0.23 and 2.85+
0.25, respectively) than in normal cells (0.18+0.026); ***p<0.001.
Data expressed as mean+SD are representative of three different
experiments in duplicate. d Luciferase activity of AR promoter after
24 h transfection with AR-pGL2C plasmid. Inset: sequences and
nucleotide position of CRE and ACRE sites in AR promoter are
indicated. Bars show the mean+SD of the ratio between luciferase
and (3-galactosidase counts (0.024+0.004 in 4/5 cells vs. 0.57+0.15
and 0.52+0.14 in 9.7 and 9.12 cystic cells, respectively; ***p<0.001).
AR promoter activity decreases in cystic cells if CRE is lost. e Pro-
moter activity (calculated as fold increase between cystic and control
cells) was 23.36+1.85 and 21.45+2.48, in AR-pGL2C-transfected 9.7
and 9.12 cystic cells vs. 8.43+0.42 and 8.98+1.16 in AR-pGL2C-
ACRE-transfected 9.7 and 9.12 cells. Bars represent the mean+SD of
three independent experiments in duplicate; ***p<0.001. f Promoter
activity (luciferase/[3-gal) was 0.39+0.11 and 0.31+0.05 in AR-pGL2-
C-transfected heterozygous (+/—) and homozygous (—/—) mouse Pkd1-
KO cells vs. 0.09+0.038 and 0.12+0.083 in AR-pGL2C-ACRE-trans-
fected cells. Data are shown as mean+SD of three independent experi-
ments in duplicate, **p<0.01 and *p<0.05

cell proliferation in kidney cells by modulating AR expres-
sion via CREB and AP1 signalling.

Discussion

The present study shows that loss of PC1 expression
stimulates proliferation of ADPKD cystic cells through
upregulation of the AR gene. This occurs through two
main signalling pathways, one driven by CREB and the
second involving AP1 transcription factors. Increased
AR expression potentiates the activation of EGFR,
which is an important mediator of proliferative abnor-
malities observed in ADPKD cyst formation [21, 22].
These results are consistent with previous observations
in EGF-like proteins, including AR, reported in poly-
cystic kidneys [23].

In particular, we provide evidence for increased expres-
sion of the AR gene at the mRNA and protein levels in
ADPKD cystic cells and tissues. AR immunohistochemical
detection in ADPKD tissues was in fact more marked in
flattened cyst lining cells than in cubic cells of cystic
tubules, while it was faint in normal kidneys (Fig. 1g).
This likely associates increased AR expression to cell
dedifferentiation and cyst expansion. In addition, AR
immunofluorescence in cystic PKD1-mutated cells was
marked and punctuated, possibly compatible with an
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increased turnover of vesicular AR-EGFR complex (Fig. lh).  cystic cells depends on the activation of CREB, which
We also show that upregulation of the AR gene in  we found at particularly high levels in cystic cells and
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Fig. 3 CI-IB-MECA treatment caused a reduction in both AR promot-
er activity and AR protein levels in ADPKD cystic cells. a 9.7 and 9.12
cells treated for 24 h with 100 nM CI-IB-MECA showed lower AR
promoter activity than untreated cells. The values, expressed as lucif-
erase/[3-gal arbitrary units, were 0.506+0.12 and 0.46+0.067 in 9.7
and 9.12 untreated cells, respectively, vs. 0.294+0.045 and 0.297+
0.07 in 9.7 and 9.12 CI-IB-MECA-treated cells, respectively. Data are
reported as mean+SD of three independent experiments in duplicate;

tissues. Interestingly, a CRE site in the AR promoter
[24, 25] appears to be critical for its enhanced activity
in cystic cells. This observation is supported by two
findings, the first being that deletion of CRE causes a
strong reduction in AR promoter activity of cystic cells.
This reduction was also shown in mouse Pkd1"’” null
cells, as well as in Pkd1®” heterozygous cells which
are likely PKDI1 haploinsufficient. The second point is
that cAMP reduction in cystic cells caused by CI-IB-
MECA [4] induces a decrease in AR protein levels and
in AR promoter activity when CRE is present but not
when it is deleted. This is significant because, although
the elevation of cAMP signalling is well-known in
ADPKD [26] and cAMP-dependent activation of the
AR promoter has been reported in other cell types
[24, 27], this is the first time that an association be-
tween cAMP levels, CREB activation, and AR expres-
sion in cystic cells has been reported.
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*p<0.05 and **p<0.01. b The CI-IB-MECA treatment of AR-pGL2-
CACRE transfected cells caused no changes in AR promoter activity. ¢
Western blot analysis of AR in cells treated with 100 nM CI-IB-MECA
for 24 h. Protein levels are 0.775+0.03 and 0.606+0.08 in untreated
9.7 and 9.12 cells, respectively, vs. 0.501+0.009 and 0.446+0.01 in
CI-IB-MECA-treated 9.7 and 9.12 cells, respectively; **p<0.01 and
*p<0.05. Bars represent the mean+SD of AR/f-actin band intensity
ratio, calculated by a densitometer in three independent experiments

As the activity of the AR promoter is still high in cystic
cells after the CRE deletion, other promoting factors are
implicated in binding to the CRE region. Indeed, we showed
that AP1, whose binding site overlaps with CRE and ACRE
sequences, contributes to the increased activity of AR pro-
moter in cystic cells; AP1 activity is indeed increased in
cystic cells, and consistently, curcumin, an AP1 inhibitor,
strongly reduces the activity of their AR promoter. Further-
more, the mutation of CRE and the AP1-like consensus site
in these cells reduces AR promoter activity more than the
loss of CRE in the ACRE sequence, which still maintains
the AP1 binding site. Moreover, we showed that AP1 may
bind to CRE and ACRE sequences through the fact that Jun,
a component of AP1, was able to bind both sequences,
but not the mutated CRE/AP1 site (Fig. 4d). This is in
line with previous observations showing that Jun is able
to recognize CRE sequences [28, 29], as homodimer
Jun/Jun or heterodimer Jun/ATF2, and that APl and
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Fig. 4 The enhanced promoter activity of AR in ADPKD cystic cells
is associated with increased AP1 activation. a AP1 activity measured
as luciferase/[3-gal counts using a 7x API consensus plasmid in 9.7
and 9.12 cystic and normal 4/5 cells. The mean of values +SD of three
independent experiments in duplicate was 0.19+0.031 in 4/5 cells vs.
1.23+0.48 and 1.89+0.58 in 9.7 and 9.12 cells, respectively; ***p<
0.001. b Treatment of the cells with 20 M curcumin. Values from
three independent experiments were calculated as the ratio between
treated and untreated cells (1.25+0.55 in 4/5 cells vs. 0.17£0.029 and
0.37£0.21 in 9.7 and 9.12 cells, respectively; *p<0.05). ¢ The muta-
tion of CRE/AP1 like element reduced the activity of AR promoter, as
compared with CRE deleted site in cystic cells. /nset: Nucleotide
positions of CRE in the AR promoter, the AP1 core (bold letters) in
AR-pGL2C-ACRE (ACRE) and the substituted bases (boxed) in AR-
pGL2C-mut (CRE-mut) plasmids are indicated. Values were calculated

CREB are part of the same superfamily [28]. The core
“TGAC” sequence recognized by Jun/ATF2 heterodimer
is, in fact, identical in AP1 and CREB consensus sites
[30]; it is present in AR-pGL2C and AR-pGL2C-ACRE
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as fold increase in the ratio between cystic versus control cells (9.89+
3.2 in 9.7 and 9.72+4.1 in 9.12 cells, respectively, transfected with
AR-pGL2-C-ACRE vs. 3.19+2.88 in 9.7 and 2.38+2.45 in 9.12 cells,
respectively, transfected with AR-pGL2C-mutated plasmid; *p<0.05).
Data are expressed as mean+=SD of four independent experiments in
duplicate. d Chip analysis in AR-pGL2-C, AR-pGL2-C-ACRE, and
AR-pGL2-C-mut transfected 4/5, 9.7, and 9.12 cells. Input was the
positive control obtained by PCR amplification of total lysates from
cells transfected with different plasmids. ‘Anti c-jun’ and ‘irrelevant’
represent PCR amplification of lysates immunoprecipitated with anti-
Jun and anti-calnexin antibodies, respectively. ‘NC’ is the negative
control. The wild-type and mutated CRE sequence in the different
constructs are illustrated in the inset, and the AP1 core sequence is in
bold. The arrows indicate the F and R primer position located up- and
downstream of the AR promoter in the pGL2C vector

but not in the AR-pGL2C-mut construct. This observa-
tion suggests a new mechanism for the altered activities
of c-Jun and ATF2 in the renal cystic tissue of ADPKD
patients [31, 32].
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Fig. 5 The expression of wild-type PC1 inhibits AR upregulation in
ADPKD cells. a Cells were co-transfected with mouse Pkdl cDNA or
empty vector and AR-pGL2C for 24 h. AR luciferase activity was
3.76+0.86 in 9.7 and 3.45+0.87 in 9.12 cells transfected with empty
vector vs. 1.45+0.92 in 9.7 and 1.71+0.25 in 9.12 cells transfected
with wild-type PCI; *p<0.05 and **p<0.01, respectively. No differ-
ence was observed in 4/5 cells. Approximately 20% is the efficiency of
cell transfection with the mPkd1 construct (b), as previously reported
[8]. Positions of HA tag and cleavage site originating the PC1 C

As previously reported, the AR peptide may function in
an autocrine—paracrine manner by EGFR activation, thereby
driving cell proliferation in ADPKD cysts and malignant
cells [23, 27]. We found that phosphorylated levels of
EGFR, which are increased in cystic cells, are blunted by
AR gene silencing and treatment with anti-AR antibodies,
thereby providing evidence for a role of AR in EGFR
activation. Consistently, either treatment with anti-AR anti-
bodies or depletion of the AR gene induces a decrease in
cell proliferation of primary and transformed cystic cells. In
addition, the treatment with anti-AR antibodies caused a
reduction of cell proliferation also in both Pkd1“"” null
and Pkd1“"") heterozygous mouse cells. Similar results
observed in Pkdl homozygous and heterozygous knock-
out cells are likely due to PKDI haploinsufficiency of
Pkd1®/™) cells. In fact, it is known that polycystin-1
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terminal fragment (CTF) are indicated. ¢ Western blot analysis of
mouse PC/, AR, and B-actin in empty vector- and pkd! cDNA-
transfected cells. Mouse wild-type PCI and CTF-mPC1 were detected
by anti-HA antibody. d AR expression in cells transfected with empty
vector was 1.08+0.13 in 9.7 and 1.07+0.06 in 9.12 cystic cells vs.
0.65+0.13 in 4/5 control cells; *p<0.05, **p<0.01. In 9.7 and 9.12
cells, mPkd1 transfection reduced AR protein expression as compared
with empty vector-transfected cells (0.67+0.15 and 0.66+0.20 in 9.7
and 9.12 cells, respectively; °p<0.05)

deficiency in human cell lines was associated with increased
sensitivity to IGF-1 as well as a permissive effect of cAMP
on cell growth [33].

We have previously reported that a reduction in cAMP
levels, and possibly in CREB activity, by CI-IB-MECA
induces a decrease in cystic cell proliferation [4]. Interest-
ingly, inhibition of AP1 by curcumin also induces a reduc-
tion in the growth of cystic cells. Notably, curcumin
treatment has been already reported to improve renal histol-
ogy and reduce the proliferation index in ADPKD mice [34,
35]. Therefore, a similar inhibition of either AR expression
or function could be important to the pharmacological con-
trol of cystic cell proliferation.

Upregulation of AR expression in ADPKD cells is
associated with the loss of PC1 function. Indeed, PC1
protein is shown to control AR expression in kidney
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between AR siRNA-treated/untreated cells, were 1.003+0.08 in 4/5
control cells vs. 0.679+0.01 and 0.47+0.24 in 9.7 and 9.12 cystic cells,
respectively; *p<0.05, **p<0.01. d EGFR activity was quantified
after cell treatment with unrelated or anti-AR antibodies (2 pg/mL)
for 24 h. In cystic cells treated with unrelated antibodies ratios between
phosphorylated and unphosphorylated form of the receptor were higher
than in control cells (1.56+0.32 in 9.7 and 2.254+0.35 in 9.12 cystic
cells vs. 0.37+0.028 in 4/5 control cells; **p<0.05; ***p<0.001). The
treatment with anti-AR antibodies caused a reduction of EGFR activity
in cystic cells but not in control cells. Phosphorylated to unphosphory-
lated ratios were 0.50+0.14 in 4/5, 0.75+0.21 in 9.7, and 0.65+0.28 in
9.12 anti-AR-treated cells; °p<0.05, °°p<0.01 vs. unrelated antibodies
treated 9.7 and 9.12 cells, respectively. Values are expressed as mean+
SD of three different experiments
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«Fig. 7 AR downregulation reduces the proliferation of ADPKD cystic
cells. a Cells were treated with 200 pg/mL of cetuximab for 24 h and
directly counted in a Burker chamber. Values calculated as percentage
ratio between treated versus untreated cells were 88+12% in 4/5 cells
vs. 70+£5% in 9.7 and 9.12 cystic cells; *p<0.05. b Cell medium alone
or mixed with 2 pg/mL of anti-AR and irrelevant (anti-NFAT) anti-
bodies was added to the cells for 24 h. Cell counts were 274,000+
28,000 and 277,000+30,000 in untreated vs. 159000+60000 and
180,000+47,000 in 9.7 and 9.12 cells treated with anti-AR, respec-
tively; ***p<0.001. No significant variations were observed in 4/5
cells. ¢ Two different ADPKD primary cystic cells cultured in medium
with 1% FBS grew more than primary normal kidney cells (*p<0.05).
Treatment with anti-AR antibody reduced the proliferation of cystic
cells (57,000+13,000 and 112,000+59,000 in untreated vs. 27,000+
10,000 and 40,000+11,000 in anti-AR treated cystic cells, respective-
ly; ©°p<0.01). d Anti-AR antibody reduced cell proliferation in mouse
pkd1-KO homozygous and heterozygous kidney cells (292,000+
17,000 and 430,000+39,000 in untreated heterozygous and homozy-
gous pkd1-KO cells, respectively, vs. 194,000+£26,000 and 360,000+
39,000 in those treated with anti-AR, respectively; ***p<0.001 and
**p<0.01). e Cell cycle analysis showed in human cystic cells treated
with anti-AR polyclonal antibody, an increase in G1 phase (p<0.001 in
both 9.7 and 9.12) and a decrease in both S (p<0.01 and p<0.001 in
9.7 and 9.12, respectively) and G2+M phases (»p<0.001 in both 9.7
and 9.12), compared with untreated cells. Similar results were observed
in anti-AR treated mouse kidney Pkd/-KO heterozygous and homozy-
gous cells, as compared with untreated cells. For G1 phase, p<0.001 in
both heterozygous and homozygous treated vs. untreated cells. For S
phase, p<0.01 and p<0.001 in heterozygous and homozygous treated
vs. untreated cells, respectively. For G2+M phase, p<0.001 in both
heterozygous and homozygous treated vs. untreated cells. Data repre-
sent the mean=SD of three independent experiments in duplicate. f *H-
thymidine incorporation after 24 h of culture was lower in 9.7 and 9.12
anti-AR antibody treated than in untreated cystic cells (987+101 and
951£60 cpm in 9.7 and 9.12 anti-AR treated cells vs. 1,5724+339 cpm
and 1,260+155 cpm in 9.7 and 9.12 untreated cells). Data shown are
the mean+SD of two independent experiments in triplicate (**p<
0.01). g Anti-AR treatment did not change apoptosis because Caspase
3 activity is not modified by the antibody in normal (4/5) and cystic
(9.7 and 9.12) cells. h AR silencing and proliferation of 9.7 and 9.12
cystic cells. Proliferation values were expressed as percentage of AR-
silenced with respect to non-silenced cells (110+19% in 4/5 control
cells vs. 79+10% and 83+4.9% in 9.7 and 9.12 cells, respectively;
*#%p<0.001). i Cell growth after 24 h treatment with the AP1 inhibitor
curcumin (20 uM). Cells were 124,000+17,000 and 130,000+8,000 in
9.7 and 9.12 untreated cells, respectively, vs. 63,000£13,000 and
81,000+£6,000 in 9.7 and 9.12 curcumin-treated cells, respectively;
*#p<0.01 and ***p<0.001. j Expression of wild-type PC1 decreased
cell growth in cystic cells. Cells (see legend of Fig. 5) were transfected
with empty vector or full-length mouse Pkdl cDNA and cultured for a
further 24 h in medium with 0.4% BSA. Cell number, calculated as
percentage of Pkdl cDNA-transfected with respect to untransfected
cells, was 87+8.5% in 4/5 cells versus 78+5.6% and 78.5+7.5% in 9.7
and 9.12 cells, respectively; **p<0.01 and *p<0.05. Data represent the
mean+SD of at least three independent experiments in triplicate.
Detailed methods are described in Electronic supplementary material

cells as exogenous expression of wild-type PC1 reduces
AR promoter activity and protein levels in cystic cells.
Consistently, the expression of functional exogenous
PC1 reduces cell proliferation to a greater extent in
cystic than in normal cells, thereby emphasizing, as
reported by others [36], the role of PC1 in the control of
proliferation in kidney cells.

CYSTIC CELL

Mutated PC1

| AP1 l CREB

ﬂ
Amphiregulin

‘ Anti-AR Ab I—{[ Amphiregulin ‘Iﬁ ﬂ

Cell proliferation

CI-IB-MECA

Fig. 8 Schematic illustration of the signalling pathways involved in
AR upregulation in cystic cells. PC1 mutation caused CREB and AP1
activation that, by causing increased expression of AR, stimulate cell
growth by EGFR involvement. Inhibitors of CREB and AP1 activity
and anti-AR antibody are indicated

As a whole, these findings suggest that loss of PC1
expression causes upregulation of the AR gene via CREB
and API signalling, ultimately leading to abnormal cell
proliferation (Fig. 8). This indicates new avenues of re-
search, suggesting multi-target compounds for the treatment
of ADPKD.
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