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The PKD1 and PKD2 genes are mutated in patients with autosomal dominant polycystic kidney disease
(ADPKD), a systemic disease, with the formation of renal cysts as main clinical feature. The genes are
developmentally regulated and aberrant expression of PKD1 or PKD2 leads to cystogenesis. To date,
however, the transcription factors regulating expression of these genes have hardly been studied. To
identify conserved putative transcription factor-binding sites, we cloned and characterized the 5'-flanking
regions of the murine and canine Pkd1 genes and performed a multispecies comparison by including
sequences from the human and Fugu rubripes orthologues as well as the Pkd2 promoters from mouse and
human. Sequence analysis revealed a variety of conserved putative binding sites for transcription factors
and no TATA-box element. Nine elements were conserved in the mammalian Pkd1 promoters: AP2, E2F, E-
Box, EGRF, ETS, MINI, MZF1, SP1, and ZBP-89. Interestingly, six of these elements were also found in the
mammalian Pkd2 promoters. Deletion studies with the mouse PkdT1 promoter showed that a ~280bp
fragment is capable of driving luciferase reporter gene expression, whereas reporter constructs containing
larger fragments of the Pkd1 promoter showed a lower activity. Furthermore, mutating a potential E2F-
binding site within this 280 bp fragment diminished the reporter construct activity, suggesting a role for
E2F in regulating cell cycle-dependent expression of the Pkd1 gene. Our data define a functional promoter
region for Pkd1 and imply that E2F, EGRF, Ets, MZF1, Sp1, and ZBP-89 are potential key regulators of PKD1
and PKD2 in mammals.
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Introduction

Two genes, PKD1 and PKD2, are mutated in patients with
autosomal dominant polycystic kidney disease (ADPKD).
This disease is characterized by the formation of multiple
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fluid-filled cysts in both kidneys, ultimately leading to
renal failure and a need for dialysis or a kidney transplant
in most patients. Although the kidney is the most severely
affected organ, the disease is systemic and extra-renal
manifestations such as cysts formation in liver and
pancreas, hypertension, and cerebral aneurysms are fre-
quently observed.? ADPKD has a prevalence of 1:1000
and the majority of patients, ~85%, have a mutation in
the PKDI gene.®> This gene encodes a large protein,
polycystin-1, which forms multiprotein complexes at the
cell membrane and is thought to function in cell-cell/
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cell-matrix interactions, signal transduction, and mechan-
osensation.*~” Its C-terminus has been shown to interact
with the PKD2 gene product, polycystin-2,5~'° which is
mutated in ~15% of the ADPKD patients. Polycystin-2
functions as a cation channel, activated by, or in complex
with, polycystin-1.11-1*

In accordance with the systemic nature of the disease,
polycystin-1 and polycystin-2 are expressed in many
tissues.’>~'7 Within the kidney, polycystin-1 and -2
expression is highest in epithelium lining the distal tubules
and collecting ducts. Expression of PKDI and -2 is
developmentally regulated, with the highest level in late
fetal and early neonatal life.'®'? Mice with homozygous
targeted mutations in Pkd1 or Pkd2 are embryonic lethal,
showing severe renal and pancreatic cysts and cardiovas-
cular abnormalities.?*~?? The interaction between poly-
cystin-1 and -2 is probably needed for maintenance of the
epithelial architecture of the kidneys, ductal structures in
other tissues, and vascular integrity.?%?!?32% Both de-
creased and increased expression of polycystin-1 may
result in cyst formation as has been shown by studies on
loss of heterozygosity (LOH) in cysts, immunohistochem-
ical analyses, and knockout and transgenic overexpression
studies (reviewed in Igarashi and Somlo?%). To date, little is
known about the transcription factors regulating PKDI
expression, although putative TCF-binding sites have been
reported for the human gene.?’

Comparative gene analysis is a powerful approach for
obtaining insight into gene regulation and function. We
therefore cloned and sequenced the Pkd1 promoter regions
of mouse and dog, and compared these sequences to the
proximal promoter regions of the human® and the Fugu
rubripes orthologues.”® We also included PKD2 se-
quences?’?® in our comparative analysis, since this gene
has highly overlapping but not identical expression
patterns.'” Functional promoter analyses using reporter
assays revealed the highest expression in renal epithelial
cells with the most proximal 280bp promoter sequence.
Disruption of the E2F-binding site within this fragment
strongly reduced reporter activity.

Materials and methods

Cloning and sequence analysis of the Pkd1 5'-flanking
regions

The murine PkdI gene was isolated from a 129/SV mouse
strain PAC library (RPCI-21) by PCR screening using exon
15 primers (based on GenBank accession no. U70209). One
positive clone (427F19) was identified and PCR analysis
showed that it contains exon 1, exon 15, and exon 46
sequences. The clone was further characterized by South-
ern blot analysis, using a selection of restriction enzymes
and exon 1, exons 2-35, exons 11-12, and exon 15 probes.
The dog genomic BAC library? was screened with mouse-
specific oligonucleotide probes, directed to a conserved
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human/mouse region in exon 6, and canine-specific intron
41 oligonucleotide probes, based on the limited available
sequence data of dog Pkdl (exons 41-42, GenBank
accession no. AF027359). Primer sequences are available
upon request. Three positive canine clones (A11, D9, H6)
were identified and further characterized by Southern
blot analysis using a variety of restriction enzymes and
probes.

A 4.3kb BgllI-HindIll fragment from murine Pkdl was
cloned and completely sequenced. The sequence was
shown to contain ~2.7kb upstream sequence, exon 1,
and part of the first intron of Pkdl. In parallel, a 5.8 kb
HindIll DNA fragment from the canine Pkd1 was cloned,
containing ~ 3 kb 5'-upstream sequence. Sequence analysis
of this GC-rich 5.8kb HindIIl clone proved difficult,
therefore 0.7 and 1.3 kb BamHI subclones were sequenced
with vector-specific primers, yielding approximately 1kb
upstream sequence.

Consensus sequences of transcription factor-binding
sites were identified using Matlnspector 5.3 software
(www.genomatix.de) using a matrix similarity score of
0.85. Multiple sequence alignments were performed using
ClustalW (www.ebi.ac.uk/clustalw).

Construction of the luciferase reporter plasmids
Fragments of the murine Pkd1 promoter were cloned into
the promoterless luciferase expression vector pGL3-Basic
(Promega Benelux, Leiden, The Netherlands). The 1.2 kb-
pGL3 construct was generated by inserting a 1.2kb Sacl-
Nael Pkdl-fragment (—1052 to +157) into the Sacl/Smal
sites of the multiple cloning site of pGL3-Basic. The 0.7 kb-
pGL3 (-531/+157) and 0.3kb-pGL3 (-127/+157) con-
structs were derived from the 1.2kb-pGL3 construct by
digesting with Sacl/Spel and Sacl/Stul, respectively, fol-
lowed by self-ligation. The 2.3 kb-pGL3 construct (—2141/
+157) was obtained by inserting a 1.1kb Sacl fragment
(—=2141 to —1053) in the same orientation into the Sacl
site of the 1.2kb-pGL3 vector. All reporter constructs
were verified by restriction enzyme digestion and DNA
sequence analysis. Base pair positions in the murine
sequence are indicated by assigning the position corre-
sponding to the human transcriptional initiation site at
+1 (Figure 1).

Mutagenesis of the putative E2F site in the 0.3 kb-pGL3
construct was performed by PCR using the forward primer
5'-GCTGGGTCTGCAGTGCAGATCGAATGCGCGAGCAG-
3, containing the mutation (shown in bold-face) and an
immediate upstream located Pstl restriction site (under-
lined), and the reverse primer 5-TCCAGCGGTTC-
CATCTTCCA-3' (located in the pGL3 vector). The PCR
product was digested with Pstl and HindIll and subse-
quently cloned into the wild-type 0.3 kb-pGL3 construct
cut with Pstl and HindlIIl. The nucleotide sequence of the
mutated 0.3kb-pGL3 construct, mutE2F-pGL3, was con-
firmed by sequencing.
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Human AGGAACCCGCCGCCTGGCCCACACCACAGGAGAAGGGCGGAGCAGATGGLCACCCTGCCCALC b1
Mouse  --------- GTGGGTAGGGGACAGCCTAAGCGGGCAGCTGCTCARACCGCAGCCTGACT-- 50
DOg ~  mmmmmmmmmmmmmmmmmm e CACGGAGGCCGCGGEGTCATCACCGCTAGTGCTTG 35
*  * **x ok * *
Human CGCTTCCCGCCCACGCACTTTAGCCTGCAGCGGGGCGGAGCGTGAAAAATAGCTCGTGCT 121
Mouse CGGGGCTCG- - -AAACGCCGCAGCAGAGGGGGCGGAGCTTCCTCCACCTTCAAGCCTGGT 107
Dog CCCAGCCGCGACGTGGACCACTGCGGGGGCTGCGGGGC-GCCGGCACCGGGGGGAGLCGGG %4
* * * * % * kk * * * *
Human CCTCGGCCGACTCTGCAGTGC-GACGGCGGTGCTTCCAGACGCTCCGCCCCACGTCGCAT 180
Mouse CTGCAGCAGACCCAGCGGTGCAGAAGGCGGGGCCTCCGGAGGACTCCCCTCCCGTGAGAC 167
Dog GTGCAGTTG-CGCGGAGGCCCCGCCCCCCGCGGGACCAGA-GCCCGCGGLCCCCGLGALCGT 152
*  * * ok x ok * *  * * x * *k kK K * Kk
Human GCGCCCCGGGAACGCGTG-------- GGGCGGAGCTTCCGGAGGC- -~ -~ === -~~~ C 218
Mouse CCCGCCCACCAAGGCTCACGCTCACTGGGCGGAGCCTCTGAGGGCGCCCTTCCTTCAGGC 227
Dog CCCGCCCAC--ACCCTGA--GCGGGGGAGCGGTGGC-CCGAGGACG--==-======-=-=-~ C 194
* * ok * * * * kkkk K * % *  * *
Stul
Human CCGCCCTGCTGCCGACCCTGTGGAGCGGAGGGTGAAGCCTCCGGATGCCAGTCCCTCATC 278
Mouse CCCGCCTACTGCAGGATCTGCAATGAAGAGGGCGGAGCCTGTGAAGGCCTTCTCTTCATC 287
Dog CGCCCCCGCGGGAAGCCCTGCAGAGTCGGGAGCCTGAGGACCCGCCGCCCCCGAGALCCGL 254
* * % *  * * Kk * * * x ok * ok * * *
Human GCTGGCCCGGTCGCGCTGTGGCGAAGGGGGCGGAGCCTGCACCCGLCCCGLeeeeecTeG 338
Mouse -CAGTCCCACCTACAGCCAACTTGGAAGCGCAGGGGCGGAGTCTGAGGG--=-~-=--- -~ CG 337
Dog CCTGCATGGCGAGGGCGGGGCCTACTGTCGCCCCGCCCGCGCGLCGLCCGL--CcreaeeeeG 312
* * * % * x x * * %
transcription
Human CCCCGTCCGCCCCGCGCCGCGCGGGGAGGAGGAGGAGGAGCCGLCGGLGG--GGLCCGCALC 396
Mouse CCCCGCCC--CACGCCGGAGGTGGGGGGGAGGAGGAGGAGCTGGCGCTG--GGTCTGCAG 393
Dog CGCCGCTCGGGCTGGGGGGCAGGAGGAGGAGGAGGAGGGGCGGLCGGLGGLLGGLCCGLCAL 372
*  kkx * * * kk kkkkkkkkkkk Kkk X *x ok *k ok kkk
E2F
Human TGCAGCGCCAGCGTCCGAGCGGGCGGCCGAGCTCCCGGAG- -CGGCCTGGCCCCGAGCCC 454
Mouse TGCAGCGCGAATGCGCGAGCAGGCGGCCAAGGCCCTGAGGTGCGGCCTGCCCCAGAGCGL 453
Dog TGCAGCGCGAGCGCGCTACCGGCCGGCCGTGGACGCAGAGCGCGGLCGGGLLCC-GAGLCGL 431
kkkkkkkk ok * * ok Kk Kk kkkkx * * * kkkkk Kk Khkhkk kkkkx *
Human CGAGCGGGCGTCGCTC-AGCAG - CAGGTCGCGGCCGCAGCCCCATCCAGCCC-GCGCC-C 510
Mouse TGAGCAGCTGTCGCAC-CGCAGACGGGCCACGGCCGCCGCGGCATTCAGCCLCCETGLCGL B12
Dog CGAGCGGGCGTAGCGCGAGCAGACAGGCCGCGGCCGCCGCCGGATCCCGLCCeGLGLeeee 491
*k kK K *k Kk ok kkkkx Kk Kkk ok kkkkkkk k*x *k k Kkkkk Kk kkkx *
NaeIl
Human GCCATGCCGTCCGCGGGCCCCGCCTGAGCTGCGGLCCTCCGC ==~~~ GCGCGGGC---GGG 562
Mouse ACCATGAGGTCCGCGGGCCCCTCCTGAACTGCGGCTGCCG----~-~ QQGCAAG————GGG 562
Dog GCCATGCCGTCCGCGGGCCCGGGCTGAGCCGCCGGCGCCGGGGLCGGGLCTCGGGGLTCGGG 551
* kK kK kkkkkkkkkohokx kkxkk Kk Kk ok *k* *k ok * * ok *
translation
Human CCTGGGGAC-----=-----~ GGCGGGGCCATGCGCGCGCTGCCCTAACGATG 603
Mouse CCTCGGGGA----------~- ACCGGGGCCATGCGCGGGCTGCGCTGACGATG 603
Dog GCTCGGGGGCTCGGGGCCGGGCCGGGGCCATGCGCGCGCTGCCCTGACGATG 603
* ok kok ok Kkkkkkhkhkkkkkkkx Kkkkk **x *kkkkk

Figure 1 Alignment of the PkdT 5'-flanking sequences of the mouse (Accession no. AY332760), dog (Accession no. AY332761), and human
(Accession no. L39891). The transcription start site (+ 1) for the human PKDT is indicated in italics. The translation start sites (ATG start codon) are
indicated in bold face. Restriction sites of Stul and Nael, used to generate deletion constructs, are underlined and italicized. Mutations generated in the
DNA consensus-binding site for E2F (underlined) are in bold face. Conserved nucleotides between the three sequences are indicated by asterisks.
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Cell culture, transfection and luciferase assays

The renal cell lines MDCK (dog, distal tubule), mIMCD3
(mouse, collecting duct), NRK-52E (rat, proximal tubule),
LLC-PK1 (pig, proximal tubule) and the human embryonic
kidney HEK293, and mouse hepatocyte-like cell line
mhAT3 were grown in Dulbecco’s modified Eagle’s medium
F12 (with glutamax) supplemented with 10% fetal bovine
serum, 1mM sodium pyrovate, 10 mM HEPES, and 100 U/
ml penicillin/streptomycin in humidified 5% CO,. The
human colon carcinoma cell line HCT-E8 was cultured in
RPMI 1640 with similar supplements and 2 mM glutamax.
HEK293 medium also contained 4.5 g/1 glucose. All media
and supplements were obtained from Gibco Invitrogen
Corporation (Breda, The Netherlands).

We transfected promoter constructs (500-800ng) and
Sng DNA from renilla reniformis plasmids using Transfast
reagent (Promega) or Fugene (Roche Diagnostics, Almere,
The Netherlands; only HEK293), as recommended by the
manufacturers. After overnight incubation, cells were lysed
in lysis buffer (Promega) and luciferase activity was
measured in a luminometer (Lumat LB 9507). The data
was normalized for the transfection efficiency by using the
Dual Luciferase reporter assay system (Promega) according
to the manufacturer’s instructions. The activity of the
promoterless vector, pGL3-Basic, which contained no
insert, was measured to determine background activity.
All transfections experiments were performed in triplicate
and repeated at least three times, except for the transfec-
tions with the mutE2F-pGL3 construct which were per-
formed twice, in independent experiments.

RNA analysis

RNA was isolated from cultured MDCK and mIMCD3 cells
using Trizol reagent (Invitrogen Life Technologies, Breda,
The Netherlands) and cDNA was synthesized with Super-
Script II (RNase H) reverse transcriptase (GibcoBRL, Breda,
The Netherlands). Real-time Pkd1 PCR analysis of four RNA
samples from each cell line, obtained in two independent
experiments, was performed using TagMan technology as
published previously using the primers and a Tagman
probe located in exons 45 and 46 of the Pkdl gene (Pkdl
3'PCR).3° The expression of the housekeeping gene hypox-
anthine guanine phosphoribosyl transferase (HPRT) served
as reference for gene expression.

Results

Cloning of the Pkd1 promoter regions of the mouse
and dog

From a mouse genomic PAC and a canine genomic BAC
library, we isolated one murine and three canine clones
covering exon 1 and 5’ flanking regions of the Pkd1 genes.
A 4.3 kb BgllI-HindIll mouse fragment and a 5.8 kb HindIII
canine fragment containing the 5'-upstream regions were
subcloned and sequenced. We obtained approximately
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29kb sequence upstream of the murine and 1.3kb
sequence upstream of the canine ATG start codon (Gen-
Bank Accession Nos. AY332760 and AY332761).

Sequence analysis of the Pkd1 and Pkd2 promoter
regions

Sequence analysis revealed that both the murine and
canine Pkd1 promoter regions are GC-rich and lack a TATA
or CAAT box, as has been reported for human PKD1.%
Alignment of the human, murine and canine sequences
(Accession nos. L39891, AY332760, and AY332761, respec-
tively) showed that an approximately 300 bp fragment was
considerably conserved between the three species, showing
66% sequence identity (Figure 1). In particular, the ~30bp
sequences in the immediate vicinity of the translational
start site are highly conserved (Figure 1). This region of the
Pkdl promoter contains a putative E-box-binding site.
Previous attempts to experimentally identify the murine
transcriptional start site were unsuccessful, probably
because of the GC-rich composition of the region.*!
Therefore, base pair positions in the murine and canine
sequences are indicated with respect to the ATG start
codon, or by assigning the position corresponding to the
human transcriptional initiation site at + 1 (Figure 1).

Computer predictions of the 600 bp region upstream of
the ATG start codon suggested the presence of multiple
binding sites for transcription factors (Matlnspector,
Genomatix). Comparative analysis of the human, murine,
and canine proximal promoter regions revealed conserved
putative binding sites for AP2, E2F, E-box factors, early
growth response factors (EGRF), and one or more members
of the family of Ets factors (Ets1 and GABP in mouse and
human, Elk-1 in dog). MINI, MZF1, and ZBP-89 elements,
as well as binding sites for the ubiquitous transcription
factor Sp1 were also conserved (Figure 2).

Some sites like the most proximal E-box are present at
similar positions within the Pkdl promoter sequences
while others are not, as depicted in Figure 2.

When we included the Pkd1 orthologue of the pufferfish
Fugu rubripes (Accession no. AF013614) in our sequence
comparison, we found that the three mammals and Fugu
share potential binding sites for E2F, E-box, and Ets factors,
MZF1 and ZBP-89 (Table 1), indicating that they are strong
candidate regulators of Pkdl. The numerous Spl sites
present in the mammalian species were not found in the
Fugu Pkd1 promoter.

The almost indistinguishable phenotype resulting from
mutations in either PKD1 or PKDZ2 suggests that polycystin-
1 and -2 share the same signaling pathway or interact to
form a functional unit. Comparison with the previously
reported human PKDZ2 (Accession no. AF243476) and
murine Pkd2 (Accession no. AF242389) proximal promoter
sequences revealed that most of the conserved mamma-
lian/Fugu putative Pkd1-promoter elements as well as Spl
sites are also present in Pkd2 (Table 1). The AP2 site
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Figure 2 Organization of the murine, human and canine proximal promoter regions. Potential transcription factor binding sites present in the 600-
bp region upstream of the translation start site (ATG) are indicated. Sites present at similar positions (according to the sequence-alignment in Figure 1)
in at least two of the species are highlighted by asterisks. The transcription start site for human PKD1 is indicated with an arrow. The restriction sites Stul

and Nael used to construct deletion mutants are indicated.

Table 1 Conserved regulatory elements in the proximal
promoter of Pkd1 and Pkd2

Present in
Putative Pkd1: human, Present in Pkd2:
binding site mouse, dog +Fugu human, mouse
AP2 X
E2F X X X
E-Box X X
EGRF X X
ETS X X X
MINI X
MZF1 X X X
SP1 X X
ZBP-89 X X X

Putative binding sites for transcription factor families conserved in the
proximal promoter of the human, mouse and dog Pkdl genes are
indicated, and their presence or absence in corresponding promoter
sequences of Fugu Pkd1 (Accession no. AF013614) and human/mouse
Pkd2 (Accession nos. AF243476 and AF242389). For detailed
information about the promoter analysis and the consensus binding
sites, see the website of Genomatix (genomatix.gsf.de). Abbreviations:
AP2, activator protein 2; E-Box, E-box-binding factor; EGRF, early
growth response factor; ETS, Ets factor; MINI, muscle initiator
sequence; MZF1, myeloid zinc-finger 1; SP1, stimulating protein 1,
ZBP; zinc-binding protein.

reported previously in the mouse Pkd2 promoter and not in
human PKD228 was not identified with our search criteria.

Analysis of the distal promoter region of the murine and
canine Pkdl genes showed no overall homology with
human. However, a human 109 bp sequence containing a
T-cell factor (TCF) site, and implicated in the fS-catenin
responsiveness of the human PKDI promoter® showed a
striking homology with a murine sequence at 1.8kb
distance of the murine ATG start codon (Figure 3). This
murine sequence showed an imperfect match to the TCF
consensus sequence (CTTTGWW). The MatInspector pro-
gram predicted TCF sites at positions 1.0, 2.8 and 2.9kb
upstream the murine ATG start codon, and one most
distantly in the available canine sequence (1300 bp). In the
conserved T-rich sequence flanking the TCF-like site in the
murine sequence, three putative fork head homolog 3
(HFH-3) sites (core sequence TRTTTRT) were present
(Figure 3).

Deletion analysis of the murine Pkd1 promoter
The functional activity of the murine Pkd1 promoter was
analyzed by transient transfection experiments using

653
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TCF
Human  GATCTCTGGCACATTTTATTTGCTCTGTCTCAC----CACATGGATTTTGTTTTTTTGTTTCTTTGTTTTTTGAGATGGA 76
Mouse  GAGTACTGGCCTGAGAAGCGCATGCTACCATGCATGCTCTGTGAGTTGGTTTTGTTTGTTTGTTTGTTTTTCGAGACAGG 1140
* % *kkk Kk * % * * * * * % *kk*k K*khkkhkkhkkkhkk K*khkkkhkkhkkhkkhkk *hkk*k *
Human  GTCTCACTCTTGTTGCCCAGGCTGGAGTGCCAT--------------------------—-- 109
Mouse GTTTCTCTGT-GTAGCCCTGGCTTTCCTGGAACTCACTCTGTAGACCAGGCTGGCCTTGGA 1200
*%k k*k kk *k *kk *kkk *khkkk * % *
Figure 3 Sequence comparison of a human 109-bp PKD1 promoter sequence, mediating f-catenin activation,?® and the murine Pkd1 distal

promoter. The human 109 bp promoter fragment, located 2.1 kb upstream the human ATG codon shows high homology with a murine sequence
located 1.8 kb upstream the ATG codon. (Human PKD1: Accession no. L39891, bp 1422-1530; ATG =3648-3650; mouse Pkd7: Accession no.
Y332760, bp 1061-1172; ATG =2969-2971). The putative TCF site in the human sequence (boxed) overlaps with several putative HFH3 sites in the
murine sequence (underlined). A 28 bp sequence deletion that was reported to abolish the $-catenin induction of a human PKD1 promoter construct is

presented in bold.

luciferase reporter gene constructs. A series of deletion
constructs, containing 0.3, 0.7, 1.2, and 2.3kb murine
promoter fragments cloned into the pGL3-Basic vector
upstream of the luciferase reporter gene, were transiently
transfected into a variety of cell lines. We used renal
epithelial cell lines derived from different nephronic
segments, namely proximal tubule (NRK-52E, LLC-PK1),
distal tubule (MDCK) and collecting duct (mIMCD),
HEK293 (human embryonic kidney) cells, and hepato-
cyte-like mhAT3 and colon carcinoma HCT-E8 cells
(Figure 4).

The 300bp fragment (-127 to + 157) stimulated lucifer-
ase activity in all cell lines, showing high levels of activity
in the renal cell lines and lower activity in the colon and
liver cell lines (Figure 4). In contrast, a well-characterized
1.3 kb promoter region of the kidney-specific Ksp-Cadherin
gene®?> showed promoter activity only in the renal
epithelial cell lines, and not in the colon, liver, and
HEK293 cells (not shown). To correlate reporter gene
expression to endogenous Pkdl expression, we applied
real-time PCR to determine Pkd1 expression in the mouse-
derived cell lines mIMCD3 and mhAT3. These two cell
lines were selected since the other cell lines transfected
with the Pkdl reporter constructs were all derived from
different species. We used HPRT expression as a reference.
Pkdl expression in the renal cell line mIMCD3 was
approximately 2.5-fold higher compared to the hepato-
cyte-like mhAT3 cells (1.0 versus 2.6), showing that in these

cell lines the luciferase assay results (63 versus 12) are in
line with the endogenous Pkd1 expression (Figure 4c).

A reduced stimulation, up to 50%, was observed follow-
ing transfection of the 0.7 kb-pGL3 construct into renal
epithelial cell lines. This region of the murine PkdI
promoter contained one each of the two putative E2F,
MZF, ZBP, and Etsl-binding sites, and one of the three E-
box elements. A further reduction in expression levels was
found with the 1.2kb-pGL3 construct, suggesting the
presence of an additional inhibitory element(s) in the
1.2-0.7kb fragment. The 2.3kb-pGL3 construct showed
stimulation levels rather similar to the 1.2kb-pGL3 con-
struct (Figure 4d).

Since a variety of data suggest cell cycle-dependent
expression of Pkdl, we further analyzed the putative E2F-
binding site.**~3 Therefore, we mutated the E2F3 site by
replacing the conserved CG by AT (see also Figure 1,
Table 2). This markedly decreased the promoter activity.
The transfected MDCK and mIMCD3 cell lines showed 40—
50% activity compared to the wild-type 0.3 kb-pGL3
construct (Figure 4e). According to the Matlnspector
program, this two base pair change did not create a new
transcription factor-binding site.

Discussion
Comparative genome analysis offers a powerful method for
detecting functional regulatory sequences. Since transcrip-

Figure 4

>

In vitro characterization of the transcriptional activity of the murine Pkd1 promoter. (a) Structure of the Pkd1 reporter gene fragments.

ATG, translational start site. (b, d) Characterization of promoter activity in cell lines. MDCK, LLC-PK1, NRK-52E, mIMCD-3, HEK293, HCT-E8, and
mhAT3 cells were transiently transfected with each of the indicated reporter constructs. Luciferase activity was measured 24 h after transfection. Cells
were cotransfected with renilla reniformis luciferase to control for transfection efficiency. Normalized luciferase activity is shown relative to the pGL3-
Basic plasmid (b) or relative to the plasmid containing 0.3kb of 5'-flanking region (d). The results represent the mean+SE of three separate
transfections, each performed in triplicate. (c) Real-time PCR analysis on RNA samples of the renal epithelial cell line mIMCD3 and hepatocyte-like cell
line mhAT3. Pkd1 expression was normalized to expression of the hypoxanthine guanine phosphoribosyl transferase (HPRT) gene that served as
reference. Measurements, in duplicate, were performed on four RNA samples, obtained in two independent experiments. The mean Pkd1 expression
of the mIMCD3 cell line has been set to 100%. Error bars represent standard error. (e) Site-directed mutagenesis of the mouse Pkd1 promoter. A
mouse Pkd1 reporter construct (E2Fmut) containing a double nucleotide change in a putative E2F site was transfected into MDCK and mIMCD3 cells.
Activity of the wild-type 0.3 kb-pGL3 construct was set at 100%. The results represent the mean + SE of three separate transfections, each performed in
duplicate.
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tion factor-binding sites are usually small in size and highly number of false sites.>® A multispecies comparison allows
degenerate, database searches used to identify TF-binding the identification of sites that are of functional impor-
sites in regulatory regions invariably identify a large tance, as these sites are under selective pressure 3”8
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Table 2 Location and sequence motifs of the elements common to the upper (+) or lower (—) strand of the mammalian Pkd1

promoter sequences

Human Mouse Dog
Position Sequence (5'-3") Position Sequence (5'-3’) Position Sequence (5'-3’)
AP2 346-357 (+) cgccececgegecg 341-352 (+) cgccccacgecg 7-18 (=)  gacccecgeggec
518-529 (—) ggcececgeggacg 79-90 (—)  ctcceccccggtg
549-560 (—) cgcecegegegeg 118-129 (—) gtcccgeggggg
133-144 (+) agcccgecggcecc
288-299 (+) cgcecegegegeg
306-317 (+) cgceceecgegecg
499-510 (—) ggccecgeggacg
E2F 101-108 (+) gcgtgaaa 55-62 (+) gctcgaaa 375-387 (+) cagcgcgagcgeg
396-408 (+) cagcgcgaatgcg
EBOX 111-122 (+) tagctcgtgctc 156-165 (—) ctcacgggag 578-587 (+) gccatgcgcg
191-200 (—) cccacgegtt 501-510 (—) ggcacggggc
578-587 (+) gccatgcgcg 578-587 (+) gccatgcgcg
EGRF 68-79 (-)  gtgcgtgggcgg 341-352 (-) cggcgtggggcg 151-163 (—) gtgtgggcgggac
139-150 (+) gtgcgacggcgg 194-205 (—) ccgcgggggegg
192-203 (+) acgcgtggggcg 261-272 (+) tggcgagggcgg
550-561 (+) gcgcgegggegg 287-298 (—) gcgcgegggegg
350-361 (+) gggcggcggcgy
465-476 (—) atccggcggcgg
520-531 (—) cggcgceggegg
ETS 60-71 (=)  gcgggaagcggt 138-147 (—) tccggaggcc 199-212 (+) cccgcgggaagecc
205-214 (—) tccggaagct 349-358 (+) gccggaggtg
258-267 (+) tccggatgcc
MINI  385-405 (+) cggggcccgcactgcagecgece  337-357 (+) gccccgecccacgecggagg  86-106 (—)  gegcaactgcaccccgctecc
486-506 (+) ccgcagccccatccagcccge  424-444 (—) ggcaggcecgcacctcaggge  251-271 (—)  cgccctegecatgcagggegg
507-527 (—) cgcggacctcatggtgcgge  361-381 (+) gccggeccgeactgcagegeg
486-506 (—) cgcggacggcatggcggggceg
MZF  358-365 (+) cgcgggga 152-159 (=) ggagggga 82-89 (+) cgggggga
358-365 (+) ggggggga
SP1 64-76 (-)  cgtgggcgggaag 165-177 (-) 99tgggcggggtc 110-122 (-) g9gg9g9g9gcggggcc
91-103 (+) gcggggcggagcg 317-329 (+) caggggcggagtc 150-162 (—) tgtgggcgggacg
215-227 (-) gcagggcggggee 336-348 () 9tggggcggggcy 190-201 (-) cgggggcggegte
322-334 (-) 999999c9999cg 235-247 (-) cgggggcggcggg
341-353 (=) gcggggcggacgg 264-276 (+) cgagggcggggcc
379-391 (+) ccgcggeggggcc 283-295 (—) cgcgggeggggceg
553-565 (+) cgcgggcgggcect 301-313 (=) gcggggcggggcg
347-359 (+)  gaggggcggcggc
474-486 (—) gcggggcgggatc
529-541 (+) ccggggcgggctc
ZBP 302-313 (—) ctccgeeccctt 73-84 (—)  ctccgeeeccte 82-93 ()  ccgctecccccg
324-335 (+) ccecegeeccece 358-369 (—) ctcctecccccc 112-123 (+) ccecegecccecg
169-180 (—) ccgcteccecge
192-203 (+) cgcecgeecccgce
237-248 (+) cgccgeccccga

Positions correspond to Figure 1.

Therefore, we analyzed the Pkdl promoter regions of
several mammalian species. In the proximal 5'-flanking
region of approximately 600bp, we identified nine ele-
ments that were conserved in the mammalian Pkdl
promoters. When we also included the Pkdl promoter of
the pufferfish Fugu Rubripes, five of these elements, E2F, E-
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Box, ETS, MZF1, and ZBP-89, were found conserved. These
factors are therefore likely to be essential regulators of Pkd1
gene regulation. Binding sites for the transcription factors
AP2, EGRF, MINI, and Sp1, which are conserved in human,
mouse, and dog Pkd1 but not in fish, suggest a regulatory
role for these factors in functions specific for mammals.



Besides the finding of putative binding sites for a
transcription factor in multiple Pkdl gene promoters,
conserved positions within these promoter sequences
makes it even more likely that a site is a functional binding
site. However, sites at other positions may also modulate
the promoter activity and putative binding sites for
different regulatory factors are sometimes overlapping.
Further studies are required to determine if indeed sites
bind regulatory factors. The dinucleotide that was mutated
in this study, and clearly diminished promoter reporter
activity, was conserved in mouse, human, and dog and
recognized as a putative E2F-binding factor in mouse and
dog.

PKD1 and PKDZ2 patients have essentially a similar
phenotype, although PKD2 patients have a milder progres-
sion towards end-stage renal failure.* In addition, expres-
sion of the proteins polycystin-1 and polycystin-2 is highly
coordinated and both proteins can interact.'* Therefore,
we were interested to identify elements common to the
promoters of both genes. Four elements were found in the
mammalian Pkd2 promoter, mammalian Pkdl promoter,
and in the Pkdl promoter of the pufferfish Fugu Rubripes:
E2F, ZBP-89, ETS, and MZF1. These factors are therefore
likely to be crucial regulators of Pkd1 and Pkd2 expression.
Site-directed mutagenesis of the E2F site resulted in a
diminished reporter activity, underscoring the relevance of
this site. The presence of a putative E2F site suggests a cell
cycle-dependent expression, and is supportive for experi-
mental data showing downregulation of polycystin-1 in
differentiating cells, and may be correlated to the increased
expression of polycystin-1 and -2 upon ischaemic injury in
kidneys.3*3%

Also ZBP-89, a Kruppel-type zinc-finger protein, is
implicated in cell proliferation.*® ZBP-89 binds GC-rich
sequences and has been shown to be either a repressor or
an activator of gene expression, depending on the
promoter. It modulates cell proliferation partly by forming
complexes with transcription (co)-factors like Sp1, p300,
and p53.4°

The ETS gene family contains a diverse group of
helix-turn-helix transcription factors that control cell
proliferation, differentiation, and survival. Etsl is
predominantly expressed in endothelial cells or their
precursors and is essential for embryonic blood vessel
development and angiogenesis. The finding of Etsl
elements in the promoters of Pkd1 and Pkd2 is of particular
interest since the Pkdl promoter has been shown to
direct the expression of a reporter gene in the endothelium
of a targeted Pkdl mouse model.>> Moreover, ADPKD
patients have an increased risk to develop cerebral aneur-
isms and several Pkdl and Pkd2 mouse models show
cardiovascular abnormalities.?>*! It is therefore reasonable
to speculate that ETS factors play a role in regulating the
endothelium-specific expression of the Pkdl and Pkd2
genes.
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Like ZBP-89, MZF-1 belongs to the Kruppel family of
zinc-finger proteins. The myeloid zinc-finger 1 (MZF-1) is
expressed in totipotent hemopoietic cells as well as in
myeloid progenitors but not in fully differentiated blood
cells.*> The conserved MZF-1-binding site suggests expres-
sion of the Pkd genes in hemotopoietic lineages. The role of
polycystin-1 and -2 in hemopoietic cells is not well
characterized, although one study demonstrated polycys-
tin-1 expression in a human erythroid and macrophage cell
line.**

Binding sites for AP2, MINI, and E-box elements,
identified in all three mammalian Pkdl promoters, were
not found in human/mouse Pkd2. In contrast, GATA-1
sites, present in both human and murine Pkd2 proximal
promoter regions, were not identified in the proximal Pkd1
promoter sequences, whereas the Pkd2 conserved H4TF-1
sites and NF-1 sites®® were only identified in the distal Pkd1
promoter of the mouse. These transcription factors may
govern distinct expression of PKD1 and PKD2, which may
underly the exhibited differences in expression patterns for
polycystin-1 and polycystin-2.

In TATAA-less promoters, the transcription factor Sp1, for
which several binding sites are present in the mammalian
Pkd1 and Pkd2 gene promoters, is thought to be involved in
transcription initiation.** Although generally considered
to be ubiquitous, Sp1 has also been implicated in regula-
tion of tissue-specific gene expression. Evenmore, Spl
expression is temporally and spatially regulated during
nephrogenesis. Interestingly, Spl was reported as a reg-
ulator of the Wilms’ tumor (WT1) and Von Hippel-Lindau
(VHL) tumor suppressor genes**** that are involved in
renal cancers.

It has recently become clear that both PKD genes are
expressed in the primary cilia of cells and that targeted
mutations in the Pkd genes results in ciliary defects.” A key
promoter element present in a group of genes expressed in
ciliated cells, the X-box,*® was not evident in our
comparative analysis of the proximal promoter. An
extended search, however, showed that putative X-box-
binding sites were present within 2 kb distance of the ATG
start codons in the Pkdl genes and also in the distal
promoters of the Pkd2 genes. Likewise, putative binding
sites for Cut homeobox homologues were found in the
distal promoters of the Pkdl and Pkd2 genes. The murine
Cut homolog, Cux-1, is highly expressed in the developing
kidney and cyst epithelium of polycystic kidneys from
C57BL/6]%/Pk mice and regulates cell proliferation.*’

Reporter constructs revealed that a 280bp fragment of
the murine Pkdl promoter was capable of directing
reporter gene expression in vitro. As expected from the
systemic nature of ADPKD, the promoter constructs are
active in renal and nonrenal epithelial cell lines, with the
highest expression in renal cells. In order to correlate
luciferase activity to PKD1 expression, we performed real-
time PCR on two murine cell lines that showed different
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levels of luciferase activity. These experiments confirmed
that Pkdl expression was higher in the renal epithelial
mIMCD3 cells compared to the mhAT3 hepatoma cell line.
Deletion mutant analysis showed reduced activities of the
larger constructs, implying the presence of (multiple)
inhibitory elements. Our data are in agreement with the
study of the human PKD1 promoter that showed reduced
activity with a 0.95kb fragment compared to the 0.2kb
proximal promoter. In contrast to the mouse, the human
PKD1 promoter contains several large Alu repeats, located
upstream 1kb distance of the start codon, making it
difficult to compare the human and mouse distal promoter
analyses. Nevertheless, we identified TCF sites in the
murine and canine distal promoter sequences (not shown),
supporting the suggestion by Rodova et al*® that PKD1 may
be a target of the f-catenin/TCF pathway. In addition, we
found that the human 109 bp sequence, mediating the /-
catenin induction of their human 2.0kb-PKD1 promoter
construct, was highly homologous to a murine sequence.
The homology was most prominent in a 28bp stretch
where deletion was needed to abolish the induction,
whereas deletion of the TCF site only was not effective.
Three putative hepatocyte nuclear factor-3 (HNF-3)/HFH
sites were in this fragment of the murine Pkd1 sequence but
not identified in the human promoter. However, these data
suggest that HFH-3 or another factor binding to this highly
conserved T-rich sequence may partly mediate the f-
catenin responsiveness of the PKD1 promoter. HFH-3 is
expressed in the distal tubules of embryonic and adult
mouse kidney, and binding sites for this transcriptional
activator have been identified in promoters of genes
expressed in the epithelium of the renal distal tubules.
These include anion exchanger AE1, E-Cadherin, Vasopres-
sin type 2 receptor, and Ksp-cadherin gene promoter.*®

In conclusion, we isolated and characterized the 5'-
flanking region of the murine and canine Pkd1 genes. A
multispecies comparison allowed us to identify conserved
binding sites for several transcription factors that are likely
to mediate the developmentally and -cell-type-specific
expression of PKD1 and PKD2, and may be of help in
understanding the pathogenesis of ADPKD.
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