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The renin–angiotensin system (RAS) is essential for blood pressure control and water–electrolyte balance.
Until the discovery of the renin receptor, renin was believed to be mainly a circulating enzyme with a unique
function, the cleavage of angiotensinogen. We report a unique mutation in the renin receptor gene
(ATP6AP2 ) present in patients with X-linked mental retardation and epilepsy (OMIM no. 300423), but
absent in 1200 control X-chromosomes. A silent mutation (c.321C > T, p.D107D) residing in a putative
exonic splicing enhancer site resulted in inefficient inclusion of exon 4 in 50% of renin receptor mRNA, as
demonstrated by quantitative RT–PCR. Analysis of membrane associated-receptor molecular forms
showed the presence of full-length and truncated proteins in the patient. Functional analysis demonstrated
that the mutated receptor could bind renin and increase renin catalytic activity, similar to the wild-type recep-
tor, but resulted in a modest and reproducible impairment of ERK1/2 activation. Thus, our findings confirm
the importance of the RAS in cognitive processes and indicate a novel specific role for the renin receptor in
cognitive functions and brain development.

INTRODUCTION

The renin–angiotensin system (RAS) is classically described
as a circulating system with a single final endpoint, the gene-
ration of angiotensin II (Ang II), which is considered to be the
major, biologically active peptide. This assumption has been
based on initial observations that components of the RAS
located upstream or downstream of Ang II do not have
functional receptors, whereas Ang II controls blood pressure

and fluid and salt balance through binding to its receptors
AT1 and AT2. However, recent studies indicate that the situ-
ation is more complex than originally thought and that, in
addition to the endocrine RAS, a tissue RAS appears to
have a critical role in physiological processes such as develop-
ment, learning and memory, tissue growth and in disease pro-
cesses such as inflammation, macro- and microvascular
hypertrophy and vascular remodelling, fibrosis and obesity
(1). Moreover, the recent discovery of a functional (pro)

# The Author 2005. Published by Oxford University Press. All rights reserved.
For Permissions, please email: journals.permissions@oupjournals.org

*To whom correspondence should be addressed at: Institute of Human Genetics, Ludwig-Maximilians-University, Goethestr. 29, Munich 80336,
Germany. Tel: þ49 8941402429; Fax: þ49 8941404831; Email: alfons@pedgen.med.uni-muenchen.de
{NM_005765, BI599385 and AC092473

Human Molecular Genetics, 2005, Vol. 14, No. 8 1019–1027
doi:10.1093/hmg/ddi094
Advance Access published on March 3, 2005



renin receptor (2,3) has forced the emergence of a new
concept that casts renin as potentially playing a direct role
in the tissue RAS. It is now established that all components
of the RAS are also synthesized in the brain, with renin
being synthesized by some neuronal populations but mainly
by astrocytes (4,5). In the central nervous system, the role of
the RAS includes the control of cell growth and death,
neuro-endocrine regulation and cognitive properties (4,5).
Here, we report the first mutation in the renin receptor that
results in X-linked mental retardation (XLMR) and epilepsy
(XMRE) and possibly affects the activation of the MAP
kinases ERK1/2.

RESULTS

Family K8355 was diagnosed with XLMR and XMRE syn-
drome (OMIM no. 300432). Clinical findings are described
in Materials and Methods and the pedigree is shown in
Figure 1. Linkage analysis using 28 markers spaced along
the X-chromosome localized XMRE in family K8355 to
Xp11.23–Xp21.1 between markers DXS1003 and DXS1237,
an interval that is �29 cM. During the initial phase of these
studies, another group independently published linkage data
for the same family (6). Their linkage interval was from
Xp11.3 to Xp11.4 between markers DX8054 and DXS1049,
thereby reducing it at both the proximal and the distal site.
This published 18 cM interval was confirmed in our lab by
further typing of the two recombinants II-5 and III-1 (Fig. 1).

In order to identify candidate genes for XMRE, we compiled a
gene catalogue between markers DXS8054 and DXS1049 and
found 26 genes in the disease interval. One of the genes in the
interval, ATP6AP2, encodes the renin receptor (Fig. 2, left).
Recently, mutations in the angiotensin II receptor type 2 gene,
AGTR2, were found to be associated with XLMR (7). Interest-
ingly, seizures were also reported in many affected males. In
order to further investigate the role of the RAS in neuronal
processes in the central nervous system, we decided to evaluate

the renin receptor gene, ATP6AP2, as a possible candidate for
the XMRE phenotype. The ATP6AP2 gene is composed of
nine exons and encodes a 350 amino acid protein with one
single transmembrane domain (2). The gene has been found to
be widely expressed, with high expression in brain, heart and
placenta, to a lower extent in liver, pancreas and kidney and
weak expression in lung and skeletal muscle (2).

A silent C>T transition (c.321C > T) in the
ATP6AP2 gene

Direct genomic sequencing of all nine exons of the ATP6AP2
gene in an affected male (III-8, Fig. 1) from family K8355
revealed a translationally silent C to T (c.321C . T,
p.D107D) transition in exon 4 at nucleotide position 321
(Fig. 3A, left). In order to determine the consequence of this
silent substitution at the level of expression of the ATP6AP2
gene, we performed semiquantitative RT–PCR experiments
(Fig. 3B). In patient III-8, the amplification of the cDNA
encompassing exons 2–5 revealed the expected 554 bp wild-
type fragment (E3–4) as well as a second fragment of
458 bp (E3–5) with similar intensity (Fig. 3B). Sequences
for the primer pair used (1F/1R) are given in Materials and
Methods (‘Reverse transcription experiments’), their positions
in the gene are shown in Figure 2. The 458 bp fragment
detected in patient III-8 was very faint or not visible in 20
healthy controls (Fig. 3B). In addition, a third fragment with
a length of 422 bp was observed in all controls and the
patient (Fig. 3B). Analysis of an additional three cDNA
samples prepared separately from a lymphoblastoid cell line
of patient III-8 revealed the same two abundant fragments
(E3–4 and E3–5). Subsequent sequencing of these two frag-
ments demonstrated a C to T mutation in the 554 bp fragment
(E3–4) and the loss of exon 4 in the 458 bp fragment (E3–5),
hereafter referred to as D4-renin receptor (Fig. 3A, right).
Furthermore, sequence analysis of the variably expressed
422 bp fragment revealed the lack of exon 2. This minor

Figure 1. Pedigree of the XMRE family (K8355) and segregation of the c.321C.T transition identified in exon 4 of the ATP6AP2 gene demonstrated by Bfa I
restriction digest analysis. Usage of a modified forward primer introduces a C at position c.320, next to the c.321C.T alteration, thereby creating a Bfa I site in
the sequence carrying the mutation. The designed primer in combination with a specific reverse primer amplifies a product of 239 bp that, after digestion with
Bfa I, results in two fragments (211 and 28 bp) visualized on a 2.5% agarose gel. Affected males are indicated by black boxes and obligate carrier females with
dotted circles. The patient from whom a cell line was utilized is marked with an arrow.
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splice variant was found to be present in Genbank (accession
no. BI599385).

The involvement of the observed c.321C.T transition in
the exon-skipping event was investigated using different
approaches. First, further comparison of the genomic DNA
sequence from the patient and a healthy control failed to
identify any additional substitution in either the 5883 bp
intron 3 or the 182 bp intron 4, which flank exon 4. No aberra-
tion in the 2.3 kb 50-UTR region that might affect the
expression level of the gene was identified (data not shown).
Screening of 600 healthy control males and 300 healthy
females (1200 X-chromosomes in total) failed to detect the
c.321C.T variant, whereas segregation of the variant
within the family K8355 was clearly demonstrated (Fig. 1).
The identified c.321C.T transition was found to be absent
in 372 chromosomes from normal males tested by restriction
digestion and 828 normal X-chromosomes (228 males and
300 females) examined by Denaturing High-Performance
Liquid Chromatography (DHPLC). In order to exclude the
other genes located in the candidate interval as causative for
the disease, we sequenced all the 25 genes we compiled as

the gene catalogue for the disease region, either at the
genomic or at the RNA level and did not find additional
mutations in the family. These included three genes (RPGR,
NYX and NDP ) in the screening that are presently exclusively
associated with different eye diseases.

Mutation screening in an additional nine syndromic and five
non-syndromic XLMR families linked to this interval failed to
detect other mutations in the ATP6AP2 gene. Only one of
these families contained affected males who exhibit seizures.

The domain encoded by exon 4 is
evolutionary conserved

The predicted protein sequences of the renin receptor from
different species, derived from public cDNA- and EST-data-
bases, show nearly complete conservation of the amino acid
residues encoded by exon 4 (Fig. 2B). The complete identity
between human and rodent renin receptor is striking. With
the exception of two non-conservative amino acid changes,
the sequence over a long stretch of 32 amino acids is remark-
ably conserved between human and frog (Fig. 2B).

Figure 2. Transcription map of the candidate interval for XMRE and BLAST analysis of the renin receptor gene (ATP6AP2 ). (A) In total, 26 genes located in the
candidate interval were screened for mutations including ATP6AP2. Screening was performed on genomic DNA and cDNA, except for one-exon-genes
(STRAIT11499, ZNF127_XP, GPR82 and GPR34 ). (B) BLAST analysis of the renin receptor gene ATP6AP2. Analysis of the renin receptor reveals high con-
servation of the 32 amino acids encoded by exon 4. Hs, Homo sapiens; Mm, Mus musculus; Rn, Rattus norvegicus; Gg, Gallus gallus; Xl, Xenopus laevis. (C)
Schematic diagram of the exon–intron structure of the ATP6AP2 gene. The sizes of the exons are given in base pairs. Arrows indicate the position of primers
used for reverse transcription experiments. Primers 1F and 1R were used for amplification of the 554 bp cDNA fragment encompassing exons 2–5.
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D4-renin receptor expression

To elucidate the altered expression of the renin receptor gene
in patient III-8 in more detail, we performed quantitative PCR
with the Light Cycler system (Roche Diagnostics). Primer
pairs were designed to specifically amplify wild-type and
D4-fragments (see Materials and Methods and Supplementary
Material, Fig. S1). Standard curves for both PCR systems were
performed and showed equal efficiencies (Supplementary
Material, Fig. S2). The experiments were carried out in
triplicate and were repeated four times. The results demon-
strated the significant upregulation of the D4-variant (E3–5)
to .50% of the total expression of the two isoforms in the
patient compared with 2.5% on average in control individuals.
The levels of total mRNA in the patient and in the controls
were normalized by performing dual-colour PCR using
the human hypoxanthine-phosphoribosyl-transferase gene
(h-HPRT ) as an internal standard (Supplementary Material,

Fig. S3). Interestingly, the levels of the wild-type fragment
(E3–4) were very similar in both the patient and the control.
This would mean that the amount of total mRNA of the
gene was almost twice as high in the patient when compared
with the control.

D4-receptor synthesis by the patient’s cells

We compared the protein forms of the renin receptor
expressed by the patient’s lymphocytes (affected male III-8)
with immortalized lymphocytes from a control subject. Meta-
bolic labelling of the cells with 35S-methionine followed by
immunoprecipitation of the receptor showed the presence of
two bands of 42 and 39 kDa, corresponding to full-length
and D4-renin receptors, respectively (Fig. 4A).

Although the real time PCR showed that full-length and
D4-mRNAs were expressed at similar levels, the results of

Figure 3. Mutation analysis of cDNA and genomic DNA from the XMRE family. (A) Sequence analysis of exon 4 of the ATP6AP2 gene. (Left) Sequence of the
exon/intron boundary of exon 4 in control and patient’s genomic DNA. The C.T transition in the 7 bp putative ESE consensus sequence (yellow) is indicated
with arrows. (Right) Wild-type cDNA with exon 3 followed by exon 4 and the splice variant lacking exon 4. (B) Semiquantitative RT–PCR experiments.
Amplification of the cDNA encompassing exons 2–5 of the gene reveals, in addition to the expected 554 bp wild-type fragment, a fragment of similar intensity
of 458 bp in the patient (P) lane. M, mother; G, grandfather; P, patient; C, controls; MW, molecular weight marker; NC, negative control.
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the immunoprecipitation showed a lower intensity of the
39 kDa band, suggesting that either the translation of the
D4-renin receptor was less effective or its turnover rate was
different from that of the full-length receptor.

Binding of renin and activity of D4-receptor

Binding of renin to the D4-receptor was studied using
125I-labelled renin. The results showed that the cells of the
patient were able to specifically bind renin in a manner com-
parable to that of EBV-transformed lymphoblastoid cells of a
control subject (Fig. 5). The renin receptor has been shown to
act as a co-factor for increasing the catalytic efficiency of
angiotensinogen cleavage by receptor-bound renin (2). To
study the co-factor activity of the D4-receptor, the patient’s
and the control subject’s cells were allowed to bind renin,
and receptor-bound renin was tested for Ang I generation.
The results were compared to Ang I generation by an identical
concentration of renin in solution, measured by acid elution of
membrane-bound renin from an aliquot of each type of cells
(2). Unexpectedly, the mutated receptor retained its co-factor
activity and renin bound to the lymphoblastoid cells of the
patient displayed comparable activity to that of control cells
and was more active than renin in solution (Fig. 5).

D4-receptor and ERK1/2 activation

Finally, we compared the characteristics of ERK1/2 activation
induced by renin in four independent experiments. In the
control cells, ERK phosphorylation was modest, rapid and

very transient (Fig. 4B, filled square). The kinetics of
ERK1/2 activation induced by renin were comparable to that
observed in smooth muscle and mesangial cells (2), with a
maximum at 3 min and return to basal value at 5 min
(Fig. 4C, open square). Although a weak increase of ERK1/2
phosphorylation was seen in the control lymphocytes 1 min
after renin stimulation, no activation could be observed in
the patient’s lymphocytes after that time (Fig. 4B, open
circle). In contrast, a robust and sustained ERK1/2 activation
could be measured in the presence of thrombin in the cells
of the patient (Fig. 4C, filled lozenge). Overall, the replicated
experiments suggest a slightly increased ERK1/2 activation by
renin in control (117+19%) compared with patient’s cells
(90+14%).

DISCUSSION

Besides its classical involvement in cardiovascular and renal
physiology, the RAS has been shown to be associated with a
wide variety of other events ranging from tissue remodelling,
inflammation and atherosclerosis to learning, memory and
cognitive functions (4). The existence of an intrinsic RAS
was demonstrated in the central nervous system and the eye
(5,8). The importance of the RAS in the central nervous
system was further demonstrated when some families with
XLMR were found to have mutations in a gene of the angio-
tensin pathway, AGTR2 (7). However, the role of some of
the missense mutations and the frequency of mutations in
AGTR2 in non-specific XLMR are presently a matter of
debate (9).

Figure 4. (A) Analysis of the protein forms of the renin receptor by metabolic labelling with 35S-methionine and immunoprecipitation. Lane 1: full-length
(42 kDa) and D4-renin receptors (39 kDa) in patient’s cells; lane 2: control lymphoblastoid cells. (B) Time course activation of ERK1/2 in the patient’s lym-
phocytes (open circle) and in the control lymphocytes (filled square) stimulated by renin (10 nM) in the presence of 1 mM losartan. The phosphorylation of ERK1/
2 was studied by western blot and the intensity of the bands were scanned and analyzed using the NIH IMAGE software (Bethesda, MD, USA) (2). The ratio
active/total ERK1/2 was normalized and plotted. (C) Time course activation of ERK1/2 in the patient’s lymphocytes stimulated by thrombin 10 nM (filled
lozenge) and in the human primary mesangial cell (open square) stimulated by renin 10 nM. The values represent mean + SD of four independent experiments,
except for mesangial cells (three experiments). �P, 0.05 compared with time 0 (t-test).
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We show that a silent mutation (c.321C.T, p.D107D) in
the ATP6AP2 gene results in XMRE. Analysis of the
genomic sequence affected by the c.321C.T transition
revealed that it resides in a putative exonic splice enhancer
(ESE) site, which when mutated can cause exon skipping
(10–12). Several sequences for putative ESE elements for
different specific serine/arginine-rich (SR) proteins have
been published. The 7 bp consensus sequence for the SF2/
ASF protein has been reported to be (C�G.A)
(A.G.U.C) (C or G) (A.C�U) (C or G) (G�U) (A or
U.G) (12). The wild-type sequence in our putative ESE
motif is GACAGUG, which is converted into GATAGUG in
K8355 (Fig. 3A, left). As described in a recent review
article (11), silent mutations in putative ESE elements can pre-
dispose for exon-skipping events as in the case of proximal
spinal muscular atrophy (13). However, a number of missense
or silent mutations in different genes causing splice variants
resulting in disease phenotypes have been described without
revealing a common pattern or strictly conserved ESE
motifs (11).

Mutations in such cis-elements that are responsible for the
correct splicing of genes have also been associated with
other disease entities (11). Likewise, in case of the MAPT
gene, the alteration of a combined ESE/ESS (exonic splicing
silencer) element in exon 10 leads to disruption of a proper
ratio of two isoforms of the microtubule associated
protein tau (in frame inclusion or exclusion of exon 10) that
can give rise to fronto-temporal dementia and parkinsonism
associated with chromosome 17 (FTDP17) (14).

In support of our result, Amsterdam et al. (15) used
insertional mutagenesis to show that the ATP6AP2 gene is
one of a group of genes essential for early development in
zebrafish. More importantly, the insertional mutation in the
ATP6AP2 gene led to an embryonic phenotype with no
pigmentation, underdeveloped liver/gut, a smaller head,
central nervous system necrosis by day 5 postfertilization
and was lethal. Therefore, a mutation causing complete inac-
tivation of the ATP6AP2 gene obviously has a more dramatic
consequence than the mutation seen in the XMRE family.
Furthermore, the organ specific phenotype in the patients

might be explained by a rather specific impairment of the
renin receptor.

Our experiments indicate that wild-type mRNA of the
ATP6AP2 gene is not diminished in the patient. However,
the fact that the D4-variant is increased in the patient to a
similar level as the wild-type mRNA, makes it likely that
functionally impaired renin receptor molecules are generated
via dimerization (2). The observation that this altered renin
receptor still binds renin and facilitates Ang I generation on the
cell surface, indicating that the downstream angiotensin
pathway is not involved in the disease, in contrast to the
families with AGTR2 deficiency (7). Thus, our hypothesis is
that the D4-variant of the renin receptor may prevent the
recruitment of a yet unknown intracellular substrate that medi-
ates ERK1/2 activation independently of the angiotensin
pathway.

Noteworthy, the renin receptor organization is reminiscent
to that of cytokine receptors (16–19). It is known that
ligand binding induces the dimerization of such cytokine
receptors that is accompanied by reorientation of domains
within the receptor dimer (16,17). The importance of receptor
flexibility and the need for conformational change of the dimer
to recruit and activate its target protein have been demon-
strated (18,19), and we, therefore, suggest that the D4-
variant of the renin receptor prevents the flexibility of the
receptor and precludes the necessary conformational change
of the entire molecule necessary to recruit the postulated intra-
cellular substrate.

The importance of the MAP kinases ERK1 and ERK2 in
memory consolidation and long-term potentiation has been
shown (20,21). Therefore, it might be reasonable to link the
mental retardation and epilepsy observed in the affected
males with XMRE to a slightly changed activation of these
molecules by the impaired renin receptor. Indeed, these MAP
kinases can integrate the signalling triggered by several
ligands and receptors to activate downstream effectors such
as CREB/CBP and RSK2 (22). Haploinsufficiency of CBP is
associated with Rubinstein–Taybi syndrome that includes
cognitive deficits presumably resulting from impairments of
long-term-potentiation (23). Mutations in the RSK2 protein

Figure 5. (A) 125I-renin binding to patient (D4), to control lymphoblastoid cells and to U937 monocytic-macrophages cells. Total binding (empty bars) and non-
specific binding (filled bars) were performed in the presence of 100 nM cold renin. The results represent mean + SD of two independent experiments performed
in triplicate. (B) Angiotensin I generation by equivalent concentrations of renin (250 pM) bound to patient’s cells (square), to control cells (circle) (2 � 106 cells/
point) or to renin in solution (triangle) in the presence of increasing concentrations of angiotensinogen.
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are associated with Coffin–Lowry syndrome, another XLMR
disorder (24). Finally, it is important to note that renin receptor
interaction with renin was recently reported to be essential for
human glial cell proliferation and survival (25).

In conclusion, our study provides the first evidence for the
importance of the renin receptor in cognitive function.
Furthermore, a defect in the ATP6AP2 gene also gives rise
to seizures. Apparently, the consequences of the mutation do
not affect the downstream angiotensin system. Additional
experiments, such as the analysis of other regulators, involved
in the renin pathway and the extension of such experiments
to neuronal cells are required to substantiate the proposed
direct connection between the renin receptor and MAP
kinases ERK1/2.

MATERIALS AND METHODS

Patients

Family K8355 was ascertained when two brothers with seizures
and ataxia (III-17, III-18, Fig. 1) were referred for syndrome
identification. The family history was significant in that their
mother was one of eight females, five of whom had boys with
mild to moderate mental retardation. In all, there were eight
affected males in one generation. All had seizures associated
with variable combinations of speech delay, ataxia, hyperac-
tivity and impulsive, aggressive behaviour. Independently, a
group from the Department of Neurology at the University of
Michigan ascertained and also clinically characterized this
same family and no abnormalities in cardiovascular and renal
physiology were described for the affected males (6). On the
basis of the constellation of clinical features, these authors
designated the syndrome as XLMR and XMRE syndrome
(OMIM no. 300423), distinguishable from West syndrome
(OMIM no. 308350) based on the degree of retardation and
the pattern of seizures (6). Informed consent was obtained
prior to participation and these studies were approved by the
Institutional Review Committee of Self Regional Healthcare
(Greenwood, SC, USA). DNA and RNA were isolated from
blood samples and from immortalized cell lines, established
from peripheral lymphocytes using standard protocols.

Linkage analysis

Twenty-eight microsatellite markers (available on request),
spread along the entire X-chromosome as well as DXS8054
and DXS1049, were used for linkage analysis as described
previously (26). The forward primers were synthesized with
a fluorescein-tag (Fluore Prime, Amersham) at the 50 end.
Microsatellite polymorphisms were analyzed on the Auto-
mated Laser Fluorescent sequencer (ALF, Amersham) using
the Fragment manager and the Automated Linkage Preproces-
sor (ALP) software. Two-point LOD scores were calculated
using the Fastlink 3.0 programme (27). The gene frequency
for XMRE was set at 0.0001 and the penetrance in affected
males was set at 1.0.

DNA sequencing

We obtained the ATP6AP2 sequences by sequencing BAC
RP11-126D17. A 2.3 kb sequence located upstream of the
initiation codon and the entire genomic region from exon 3
to exon 5 were obtained by amplifying overlapping fragments
from patient III-8 (Fig. 1). Exons 1–2 and exons 6–9 were
amplified with the adjacent intronic sequences (available on
request). Direct double-strand sequencing was done by using
Big Dye 2 kits (Perkin Elmer, Heidelberg) with separation
of the fragments on an ABI 377 sequencer.

Mutation screening

The sequences of the primer pairs used for PCR- and sequen-
cing reactions for the additional 25 screened genes (Fig. 2) are
available on request.

DHPLC analysis and restriction digest

Exon 4 of controls (228 healthy males and 300 healthy
females from Southern Germany) and patients was amplified
using the primer sequences 50-GATGGGAGATACAG
ACTTGG-30 and 50-ATAAGGAGTGAATGGAATTTG-30.
A double peak for the C ! T variant was seen using the
WAVE-System (Transgenomics, Omaha, NE, USA) after
addition of wild-type DNA under the following conditions:
gradient of B-buffer: 51–61%, running temperature: 578C.
Exon 4 from 372 healthy males from South Carolina (USA)
and members of the XMRE family was analyzed by a different
method. As the c.321C.T change did not create or destroy
any restriction enzyme site, a modified primer (ATP Ex 4
des; 50-AATTTCAGGCAGTT-CCTTTTAGTCTTGC-30) was
designed to introduce a C at position c.320, next to the
c.321C.T alteration (28). This primer creates a Bfa I site in
the sequence carrying the mutation. The designed primer in
combination with primer ATP Ex 4: (50-GTTCCAATACCC
AGAGGTA-30) amplified a product of 239 bp which when
digested with Bfa I results in two fragments (211 and 28 bp)
visualized on a 2.5% agarose gel (Fig. 1). The validity of
this approach was shown by analyzing obligate carriers as
well as affected and non-affected males from the family also
by the DHPLC method.

Reverse transcription experiments

The entire cDNA of the ATP6AP2 gene was amplified from
patient III-8 (Fig. 1) and two healthy controls by generating
three overlapping fragments. These fragments were obtained
with the following primer pairs: 1F: 50-ACCTCCTCACG
CTGCGGCTG-30, 1R: 50-AGGCGATTACGGAGCTGGC
G-30; 2F: 50-GCTCCCAGTGAGGAAAGAGTG-30, 2R: 50-G
TCCTTGTCTTCCTAATGAGGG-30; 3F: 50-GGTGGGAAT
GCAGTGGTAGAG-30, 3R: 50-CTATACCACAGTGGGATT
CACG-30. Positions of these primer pairs in the gene are
indicated in Figure 2C.
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Protein sequence alignment

The predicted protein sequences of different species were
aligned using ClustalW Multiple Sequence Alignment
software.

Real time PCR

RNA was reverse transcribed using a first Strand cDNA Syn-
thesis Kit (Roche Diagnostics). PCR amplification and detec-
tion on the Light Cycler was performed using the DNA
hybridization probe format. Reactions were performed in a
20 ml volume using 1 ml cDNA, 2 ml LightCycler-FastStart
DNA Master Hybridization Probes Mix (10�, Roche) and
5 ml Detection Mix (including primer and hybridization
probes). Primers and probes were designed by TIBMOLBIOL,
Berlin, Germany and had the following sequences: forward
primer: 50-CCAGGACTCGCAGTGGGTAA-30, reverse primer
1: 50-TGTCAAGACTAAAAGGAACTGCAT-30, reverse
primer 2: 50-TCCCTACCATATACACTCTATTCTCCAAA-30,
FL-probe: 50-GGTAGAGCCAGTTTGTTCACTCCCT-30,
LC-probe Red640: 50-CACCATCACCATGACGGTAGCCC
-30. PCR efficiencies were estimated by performing standard
curves using PCR products of the gene in defined quantities
(1�106 copies, 1�105 copies, 1�104 copies, 1�103 copies,
1�102 copies, 2.5�101 copies) (Roboscreen, Leipzig,
Germany). For dual-colour PCR, the human hypoxanthine-
phosphoribosyl-transferase (h-HPRT ) gene was co-amplified
and detected together with the ATP6AP2 gene in the same
capillary. The hybridization probes for the ATP6AP2 gene
were labelled with Red 640, and the h-HPRT PCR with Red
705. Each dual-colour reaction was performed in a 20 ml
volume using 4 ml cDNA, following the Roche standard pro-
tocols. The LightCycler Color Compensation Set was used
to avoid crosstalk between the two detection channels.

Northern hybridization

cDNA of the renin receptor was radiolabelled using the
Random Primed DNA Labeling Kit (Roche Diagnostics) and
hybridized to membranes containing human multiple tissue
cDNA panels (MTC panels from Clontech Laboratories,
Palo Alto, CA, USA). Hybridization and washing of the mem-
branes was performed using ExpressHyb hybridization solu-
tion (Clontech) according to the recommendation of the
manufacturers.

Metabolic labelling and immunoprecipitation

The cells were cultured in DMEM without methionine and
supplemented with 35S-methionine (30 mCi/ml) for 36 h.
Cell pellets were lysed and the lysate was incubated with a
polyclonal antibody to the renin receptor, the complexes
were precipitated with protein G sepharose and analyzed by
SDS–PAGE and fluorography (2). The antibody used was
raised against two peptides corresponding to amino acids
221–235 and 327–350 (2).

Study of the renin receptor functions

The kinetics of Ang I generation by receptor-bound renin and
renin in solution and the analysis of ERK1/2 activation were
studied as described previously (2).

SUPPLEMENTARY MATERIAL

Supplementary Material is available at HMG Online.
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