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Klk1 as One of the Genes Contributing to Hypertension in
Dahl Salt-Sensitive Rat

Naoharu Iwai, Naomi Yasui, Hiroaki Naraba, Naomi Tago, Hideyuki Yamawaki, Hiroshi Sumiya

Abstract—A genome-wide quantitative trait loci analysis for blood pressure was performed using 107 male F, rats derived
from Dahl salt-sensitive and Lewis rats. Blood pressure was assessed by telemetry, and >400 microsatellite markers
were used for genotyping. Two major quantitative trait loci for blood pressure were identified at chromosome 1 and
chromosome 10. The expression levels of 366 transcripts around the chromosome 1 quantitative trait loci were assessed
by RT-PCR, and we found that the Klk! (kallikrein 1) and Ngfg (nerve growth factor gamma) mRNA levels were
significantly reduced in the kidneys of Dahl salt-sensitive rats compared with those in Lewis rats. The expression levels
of kallikrein 1 protein were also suppressed in Dahl salt-sensitive rats compared with those in Lewis rats. Because the
kallikrein—kinin system has been shown to be involved in renal function, including salt homeostasis, it is likely that the
reduced expression of KlkI contributes to salt-sensitive hypertension in Dahl salt-sensitive rats. (Hypertension. 2005;

45:947-953.)

Key Words: kallikreins & rats, Dahl ® genetics

Dahl salt-sensitive rats have been widely used for the
investigation of salt-sensitive hypertension. Sixteen
genomiic regions containing quantitative trait loci (QTLs) for
blood pressure (BP) regulation have been reported in this
strain.'-* However, the genes responsible for this salt-
sensitive hypertension have not yet been confirmed, despite
numerous genetic studies.

A possible explanation for the lack of identification of the
responsible genes in rat genetic studies to date might be the
incompleteness of the rat genome data. The Rat Genome
Project is now almost complete,* and thus, it is now possible
to obtain information on almost all of the protein-coding
genes in candidate loci for a given phenotype.

Another drawback in previous rat genetic studies was the
method used to assess BP. The BP levels of F, rats were
usually measured either with a tail-cuff method or with a
temporary inserted arterial catheter. The validity of these
classic methods of BP measurement is not concretely estab-
lished, and furthermore, largely dependent on the skill levels
of the individual researchers. Moreover, with these method-
ologies, circadian rhythm changes in BP cannot be adequately
assessed. In the present study, these drawbacks were over-
come by using telemetry.

In the present study, a genome-wide QTL analysis for BP
was performed using 107 male F, rats derived from Dahl
salt-sensitive (DS) and Lewis (LEW) rats. The BP was
measured by a telemetry system, and the genotypes of the F,
rats were determined with >400 genetic markers throughout
the genome. Major QTLs were identified for daytime and

nighttime BP (systolic and diastolic) levels. Next, we as-
sessed the expression levels of 366 transcripts in the promi-
nent QTLs and identified 2 transcripts that were differentially
expressed in the kidneys of the 2 strains.

Materials and Methods

Experimental Animals

DS and LEW rats were purchased from Sunplanet (Tokyo, Japan)
and Charles River Japan (Yokohama, Japan), respectively. Rats were
housed in a temperature-controlled room with the light on from 7:00
AM to 7:00 pm (daytime) and fed normal rat chow (0.5% NaCl; Clea
Japan) and tap water ad libitum,

Male DS rats were mated with female LEW rats to produce F, rats,
and F, rats were then intercrossed to produce an F, population
consisting of 107 male rats. F, rats were started on an 8% NaCl diet
(Oriental Yeast) at 5 weeks of age according to the protocol
described by Rapp et al.! Radiotelemetry devices (Data Sciences
International) were implanted into the lower abdominal aorta of F,
rats at 9 weeks of age using sodium pentobarbital as an anesthetic
agent (25 mg/kg IP). At 14 weeks of age, BP and heart rate were
continuously measured for 44 hours (daytime 7:00 aAM to 7:00 py;
nighttime 7:00 PM to 7:00 aAM), and the data obtained during the latter
24 hours were used for analyses. The results were analyzed using
Fluclet TM software (Dainippon Pharmaceutical).” The present study
was conducted in accordance with current guidelines for the care and
use of experimental animals of the National Cardiovascular Center.

Genotyping and QTL Analysis

Genotyping was performed by PCR using appropriate PCR primer
pairs (custom-made by Amersham Pharmacia Biotech), based on
information from the Rat Genome Database (http:/rgd.mcw.edu/)
and Ratmap (http://ratmap.gen.gu.se/). We found sequence varia-
tions between DS and LEW rats in several genes, and these
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TABLE 1. Primers for Members of the Kallikrein Gene Family
Gene Name Other Name(s) Expression Sense Primer Antisense Primer

1 L0C308562 KLK14 ND CATGTTGAGGACATCAAAGCAAG CCGCACTTTCCTCTGTAGCTTC

2 L0C292848 KLK13 ND GAACATCAAGATTGAGAAGGCCC GCTGGACAGGAGACTTCAACTCC

3 L0C308564 KLK-L5 ND CATCAGCTTGACCTATGCTGTCC GACCGAGGGAACCAGTTAGTTG

4 L0C292849 hippostasin prostate type ND GGCCATGATGATTCTCCGATTC CGCACAGCTCGGGTAATGAAG

5 10C361562 ND GAACTGGAGGTTATGGAAGAGGG GTCACAGCCCTCTCTGAGCC

6 L0C292850 KLK10 ND CTCTCCTCAGCCAGAAGCAG GGATGCATTCTCAGAGGTGTG

7 L0C292851 KLK-L3 ND TAGTGCTGTTCTCTCTGCTGGC GCATGGTGTCAAATAAGCTTGTTG

8  LOC308565 KLK8 ND CAATCCAGACGTGGATCCTTC CGAGGTTTGCTGAGTTCTGE

9 L0C292852 Thymopsin ND GAGGATCAGAGTGCCCAGAGG GGACACCAGACCTTGAAGGGTG
10 KLK6 ND CTGAGACTTTCCAAAGGCAAATC CTGGACATCTGAAGGCTCTGAG
1 L0C308566 KLKS ND GAGGCCACGCCTTACTATCAGAACTC GAACATCTGCTGCCCAGACTC
12 L0C292855 KLK12 ND CTCTTCCTGTCCGTGGGACGAAT CATCTGTCACCATCTGTGTGTG
13 L0C292858 KLK10 ND CCAGGCCAGATAAGTCTCTAAGTGC GGTAATTCCCAATTCAGGGGTTTG
14 L.0C292861 KLK4 ND CACTACAACCATACCGGTATCTGAC GGTAATTCTGATATAAGGGGTTTT
15 Ton Tonin ND CCCTAGTCCTGTCCGTGGGACGAAT CTTACTACCATCTCAGAGGGGTTG
16 L0C292866 KLK8 ND TCCTCATCCTGTCCCTGGGATGGAA GGAAATTCCCATTTGAGGGGTGTG
17 L0C292868 53 KLK/KLK9 ND CCTGCTGCTACTGGACACACGATAT CTTAATTTCATCTCAGAGGGGTTG
18 LOC365240 ND CATACAGTGCCTTCATCAGCC GTGGCAGAATCAGTCAATGGC
19 KLK1 KLK7 D<L CCTGATCCTATTCCTCGACCTGTCCCTG GTAGATGGCTGGCATGTTGGTTTTGG
20 L.0C282872 S1/KLK3 ND TGTCTGTACGGACTCTTATTCACAGA GGGAATTCCCACTCAGAGGGGTTG
21 L0C292873 Prostin ND GAGCCCACTGAGGAGGCTAAG GTTGTTCTGGGCCATCGAAC
22 Nofg KLK1 D<L CCTGCTGCTCCTGCATGCCTGTTAC CTTAATTCCAATCCGTCAGGTGTG

Blast analysis in the rat genome with the Klk1 sequence identified 22 homologous sequences. Primers were set an separate exons when possible
transcripts have introns, and were selected to gene-specific sites to avoid cross-amplification from homologous genes. Expression was determined

by RT-PCR in the kidneys.
ND indicates not detected.

polymorphisms were also included in the genotyping data. The raw
data are provided as a supplement (supplemental Table I, available
online at http://hyper.ahajournals.org). We separately analyzed
QTLs for daytime systolic BP (D-SBP), diastolic BP (D-DBP),
nighttime systolic BP (N-SBP), and diastolic BP (N-DBP) levels
using MapManager QTLb20.¢ We first performed Quick Test to
obtain significant thresholds for BP values. The likelihood ratio
statistics (LRSs) for suggestive, significant, and highly significant
loci were calculated to be 12.3, 17.7, and 25.9, respectively. Next, we
performed marker regression for these 4 BP values. The most
significant QTL was added to the background, and a second marker
regression was performed to obtain the second QTL, which was
added to the background to obtain the third QTL. We obtained 1
significant (chromosome 1) and 1 or 2 suggestive QTLs (chromo-
some 10 and chromosome 12) for these 4 BP values. Interval
mapping of chromosome 1 was performed (free model) with other
QTLs included as background.

RT-PCR Analysis of Expression Levels

of Transcripts :

For the screening of differentially expressed transcripts, we analyzed
the expression levels of transcripts in the kidneys of DS and LEW
rats (5 weeks of age) on a normal diet (n=2 in each group). The
expression levels of transcripts were assessed by simple RT-PCR at
25 and 32 amplification stages because overamplification might
obscure possible differences in expression levels. A 2.5-fold differ-
ence can be reliably detected by this method, provided the expression
level of the target mRNA is between the Ngfg (nerve growth factor
gamma) mRNA level and 1/1000 of that level (supplemental Figure
I). After this initial screening, several possible transcripts that might

be differentially expressed were subjected to precise estimation by
competitive RT-PCR analyses with 18s ribosomal RNA as an
internal control (QuantumRNA 18s Internal Standards Kit; Ambion).
Because the 18s ribosome RNA level is extremely high, the PCR
primers for 18s cDNA amplification are diluted by 18s competimers
to reduce the efficiency of amplification to attain a comparable level
to the target. The 18s competimers are modified at their 3' ends to
block extension by DNA polymerase. The ratios of the 18s primers
to 18s competimers were 3:7 for the Kik! (kallikeein 1) and Ngfg
mRNAs. The relative intensity of the PCR product from the Klkl
(721-bp) or Ngfg (529-bp) mRNA to the PCR product from 18s RNA
(488-bp) was assessed by a densitometer. This assessment was
performed within a range in which a linear relationship was
maintained between the expression levels and the ratios of the PCR
products. The expression levels were assessed in the kidneys of
5-week-old DS rats, 5-week-old LEW rats, 14-week-old DS rats
under normal diet, 14-week-old LEW rats under normal diet,
14-week-old DS rats under a high-salt diet, and 14-week-old LEW
rats under a high-salt diet (n=4 in each group).

The 366 transcripts that were analyzed and their amplification
primers are provided as a supplement (supplemental Table II). Sense
and antisense primers were derived from separate exons when the
transcripts had introns. RNA samples were briefly treated with
DNasel and extracted with phenol-chloroform before reverse tran-
scription to prevent possible amplification from contaminated ge-
nome DNA, which might obscure the expression levels of the
intron-less transcript. Primers for the kallikrein gene family were
derived from gene-specific sequence regions (Table 1) to avoid
cross-amplification of homologous sequences, which had been
confirmed by direct sequencing of the PCR products.

24-
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TABLE 2. “Marker Regression Analysis of BP

BP Marker LRS BP Marker LRS
D-SBP Chi D1Rat410 18.4 N-SBP Cht D1RatArb33 14.8
D1Rat27* 18.8 DiRat410 19.1
Ngfg 14.6 DiRat27* 20.4
D1Mgh7 14.6 Ngfg 16.9
lgfir 13.1 DiMgh7 14.3
D1Rat269 13.2 lgfir 12.8
D1Rat35 13.5 D1Rat269 124
lggap1 16.0 D1Rat35 12.8
Pex1la 16.6 Pex11a 13.3
NTRK3 16.9 NTRK3 12.8
Ch10 Pex12 127
D-DBP Chi D1Rat410 15.0 N-DBP Chi D1Rat410 13.6
D1Rat27* 16.8 D1Rat27* 15.4
Nofg 144 Ngfg 13.4

DiMgh7 124
ch10 D10Raf98 13.6
Ch10 D10Rat98 14.5 Pex12 133

Pex12 14.9

Cht2 D12Arb6 137

MapManagerQTX quick test indicated that the LRS values were 12.3, 17.7, and 25.9 for suggestive
locl, significant loci, and highly significant loci, respectively. Marker regression analysis was
performed using these 4 BP values. The most significant QTL was added to the background (indicated
by *), and a second marker regression was performed to obtain the second QTL, which was added
to the background to abtain the third QTL. We oblained 1 significant {chromosome 1} and 1 or 2
suggestive QTL (chromosome 10 and chromosome 12) for these 4 BP values.

Western Blotting

Rabbit polyclonal antibody against rat urinary kallikrein was ob-
tained from Merck Biosciences (formerly Calbiochem), which rec-
ognizes the active and inactive (prepro) forms.

LEW and DS rats (5 weeks old; n=4) were euthanized and
kidneys were harvested. Kidneys were frozen in liquid N, and were
homogenized in Triton-based lysis buffer (1% Triton X-100,
20 mmoVL Tris, pH 7.4, 150 mmol/L. NaCl, 1 mmol/L. EDTA,
1 mmol/L EGTA, 2.5 mmol/L. sodium pyrophosphate, 1 mmol/L
B-glycerol phosphate, 1 mmol/L. Na,VO,, 1 ug/mL leupeptin, and a
0.1% protease inhibitor mixture [Nacarai Tesque]). The protein
concentration was determined with the bicinchoninic acid method
(Pierce). Equal amounts of proteins (60 wg) were separated by
SDS-PAGE (7.5%) and transferred to a nitrocellulose membrane
(BioTrace NT; Pall Corporation). After blocking with 5% BSA,
membranes were incubated with primary antibody (1:1000 dilu-
tion) at 4°C overnight, and membrane-bound antibodies were
visualized by horseradish peroxidase-conjugated secondary anti-
bodies (1:10 000 dilution; 1 hour) and an ECL system (Amersham
Biosciences). The expression levels were determined by
densitometry.

Results

Linkage to BP

A total of 418 polymorphic markers in all of the 107 F, rats
were genotyped, and some of them gave identical genotype
data. Thus, the data on 383 effective genotypes were finally
obtained (supplemental Table I).

Table 2 gives the results of the analysis using the Map-
Manager QTX program for linkage to BP in the F, (DSX
LEW) population. Separate analyses were conducted of the
D-SBP, D-DBP, N-SBP, and N-DBP values. Table 2 shows
only the markers that yielded an LRS of at least a sugges-
tive level of significance (ie, >12.3). The QTLs for N-SBP
were around DJRat27 and Pexi2 (Chl0). Those for
N-DBP were around DIRat27 and DI0ORat98, those for
D-SBP were around DIRat27, and those for D-DBP were
around DIRat27, Pexi2, and DI12Arb6.

Figure 1 provides LRS plots for the linkage to BP for
chromosome 1 controlled by other suggestive loci, The
chromosome 1 region near DI1Rat27 is the most prominent
and consistent QTLs for all of the BP values.

Identification of Candidate Genes in the
Chromosome 1 Region

We next focused on the chromosome 1 region near DIRat27
(at 90.3 mol/L). A total of 366 transcripts were found from
this region between Cyp2a2 (82.1 mol/L) and loc292934
(99.5 mol/L); and RT-PCR expression analysis was per-
formed (supplemental Table IT). The expression of 240 genes
was detected in the kidney of the 366 possible transcripts. As
shown in Figure 2, the Klk] and Ngfg mRNAs were found to
be differentially expressed between the kidneys of DS and
LEW rats. Klkl and Ngfg are members of a large kallikrein
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Figure 1. Interval mapping analysis of

LRS

BP QTL on chromosome 1. Interval map-
ping analysis of BP values was per-
formed on chromosome 1 with other

D1be33  DIMph7?

gene family. Gene-specific primers for the kallikrein gene
family were set up as described in Materials and Methods
(Table 1). Direct sequencing confirmed that the PCR products
originated from the Klkl and Ngfg transcripts. Three-way
ANOVA indicated that weeks of age (P=0.0023) and strain
difference (P=0.0046) but not salt loading (P=0.8884)
significantly affected the Kikl mRNA levels (P=0.0006).
The Klki mRNA level in LEW rats was 2.7-fold higher than
that in DS rats. This differential expression was reconfirmed
by the competitive RT-PCR method, in which a deletion
mutant cRNA for Klkl was used as an internal standard
(supplemental Figure II).

Three-way ANOVA indicated that strain difference
(P<<0.0001) but not weeks of age (P=0.3629) or salt loading
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Chromosome 1 (cM)

(P=0.3410) significantly affected the Ngfg mRNA levels
(P=0.0005). The Ngfg mRNA level in LEW rats was 3.4-fold
higher than that in DS rats at 5 weeks of age. The Ngfg
mRNA level in LEW rats was 1.5-fold higher than that in DS
rats at 14 weeks of age.

Sequence analysis of the entire KlkI and Ngfg sequences
including the ~1-kb promoter and ~1-kb 3’ regions in DS
and LEW rats revealed no sequence difference except in the
number of TC repeats in intron 1 of Ngfg: the number was 24
and 26 in DS and LEW rats, respectively.

This differential expression was also confimed by West-
ern blot analysis (Figure 3). A primary antibody recogniz-
ing rat urinary kallikrein corresponding to KLK1 was used.
In DS rats, KLK1 expression was significantly suppressed

Ngfg mRNA Level

5 "

4 week

LEW DS LEW. DS- LEW+ DS#+

5w 5w 4w 14w 14w 14W
LEW DS LEW- DS~ LEWH DS+

Figure 2. Expression levels of Klk7 and Ngfg mRNA in the kidneys of DS and LEW rats. Expression levels of the Klk7 and Ngfg mRNA
were assessed by competitive RT-PCR using 18s ribosome RNA as an internal standard. The ratios of 18s primer to 18s competimer
were 3:7 for the Kik7 and Ngfg mRNAs. The size of the PCR products from the Kik1, Ngfg, and 18s RNA was 721 bp, 529 bp, and 488
bp, respectively. Three-way ANOVA indicated that weeks of age (P=0.0023) and strain difference (P=0.0046) but not salt loading
(P=0.8884} significantly affected the Klk7 mRNA levels (P=0.0008). Moreover, 3-way ANOVA indicated that strain difference (P<0.0001)
but not weeks of age (P=0.3629) or salt loading (P=0.3410) significantly affected the Ngfg mRNA levels (P=0.0005). Each group con-
tains 4 rats (n=4). 5W LEW indicates 5-week-old LEW rats under normal diet; 5DS, 5-week-old DS rats under normal diet; 14LEW—,
14-week-old LEW rats under normal diet; 14DS—, 14-week-old DS rats under a high-salt diet; 14LEW4, 14-week-old LEW rats under a
high-salt diet; 14DS+, 14-week-old DS rats under a high-salt diet. The expression levels of the Klk7 and Ngfg mRNAs in 5-week-old
DS rats are arbitrary defined as 1.0. Vertical bars indicate SDs.
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Figure 3. Expression levels of KLK1 protein in the kidneys of DS
and LEW rats. KLK1 protein expression was assessed in the
kidneys of DS and LEW rats (n=4) by Western blot analysis. A,
Top, Upper (=44-kDa) and lower (~38-kDa) bands represent
prepro(inactive) and active KLK1, respectively. B, Bottom, KLK1
expression is shown as fold change relative to LEW rats (n=4).
Vertical bars indicate SDs.

compared with LEW rats. It should be noted that prepro-
kallikrein (44 kDa) and active kallikrein (38 kDa)? were
detected by this antibody, and the expression levels of both
forms, especially those of active form, were suppressed in
DS rats.

Discussion

In the present study, a genome-wide F, (DS X LEW) analysis
with ~400 markers and telemetry-based BP assessment was
performed. The major QTLs for N-SBP, N-DBP, D-SBP, and
D-DBP were identified. The most prominent and consistent
QTLs for BP were identified on chromosome 1 near the
kallikrein gene family. RT-PCR analyses showed that 2
transcripts in this region, namely KikI and Ngfg mRNA, were
differentially expressed in the kidneys of the 2 strains.

The kallikrein—kinin system has long been suspected to be
involved in salt-sensitive hypertension in Dahl rats,82 Knock-
out mice that lack a bradykinin-B2 receptor have been shown
to have salt-sensitive hypertension.!9-12 A rat strain inbred for
low urinary kallikrein excretion has also been reported to
show salt-sensitive hypertension.!? As clarified in the present
study, Klk] mRNA expression levels in the kidney were
lower in DS rats than in LEW rats. Therefore, it is likely that
Klk1 contributes to hypertension in DS.

Lower urinary excretion of kallikrein-like activity has been
reported in DS rats,*® and adenoviral transfer of the human
kallikrein 1 gene has been reported to ameliorate hyperten-
sion and hypertension-associated target organ damage in DS
rats.'4!> Based on these reports, it is likely that the low
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expression of Klk/ in DS rats is responsible for salt-sensitive
hypertension. On the other hand, mice lacking KikI have
been reported to exhibit cardiovascular abnormalities with
normal BP.16.17 The hearts of these mice exhibited septum
and posterior wall thinning and a tendency for dilatation,
which led to decreased cardiac function. Thus, the normal BP
in these mice, despite increased vascular resistance,!” reflects
a reduced cardiac function. Therefore, this knockout model is
not necessarily inconsistent with our hypothesis that the
reduced Klkl expression in DS rat kidneys is responsible for
salt-sensitive hypertension in DS rats.

The LRS plots for BP values of Chl (Figure 1) are
prominent and wide. Rapp et al reported the existence of 3
QTLs (QTL1a, QTLI1b, and QTL2) on Chl on the basis of
results in Dahl rat congenic strains with an introgressed LEW
rat Chl segment.'® In these congenic experiments, the Kik/
locus seemed to have only a slight effect on BP (=10mm Hg,
congenic line (Ch1X3)X12; Figure 2%), and an adjacent locus
distal to the KikI locus appeared to be important (QTL1a), If
2 responsible genes reside in a very close range, the QTL plot
will not give 2 separate peaks, but rather only 1 large
pseudopeak. In such a case, it would not be possible to
determine the precise location of the responsible genes only
by linkage.

Thus, it is possible that the reduced expression of KikI in
DS rats may have only modest effects on BP, and another
gene near the KlkI locus, which might have escaped the
systematic expression analysis performed in the present
study, might have profound effects on BP. Indeed, the
expression analysis in the present study has several limita-
tions; for example, subtle changes cannot be detected by the
PCR-based expression analysis, the target tissue might not be
the kidney, and the target gene might not be differentially
expressed.

The unsolved problem of the present study is the lack of
any significant sequence variations in Klk! and Ngfg loci
despite differential expression patterns. There would seem to
be 2 possible explanations. One is that the regulation of Kik/
might be influenced by regulatory sequences acting over
near-megabase distances. Recently, the existence of regula-
tory sequences acting over near-megabase distances has been
suggested.'® The size of genomic regions functionally linked
to a particular gene may thus need to be considerably
expanded.i920 The other explanation is that the downregula-
tion of KlkI in DS rats may be attributable to another gene
near the KIk/ locus. The rat kallikrein gene family apparently
consists of at least 22 genes encompassing >1 Mb.2:-23 The
physiological significance of each member in this family has
not been determined. It is also possible that Klkl expression
may be modified to compensate for derangement in other
members of this gene family. Such a compensatory decrease
in Kikl or Ngfg could lead to salt-sensitive hypertension in
the Dahl rat,

Whatever the reason for the downregulation of Klk/ in DS
rats, it has relevance to salt-sensitive hypertension because
adenoviral transfer of human kallikrein 1 gene has been
reported to ameliorate hypertension and hypertension-
associated target organ damage in DS rats.'+'S Based on the
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latter hypothesis, KIkI might not be a causative gene but
might be an effector for salt-sensitive hypertension.

Ngfg is also a member of the kallikrein gene family, and
the physiological substrates for Ngfg have not been con-
firmed.21-23 It is currently unclear whether the differential
expression of Ngfg between the 2 strains might be related to
salt-sensitive hypertension. Ngfg and Kik! were found to be
downregulated in DS, although no significant sequence dif-
ference was observed between DS and LEW rats. Because the
existence of large-scale copy number polymorphism has been
reported in the human genome,>* we assessed the copy
number of the Kkl locus in DS and LEW rats, and found no
significant difference. Coordinate suppression of Klkl and
Ngfg might support either a compensation mechanism or the
existence of long-range enhancers, as mentioned above.

In the present study, an assessment was made of 4
components of BP values: N-SBP, N-DBP, D-SBP, and
D-DBP. Unexpectedly, the major QTLs for these traits were
almost identical. Thus, the present results exclude the possi-
bility that nighttime and daytime BP might be influenced by
completely different sets of genes.

This investigation focused on the most prominent QTLs for
BP levels (ie, those around the DIRar27 locus). Although no
assessment was made of the expression levels of transcripts
around the second (PexI2 [peroxisomal biogenesis factor 12]
at Ch10) or third (D12Arb6) QTL, we noted the existence of
differentially expressed transcripts in the kidneys of DS and
LEW rats, namely Pnpo (pyridoxine 5'-phosphate oxidase) at
Ch10 and P2rx4 (purinergic receptor P2X, ligand-gated ion
channel 4) at Chl2, the differences for which had been
revealed by chance in our previous microarray analyses.®
However, a more thorough assessment will be necessary to
identify candidate genes in these QTLs that could contribute
to hypel’tehsion.

Garrett et al reported the existence of 9 BP QTLs (Chl, 2,
3,5, 8, 10, 16, 17, and 18) using F, derived from DS X LEW,
the same strains used in the present study. The most promi-
nent BP QTLs were reported on ChS and 10. Of these 9
QTLs, the QTLs on Chl, 5, 8, 10, and 17 were confirmed by
the establishment of congenic strains.!2627 In the present
study, BP QTLs were found on Chl, 10, and 12. The most
prominent BP QTL was on Chl. Garrett et al measured BP by
the tail-cuff method, and BP measured by this method is
likely to be influenced by stress (eg, by heating of the tails
and constrains). On the other hand, the BP QTLs detected by
the telemetry system are free from such stress. The discrep-
ancy observed between the 2 studies may be mainly attribut-
able to the difference in the methods of BP measurement.

Perspectives

The Rat Genome Project is almost complete,* and precise
maps of protein-coding genes are now available. Further-
more, the rat is an appropriate animal for the physiological
assessment of cardiovascular functions. Therefore, the rat is a
suitable model animal for identifying genes that are related to
cardiovascular diseases by means of a positional cloning
strategy. On the other hand, the existence of various noncod-
ing RNAs has been confirmed, including microRNAs, and it
is highly probable that these noncoding RNAs are involved in

gene regulation and gene—gene interactive network regula-
tion.2822 Moreover, the existence of large-scale copy number
polymorphism in the human genome has also been reported.?
An expression analysis of just the protein-coding genes might
not be sufficient for the identification of genes that contribute
to salt-sensitive hypertension.
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Abstract

MicroRNAs constitute a growing class of non-coding RNAs that are thought to regulate gene expression via translational repres-
sion. MicroRNAs are initially transcribed as several hundred-nucleotide pri-miRNAs and are then processed to ~60-nucleotide
hairpin pre-miRNAs. We hypothesized that polymorphisms in both pre-miRNA and mature microRNA modify various biological
processes by influencing the processing and/or target selection of microRNAs. In the present study, we sequenced 173 human pre-
miRNA genome regions in 96 subjects and found 10 polymorphisms in the 10 pre-miRNA hairpin regions. Although most of these
polymorphisms seem to have no effect on microRNA processing, we identified a C to A polymorphism in the mature miR-30c-2
sequence. This polymorphism may alter target selection and thus exert profound biological effects. To the best of our knowledge,

this is the first report of polymorphisms in pre-miRNAs.
© 2005 Elsevier Inc. All rights reserved.

Keywords: MicroRNA,; Polymorphism; Non-coding RNA; Genetic; Epidemiology; TagMan method

MicroRNAs constitute a growing class of non-coding
RNAs [1,2]. Most animal microRNAs are imperfectly
complementary to their mRNA targets and inhibit pro-
tein synthesis through unknown mechanisms. Several
microRNAs have been reported to modulate hemato-
poietic lineage differentiation [3], adipocyte differentia-
tion (4], and insulin secretion [5], indicating that they
could play important roles in numerous biological pro-
cesses. The high degree of phylogenetic conservation in
pre-miRNA sequences also supports the importance of
this biological system [6].

MicroRNAs are initially transcribed as several hun-
dred-nucleotide pri-miRNAs and are processed to
~60-nucleotide hairpin structure called pre-miRNAs
[7}. Mutational analysis of the extended miR-30a
stem-Jloop has shown that disruption of the stem blocks
microRNA production [8]; however, the actual sequence
of the stem does not appear to be functionally relevant

* Corresponding author. Fax: +81 6 6835 2088.
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nor does the sequence of the terminal loop appear to
be important.

We hypothesized that polymorphisms in pre-miRNA
and/or mature microRNA modify various biological
processes by influencing the processing and/or target
selection of microRNAs. However, the existence of poly-
morphisms in the human microRNA system has not yet
been reported. In the present study, 173 human pre-
miRNA genome regions in 96 subjects were sequenced
and 10 polymorphisms in 10 pre-miRNA hairpins were
identified. Furthermore, a C to A polymorphism in the
mature miR-30c-2 sequence was also identified.

Materials and methods

Sequence analysis of microRNA genes. The pre-miRNA sequences
were obtained from the microRNA registry (http://www.sanger.ac.uk/
Software/Rfam/), and the corresponding genome regions were ob-
tained by Blast analysis (http://www.ncbi.nlm.nih.gov/genome/seq/
HsBlast.html). Genome regions corresponding to the 173 pre-miRNAs
were sequenced (Table 1), The polymorphisms outside pre-miRNA
region will be provided on request. Sequence analyses were performed
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Table 1

List of the 173 microRNA genes investigated in this study

let7a-1 let7a-2 let7a-3 let7b let7c let7d let7e let7£2 let7g let7i
miR-[-1 miR-l-2 miR-7-1 miR-7-2 miR-7-3 miR-9-] miR-9.2 miR-9-3 miR-10b miR-15a
miR-15b miR-16-1 miR-16-2 miR-17 miR-18 miR-20 miR-21 miR-23a miR-23b miR-24-1
miR-24-2 miR-26a-1 miR-26a-2 miR-26b miR-27a miR-29b-2  miR-29¢ miR-34a miR-34b miR-34¢
miR-30a miR-30b miR-30c-1 miR-30c-2 miR-30d miR-30e miR-31 miR-32 miR-92-] miR-92-2
miR-93 miR-95 miR-98 miR-99a miR-99b miR-100 miR-101-1 miR-101-2 miR-103-2 miR-105-1
miR-105-2  miR-106a miR-106b miR-107 miR-122a miR-124a-] miR-124a-2 miR-124a-3 miR-125a miR-125b-1
miR-126 miR-127 miR-128a miR-128b miR-129-2  miR-130a miR-130b miR-132 miR-133a-2 miR-133b
miR-134 miR-135a-] miR-135a-2 miR-135b miR-136 miR-137 miR-138-1 miR-138-2 miR-139 miR-140
miR-142 miR-143 miR-144 miR-145 miR-146 miR-147 miR-148a miR-148b miR-149 miR-150
miR-151 miR-153-1 miR-153-2 miR-154 miR-155 miR-181a miR-181b-1  miR-181b-2 miR-181c miR-182
miR-183 miR-184 miR-185 miR-186 miR-187 miR-188 miR-190 miR-191 miR-192 miR-193
miR-194-1  miR-194-2  miR-195 miR-1962-2  miR-196b  miR-197 miR-198 miR-199a-2  miR-199b miR-19b-1
miR-19b-2  miR-200a miR-200b miR-200c miR-203 miR-204 miR-205 miR-206 miR-208 miR-210
miR-211 miR-212 miR-213 miR-214 miR-215 miR-217 miR-218 miR-218-1 miR-218-2 miR-219-|
miR-219-2  miR-220 miR-221 miR-222 miR-223 miR-224 miR-296 miR-299 miR-301 miR-302
miR-323 miR-324 miR-326 miR-328 miR-330 miR-331 miR-335 miR-337 miR-338 miR-339
miR-340 miR-342 miR-375

Genome regions corresponding to the 173 pre-miRNAs were sequenced
Suita study.

in 96 subjects randomly selected from the Suita study, an epidemio-
logical cohort representing the general population in Japan. Details of
this epidemiological cohort have been described elsewhere [9,10]. All of
the participants were Japanese, and only those who gave their written
informed consent for genetic analysis were included. The Ethics
Committee of the National Cardiovascular Center approved the study
protocol.

Estimation of the frequency of C to A polymorphism in miR-30c-2.
The frequency of C to A polymorphism in miR-30c-2 was estimated by
the TagMan method (ABI) in 3631 subjects recruited from the Suita
study. The probes for the C and A alleles were VIC-CTGTAAACA
TCCTACACTCT and FAM-CTGTAAACATACTACACTCTC,
respectively, The primers for amplification were 5'-CCTAGAGAG
CACTGAGCGACAGA-Y (forward) and 5-TCTCCCAGCTTTC
TTACTTTCCA-3 (reverse). Frequencies of other polymorphisms in
the pre-miRNAs were also estimated by the TaqgMan method in 1775
subjects recruited from the Suita study. The details of the TagMan
methods used for other polymorphisms will be provided on request.

Establishment of an expression system for miR-30¢-2, The miR-30c-
2 region was amplified by PCR (forward: 5-CCGTGAGTGTGCA
AGCTCAAAGCTA-Y, reverse: 5-CAGATCAGACTGCAGCAAC
CCAC-3"), and PCR products (712 bp) corresponding to the C and A
pre-miR-30c-2 were subcloned into pcDNA3.1 (Invitrogen) under
control of the CMV promoter. Transient expression in CHO and
HEK?293 cells was performed using LipofectAmine2000 according to
the manufacturer’s recommendations.

Northern blot analysis. Ten micrograms of total RNA from 20
tissues (Human Total RNA Master Panel II, BD Biosciences) was
transferred to a Zetaprobe membrane (BioRad) and cross-linked to the
membrane by UV irradiation. The resulting blots were then probed
with antisense StarFire probes (Integrated DNA Technologies) labeled
with [0-**PJAATP. The sequences were 5'-GCTGAGAGTGTAGG
ATGTTTACA-3' for the detection of mature miR-30¢, 5'-CAGCCT
TCTCCCAGCTTTCTTACTTTCCAC-3' for the detection of pre-
miR-30c-2, and 5-CAACCCTCTCCCAGCCACCTTGAGCTCA
CA-3' for the detection of pre-miR-30c-1. The probe sequences for
detection of the pre-forms of miR-30c-1 and miR-30c-2 correspond to
specific regions of each stem-loop structure to prevent cross-hybrid-
ization. The membrane was hybridized for 24 h at 42 °C in 7% SDS/
0.2M Na,PO,, pH 7.2, and washed with 0.1% SDS/2x SSPE for
20 min at room temperature followed by 0.1% SDS/Ix SSPE for
10 min at room temperature, Signals were analyzed using a BAS2500
image analyzer (Fuji Photo Film).

. Sequence analyses were performed in 96 subjects randomly selected from the

Influence of polymorphism on target selection. The possible target
mRNAs of miR-30c were identified in a list of Human MicroRNA
Targets [13], in which target sites of mRNAs for miR-30c (dominant C
type) are predicted. The validity of these target sites as the target site
for the A type variant of miR-30c was reassessed using open-source
software for microRNA target prediction (miRanda, www.microrna.
org). The algorithm uses dynamic programming to search for maximal
local complementary alignments, corresponding to double-stranded
antiparallel duplexes. A score of +5 was assigned for G:C and AT
pairs, +2 for G:U wobble pairs, and —3 for mismatched pairs, and the
gap-open and gap-elongation parameters were set at —8 and -2,
respectively. The thresholds for candidate targets were §> 90 and
oG < —~17 keal/mol, where S is the sum of the single-residue-pair
match score over the alignment trace and aG is the free energy of
duplex formation from the completely dissociated state, as calculated
using the Vienna RNA secondary structure package [11].

Results and discussion

Of the 173 pre-miRNA regions, we identified 10 poly-
morphisms in the 10 pre-miRNA hairpin regions (Table
2). Zeng and Cullen [38] reported the sequence require-
ments for microRINA processing by introducing various
mutations into an expression system for miR-30. They
showed that mature microRNA production was highly
dependent on the integrity of the precursor RNA stem,
although the underlying specific sequence had little ef-
fect. They also showed that the specific sequence of
the terminal loop only moderately affected microRNA
production.

Polymorphisms in miR-27a, -30e, and -135b were ob-
served in the terminal loop and were considered to be
unimportant, based on the model of Zeng and Cullen
[8). Polymorphisms in miR-30c-2, -138-2, -146, -149,
-196a-2, -217, and -302a were identified in the stem.
The original sequences of the polymorphic sites in
miR-149 and -217 give mismatches, and the polymor-
phisms also give mismatches. Therefore, these polymor-

31-
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Table 2
Polymorphisms found in the hairpins of pre-microRNAs
miRNA Structure Minor allele {requency
miR-27a o c@¥e 0.366
A DA us_ U G U 4
51 .GACCUG G B GRGCUVAGE ¢l GUBAGCA GG N
31 -COBGAC, €U © T p
¢ ¢ ¢ AgpcC
miR-30c-2 GG A 0.0006
C A UAD eV A
54~ CAGR
30 ¢ QUOU  CAUUUSU SGA  GAGEGUCGA G
ue uncy [PRAPRS 2 v
2gaa
miR-30¢ AaG 8 0.003
. . 00 UA G h Un
SULAGUCTT G CUGUA HARGCU U ¢
v
3-UCGGA O GACAUUUGUAGS CUGACUUUCGA G .
e GA U
¥ a
U
miR-135b 0.014
5¢ ~DCUBUGHT:
31 ~GUGRCAUCGGOUACCEARRS  GGIRUGUACU r‘;
“ue “Annc
miR-138-2 y o 0.004
wly v ae ac o U
st @use ol ¢ GG .
37 C RLG UG GRUCRCAGCACUU  UCGGT  UUE, A
MU U -6 -UA cen Ve v .
) "
miR-146 ¢ s U8 0.393
57 -BCC CAGCU G fie A
G
37 -AGG GUCGA UUCUUGACUURA GU-UCCAG
- ~C n a U
Cy G
3
114G cUu
miR-149 . a o & 0.178
5 -GE GOCC AG : u
¢
31-CG£6aG UCE, G C BABGCA CGAGS CAOGT A W .
4,0
G
miR-196a-2 e puéa 0.482
§' - TUGUGGTUUAGEIA : ab ¢
u
300 ACAUUGAGUCTIICARAG ACARIGAUTC ,
ACY A LN U
Syu
v
miR-217 cc on JBBg 0.0008
5 -AUGH G AG U e »
1 oo A
34~ UACG,C UC CG\@V\.GUAAUCLU\;;;ACLA Vs v
a
miR-302a a 0.0003
G hoa
cc.c_ v v U 5
5C-GEGCU CCA CACY AAREEIGGA GUACUUGCTL
C

3 -0CUGA 33
paie)

Arrowheads indicate minor genotypes. Mature microRNAs are highlighted in red. Minor allele frequencies were determined by the TagMan system in
1775 (3631 in the case of miR-30c) subjects recruited from the Suita study.

phisms do not alter the integrity of the stems and appear two polymorphisms also appear to be neutral. The fact
to be neutral. The original sequences of the polymorphic that most of the polymorphisms are neutral may reflect
sites in miR-196a-2 and -302a are at Gto Cand Gto U the importance of the microRNA system.

match sites, while the polymorphisms also give G to U While miR-138-2 polymorphism disrupts base-pair-
and A to U match sites, respectively. Therefore, these ing, the polymorphism at miR-146 gives a base-pairing
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state. These two polymorphisms alter the integrity of the
stem and thus may influence processing of these micro-
RNAs. Recently, it was reported that pri-miRNA is
processed by Drosha to produce pre-miRNA [12].
According to that report, Drosha cuts ~22 nt from the
terminal loop-stem junction to produce pre-miRNA.
Moreover, a mostly double-stranded, extended region
(~10 bp) beyond the cleavage sites of pre-miRNA is
essential for efficient processing. In the present study,
miR-138-2 was revealed to have a polymorphism at
8 bp beyond the pre-miRNA cleavage site. Thercfore,
the polymorphism in miR-138-2 is likely to influence
optimal microRNA processing by Drosha from pri-
miRNA.

The C to A polymorphism in miR-30c-2 resides in the
mature microRNA sequence (Table 2). This polymor-
phism would theoretically alter the selection of mRNA
targets and may thus be considered to have profound
biological influence. Indeed, more than 50 mRNAs have

3 D16 11 1213 1415 16 17 18
Pt ey

9 1011 12 13 1415 16 17 18 19 20

700t
60 nt -

23t

9 10 11 12 13 1415 16 17 18 19 20

Fig. 1. Expression profile of miR-30c¢ in human tissues analyzed by
Northern blotting. Filters (A—C) were obtained by hybridization with
the mature miR-30c probe, pre-miR-30c-2 probe, and pre-miR-30c-1
probe, respectively. A 23-nucleotide mature miR-30c was detected (A).
A 65-nucleotide pre-miR-30c-2 was detected by the pre-miR-30c-2-
specific probe (B), but putative pre-miR-30c-1 (around 65 nt) was not
detected (C). Lanes: 1, adrenal gland; 2, bone marrow; 3, brain
cerebellum; 4, whole brain; 5, fetal brain; 6, fetal liver; 7, heart; 8,
kidney; 9, lung; 10, placenta; 11, prostate; 12, salivary gland; 13,
skeletal muscle; 14, spleen; 15, testis; 16, thymus; 17, uterus; 18, colon;
19, small intestine; 20, stomach. The positions of 23, 60, and 70 nt were
confirmed by an RNA marker.
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been predicted as targets of miR-30c [13], and certain se-
lected predicted targets are shown in Table 3. According
to the miRanda algorithm, 10 of the 12 predicted targets
were not considered likely targets for the A-type variant
miR-30c (Table 3). Only DSIPI and CRMP1 seem to be
targets for the A-type variant miR-30c. On the other
hand, it is also likely that the variant microRNA ac-
quires new mRNAs as targets due to this single-nucleo-
tide change.

MiR-30c may be produced from either pri-miR-30c-
1 or pri-miR-30c-2 RNAs. If pri-miR-30c-2 were not
transcribed in humans, this polymorphism would have
no biological significance. However, Northern blot
analysis indicated that pre-miR-30c-2 is expressed in
human tissues (Fig. 1B), which strongly suggests that
some part of miR-30c is derived from the miR-30c-2
gene. However, we failed to detect possible pre-miR-
30c-1 at sizes between 60 and 70 nt. The details of
the hybridized signal around 80-100 nt remain to be
determined (Fig. 1C). It is uncertain whether the
miR-30c-1 region is expressed as pre-miRNA and is
processed to mature miR-30c,

The C to A polymorphism in miR-30c-2 disrupts the
base-pairing in the stem and hence affects stem integrity.

Probe for
Probe C F“‘ Probe A = [ te commenregion |
A B ¢coa. C ¢
Mat i 70 n¢ ;
gont> | oniy |
23nt-p

D E F

T0nta |

60 nt - |;
3t | 230t

Fig. 2. Influence of the polymorphism on the processing of miR-30¢c-2.
CHO-K1 (A-C) and HEK293 (D-F) cells were transiently transfected
with a C or A-type pre-miR-30c-2 expression vector. () Mock
transfection. Expression of pre- and mature-miR-30c-2 was examined
using an antisense C-type probe (A,D), an antisense A-type probe
(B,E), or a pre-miR-30c-2-specific probe lacking the polymorphic site
(C,F). The mature miR-30c was produced from the natural C-type
expression vector {A,D). The variant miR-30c was also produced from
the variant A-type expression vector (B,E).
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However, the variant A-type miR-30c-2 was also pro-
cessed to give mature variant miR-30¢ (Figs. 2B and
E). A larger amount of aberrantly processed products
appears to be produced from the A-type expression vec-
tor (Figs. 2C and F), which suggests inefficient process-
ing of the A-type pri-miRNA for miR-30c-2.

TagMan analysis indicated that 11 subjects had a
heterozygous genotype (CA genotype, C is the major
allele) for the miR-30c-2 gene among the 3631 subjects
recruited from the general Japanese population. These
11 subjects appeared healthy and were not associated
with particular phenotypes in terms of age, height,
weight, blood pressure, heart rate, or past and present
illness (data not shown). The influence of the hetero-
zygous state in miR-30c-2 may be very subtle, and
scrupulous observation of the homozygous state over
time may be necessary to confirm associated
phenotypes.

In the present study, analyses were confined to the
pre-miRNA regions. Recently, pri-miRNAs have been
reported to be poly(A)™ RNA transcribed by RNA
polymerase I1[14), Therefore, variations in the promoter
region may also be important for microRNA expression
levels. Clarification of the pri-miRNA structures is re-
quired to fully assess the effects of genetic variations
on the microRNA system.
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