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Abstract

Background Congenic and subcongenic rat strains confirmed the quanti-
tative trait loci (QTLs) for facets of the metabolic syndrome between 60.53
and 77.11 Mb on chromosome 4. The analysis of candidate genes in this
region favoured the replication initiator 1 (Repinl) characterized by a SNP
in the coding region and a triplet repeat (TTT) in the 3’-untranslated region
(3'UTR).

Methods We analysed nine rat strains (BB/OK, SHR, F344, BN, DA, LEW,
hHTg, WOKW, and their founders WOK-F) and four wild rats on DNA
(sequencing) and RNA level (gene expression in blood, liver, subcutaneous,
and epididymal adipocytes). In addition, the rats were phenotypically
characterized in order to link the rat phenotype to genotype differences
in the QTL on chromosome 4.

Results Wild rats were heterozygous for the SNP (C/T), whereas all the
inbred strains were homozygous. The shortest triplet repeat was found in SHR
(5) and the highest was found in hHTg and WOKW (11), which developed
metabolic disorders. The repeat number correlated with most phenotypic
traits studied. Using linear multiple regression analysis with repeat size as the
dependent variable and considering all the data of this study, it was clearly
demonstrated that not only VLDL cholesterol and serum insulin but also the
expression of Repinl in the liver is significantly associated with the repeat
size of the 3'UTR.

Conclusions It is concluded that the triplet repeat expansion in 3'UTR is
involved in metabolic alterations as found in hHTg and WOKW rats and that
the functional unknown gene, Repinl, could be a novel candidate gene for
the development of facets of the metabolic syndrome. Copyright © 2006 John
Wiley & Sons, Ltd.
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Introduction

It is well-recognized that the metabolic syndrome, including obesity, dys-
lipidemia, glucose intolerance or hyperglycemia, and hypertension, has a
major genetic component. However, the search for candidate genes has
been very difficult since each facet of the syndrome is complex, het-
erogeneous, and multifactorial, resulting both from genetic susceptibility
and environmental risk factors [1-3]. Therefore, the use of inbred animal
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models closely resembling the human disease is an
essential component of genetic investigations in this
field.

There are a number of crossing studies to dissect
the facets of the metabolic syndrome. In male cross
hybrids of diabetes-prone BioBreeding/OttawaKarlsburg
(BB/OK) and spontaneously hypertensive rats (SHR),
quantitative trait loci (QTLs) for serum triglycerides,
total cholesterol, and body weight were mapped on
chromosome 4 some years ago [4-6]. Using the
hereditary hypertriglyceridemic (hHTg) and disease-
resistant Brown Norway (BN) rats, the QTL for serum
triglycerides was confirmed on this chromosome. In
addition, a QTL for serum insulin was mapped at the
same position on chromosome 4 [7].

To study the relevance of QTLs on rat chromosome
4, several congenic and subcongenic BB rat strains
introgressing a chromosome 4 segment of SHR or Wistar
Ottawa Karlsburg RT1" (WOKW) rats [8—11] developing
a polygenetically inherited, complete metabolic syndrome
were established [12-16]. The phenotype of congenic
BB.SHR (BB.4S) and BB.WOKW (BB.4W) as well as
subcongenic BB.4S rats clearly confirmed the phenotype
of significantly increased serum lipids, serum insulin or
leptin as well as body weight compared with rats of
the parental strain, BB/OK [8-11]. All congenic and
subcongenic rat strains are common at the 16.6 Mb region
located between 60.53 and 77.11 Mb on chromosome
4. The analysis of additional subcongenic BB.4S rat
strains narrowed down this region to 1.3 Mb located
between 75.9 and 77.2 Mb [17]. This strongly suggests
that facets of the metabolic syndrome that influence
genes are located in this 1.3 Mb region. To identify
the underlying gene/s, several genes (finger proteins
Zfp398, Zfp282, Zfp212 Zfp467, Repinl, Torid, Abp1) were
selected and sequenced in DNA from BB/OK, SHR, and
WOKW rats. One of them, the replication initiator 1
(Repinl), located at position 76.6 Mb on chromosome 4
showed a SNP at position 449 (T/C) in the coding region
and a triplet repeat (TTT) in the 3’-untranslated region
(3’'UTR) markedly varying between 5 and 11. This finding
prompted us to analyse additional rat strains on DNA,
RNA, and phenotypic level.

Materials and methods

Animals

Disease-prone BB/OK (F63), SHR/K (F?F21), and WOKW
rats (F68) and disease-resistant Lewis (LEW; F > 80),
Brown Norway (BN/K; F? > 15), Dark Agouti (DA/K;
>F80), and Fischer 344/K (F344; F > 15) rats, and
four wild rats captured in North Germany were studied
[18-20]. In addition, DNA of one male and one female
rat from the parental species that founded the WOKW
rats (WOK-F) more than 20 years ago [21,22] and DNA
of three male hHTg rats characterized by an incomplete
metabolic syndrome were analysed (the rats were kindly
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provided by Iwar Klimes, Institute of Experimental
Endocrinology, Slovak Academy, Bratislava, Slovakia)
[23,24]. Except the hHTg rats, all the other animals
used were bred in our own animal facility; the animals
were kept in Macrolon cages (Size 3, Ehret GmbH,
Emmendingen, Germany) under strict hygienic conditions
and were free of major pathogens, as described previously
[25]. They had free access to food (Ssniff R, Soest,
Germany) and water and were maintained on a 12-h
light/dark cycle (5 AM./5 P.M.). The animals were killed
with an overdose of Sevofluran (Abbot, Germany) in order
to remove their liver for extraction of genomic DNA.

DNA analysis

Genomic DNA was extracted from liver tissue using
a commercially available DNA isolation kit (Wizard,
Genomic DNA Purification Kit, Promega, Mannheim,
Germany). To identify the genetic variants in Repinl,
the genomic DNA of at least two rats of each strain
was sequenced according to the standard protocol of the
ABI PRISM BigDye Terminators v3.0 (Applied Biosystems,
Foster City, CA, USA), as recently described [26]. Primers
were designed to perform PCR experiments based on the
published Repinl sequence (GenBank Acc. No. AY691175;
exon primers: forward 5 TGC ATC TTC AGG TTC ATG
CTT CT 3’ and reverse 5" GCA TAC ATA CCG GCG AGA
AGC 3’) and on Rattus norvegicus chromosome 4 genomic
contig (GenBank Acc. No. NW_047691; triplet primer:
forward 5" CGT TCT ATC CTC TGG TGT TAA CGC 3’ and
reverse 5 TAG TAA ATG AAT CCC TGG GCA GG 3).

Phenotypic characterization

Twelve BB/OK, SHR, WOKW, LEW, BN, DA, and F344
males were monitored for body weight, non-fasting
blood glucose, serum insulin, leptin, triglycerides, total
cholesterol, HDL-, LDL-, and VLDL cholesterol at an
age of 30 weeks. Blood samples were obtained between
7 and 9 AM. by puncturing the ophthalmic venous
plexus after anaesthesia following inhalation exposure
with isoflurane (Abbott, Wiesbaden, Germany). Blood
glucose was determined using a glucose analyzer (ESAT
6660-2, Medingen, Germany). Serum leptin and insulin
were determined using a radioimmunoassay kit (Rat
Leptin RIA Kit; Linco Research, St. Charles, MO, USA) or
ELISA (Rat Insulin ELISA, Mercodia, Uppsala, Sweden).
Serum lipids were determined with lipid electrophoresis
using the SAS-3 cholesterol profile kit according to the
manufacturer’s instructions (Helena BioSciences Europe,
Sunderland, UK).

Gene expression analysis
Five of the 12 males from each strain that were phenotypi-

cally characterized were used for gene expression analysis
at an age of 32 weeks. At the time of euthanasia, blood,
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liver, and subcutaneous and epididymal fat pads were
removed. Fat pads were used to isolate the adipocytes by
collagenase (1 mg/ml) digestion, as described [27]. The
total RNA of blood, liver, and subcutaneous and visceral
adipocytes was isolated, transcribed in ¢cDNA, and used
for real-time PCR as detailed before [28]. Each quanti-
tative PCR was performed in triplicate. The target cDNA
was amplified by a primer set of Repinl (GenBank Acc.
No. AY691175; forward 5" ATC TGG GCT CTG TTT AGG
AAT GG 3’ and reverse 5 CCT GAC TAG CTC AAA CCC
AGA TC 3).

The rat 18S rRNA gene (eukaryotic 18S rRNA endoge-
nous control; FAM Dye/MGB Probe, Applied Biosystems)
served as the endogenous reference gene. The standard
curve method was used for relative quantification. For
each experimental sample, the amounts of target and
endogenous reference, 18S rRNA, were determined from
the calibration curve. The target amount was then divided
by the endogenous reference amount to obtain a normal-
ized target value.

Statistical analysis

Data are given as mean =+ SD. Differences were assessed
by one-way analysis of variance corrected by Bonferroni-
Holm. Correlation analysis and linear multiple regression
analysis (stepwise integration of variables) were carried
out using the statistical analysis system SPSS for Windows,
version 11.5 (SPSS Inc., Chicago, IL USA).

Results

As shown in Table 1, there were two variants in exon SNP
in all the rat strains studied. Wild rats are heterozygous for
the SNP (449 C/T) and all inbred strains are homozygous,
whereby most strains possess the C at position 449. The
shortest triplet repeat was found in SHR with 5, followed
by BN, DA, and F344 with 7, followed by BB/OK, LEW,
and WOK-F with 9, followed by hHTg and WOKW with
11 repeats, respectively. Interestingly, the repeat number
for WOK-F founder rats increased from 9 to 11 during
inbreeding. Three of the four wild rats were heterozygous
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Table 1. SNP and repeat number in the 3'UTR of RepinT in

different rat strains

Number
Strains SNP (449) of repeats
SHR C 5
DA, BN, F344 C 7
Wild rats ) 7/9
BB/OK, LEW T 9
WOK-F C 9
hHTG, WOKW C 1"

for repeat number 7/9 and one rat was homozygous for
repeat number 7.

Comparing the phenotype of rat strains that depend on
repeat size as summarized in Table 2, the body weight,
serum insulin, leptin, total cholesterol, HDL, and VLDL
generally showed an increase with the repeat numbers
of 7 to 11, whereas serum triglycerides increased from
repeat sizes 5 to 11. The connection between repeat size
and phenotypic traits is supported by significant correla-
tions. No significant effect was observed in blood glucose
and LDL, although LDL decreased with an increase in the
repeat size.

As shown in Table 3, Repinl is expressed in all tissues
studied. The relative expression is low, ranging from 0.02
to 0.89, and showed no connection between expression
values and repeat size.

The simple correlations found between repeat size
and phenotypic traits and the values of relative gene
expression (Tables 2 and 3) were further analysed by
multiple linear regression. The repeat number was chosen
as the dependent variable, and the phenotypic traits of
the animals used for expression studies and the values of
relative expression of Repinl were used as covariates. As
summarized in Table 4, VLDL cholesterol, serum insulin,
and the relative gene expression of Repinl in liver were
significantly associated with the repeat size.

Discussion

Repinl encodes a protein that contains 15 CoHj zinc finger
(ZF) DNA binding motifs organized in three clusters,
termed hand Z1(ZFs1-5), hand Z2 (ZFs6-8), and hand

Table 2. Phenotype of males (mean =+ SD) dependent on the repeat size and the correlations between repeat size and phenotype (r)

Repeat size

Phenotypic trait 5(=12) 7 (n =36) 9(n=24) 11 (h=12) Sign. r
Body weight (g) 370+ 20 334+ 33 451 + 27 476 + 30 p < 0.001 0.77%**
Blood glucose (mg%) 91+9 98 +17 94+ 16 97 £15 p < 0.05 0.04
Serum insulin (ng/ml) 0.92+0.6 0.87 £0.7 1.8+1.7 3.7+£15 p < 0.001 0.671%**
Serum leptin (ng/ml) 6.0+1.3 42415 75+1.9 12.0+2.4 p < 0.001 0.75%**
Triglycerides (mmol/l) 1.0+£0.2 1.4+0.7 24408 3.1+07 p < 0.001 0.70%*
Cholesterol (mmol/l) 2.1+£0.2 2.0+0.6 28+04 29404 p < 0.001 0.57**
HDL (mmol/l) 1.7+0.2 1.6£0.6 23+03 23+03 p < 0.001 0.50**
LDL (mmol/l) 0.30 £ 0.07 0.23+£0.13 0.22 £0.08 0.14 +£0.06 p < 0.003 —0.36
VLDL (mmol/l) 0.12+0.04 0.11+0.05 0.31+£0.16 0.46 £0.21 p < 0.001 0.68**

Significant correlations at 1% (**) or 0.1% (***) level.

Copyright © 2006 John Wiley & Sons, Ltd.
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Table 3. Relative expression of Repin1 in blood, liver, subcutaneous (sub-Ad), and visceral adipocytes (vis-Ad) dependent on repeat

size, and the correlations between gene expression and repeat size

Repeat size
Tissue 5(h=5) 7(n=15) 9(n=10) 11(h=5) p-value r
Blood 0.04 +0.01 0.02 +0.01 0.04 £ 0.02 0.03 £0.02 0.018 —0.05
Liver 0.43+£0.11 0.61+0.19 0.59+0.13 0.58 +£0.21 n.s. 0.17
sub-Ad 0.254+0.26 0.37+0.26 0.09 +0.07 0.44+0.10 0.012 —0.07
vis-Ad 0.89 £ 0.51 0.51+0.50 0.33+0.29 0.55+0.22 n.s. -0.20

Table 4. Multiple linear regression analysis with repeat size as
the dependent variable

Variable b? SE® Sign.
VLDL 5.79 0.95 0.0000033
Serum insulin 0.44 0.12 0.0008
RepinT in liver 2.61 0.99 0.015

@Regression coefficient (b) and its standard error (SE), based on the
phenotypic traits of those animals used for expression studies and
the values of relative gene expression as covariates.

Z3 (ZFs9-15). A proline-rich region is located between
hands Z2 and Z3. Plasmid replication assays have shown
that Repinl has weak replication enhancing activity. It
is assumed that it may act as an accessory factor in
identification of the origin prior to the assembly of
pre-initiation complexes. Like many other polydactyl ZF
proteins, the cellular function of Repinl is unknown
[29,30].

The genetic analysis of Repinl revealed obvious
differences between rat strains; however, this was seen
in the triplet repeat of the 3'UTR but not in the SNP.
Assuming that wild rats represent the wild type triplet,
number 7 and number 9 should be considered ‘normal’. If
so, number 5 in SHR and number 11 in WOKW and hHTg
rats should be mutants. This hypothesis is supported by
the fact that the founder animals of WOKW (WOK-F)
were characterized by a triplet number of 9, which was
also found in the LEW and BB/OK rats. Like WOK-F, BB
rats also descended from the same outbred Wistar rat
strain of the BioBreeding Laboratories, Ottawa, Canada,
and were transferred to Karlsburg more than 20 years ago
[21,22]. Therefore, the repeat number of 11 in WOKW
must be a mutation that took place during inbreeding.
WOKW rats were phenotypically striking after 35 inbred
generations. The reproduction of this strain obviously
decreased. Because infection could be excluded as a cause,
metabolic traits were investigated to examine the reason
for low reproduction. Significantly higher gain in body
weight, serum insulin, triglycerides, and impaired glucose
tolerance were the first abnormalities observed [14].

The same number of triplets was found in hHTg
rats. Both strains, hHTg and WOKW, are characterized
by hypertriglyceridemia, hyperinsulinemia, and glucose
intolerance [12,15,16,23,24]. Using a hHTg x BN cross
population to identify the primary genetic lesions for
metabolic disorders, a significant linkage was found for
serum triglycerides and insulin to the loci on chromosome

Copyright © 2006 John Wiley & Sons, Ltd.

4 flanked by markers D4Mit5 and D4Mit17 (Tacr2) [7].
This region spans from 72.2 to 116.8 Mb on chromosome
4 and the Repinl maps within this region at position
76.6 Mb. Considering the highly positive correlation
between repeat sizes in the 3'UTR of Repinl and most
phenotypic traits studied, the enlarged repeat in hHTg
and WOKW rats may be the key element of some facets
of the metabolic syndrome.

This idea is supported by the relative gene expression.
In contrast to the positive correlation between repeat
size in the 3’'UTR and most phenotypic traits, there was
no correlation between relative expression of Repinl in
blood, liver, subcutaneous as well as visceral adipocytes
and repeat size. However, using linear multiple regression
analysis with the repeat size as the dependent variable
and considering all data of this study, it was clearly
demonstrated that not only the VLDL cholesterol and
serum insulin but also the expression of Repinl in the
liver is significantly associated with the repeat size of the
3'UTR.

Our findings clearly indicate that with the increase
in TTT in 3'UTR of Repinl, the VLDL cholesterol and
serum insulin also increase, as observed in the metabolic
syndrome of rats and human beings. This increase is
associated with an increased expression of Repinl in the
liver. It could be concluded that the TTT expansion in
3’UTR is involved in metabolic disorders, as described
in the hHTg and WOKW rats; a phenomenon known for
several other diseases like fragile X syndrome, myotonic
dystrophy, or Friedreich ataxia [31]. However, the triplet
repeat may also influence trans-regulating genes, an idea
that cannot be explained. Although the gene expression
does not necessarily reflect the activity of the gene
product, our findings are a potent stone in this mosaic to
elucidate the genetics of the metabolic syndrome facets.
The functional unknown gene, Repinl, could be a novel
candidate gene in the development of metabolic disorders.
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