
Introduction

Under the present living conditions worldwide,

obesity has become a major health risk factor

causing severe diseases, such as type II diabetes,

coronary heart disease and metabolic disorders.

Therefore, the elucidation of factors affecting

body weight is of prior interest for human medi-

cine. Several different studies in humans and ani-

mals indicated genetic differences in the

prevalence of obesity between individuals, ethnic

groups and races (Hanson et al. 1998; Rice et al.

1999). Although rare cases of monogenic obesity

have been found in humans (Farooqi

and O’Rahilly 2000; Montague et al. 1997) and

wild-type animals, independent pedigree studies

provided clear evidence for polygenic inheritance

patterns in most cases of high body weight and

obesity in humans and animals.

Extensive association and genome-wide

linkage studies have been performed in various

species to identify individual quantitative trait loci

(QTLs) that contribute to variation in body weight,

body composition and fat deposition. In particular,

a wide variety of selected and inbred mouse strains

have been used to map QTLs and to study the

polygenic inheritance pattern of growth and obe-

sity (Brockmann and Bevova 2002). QTL map-
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ping is an important basis for the targeted search

for genes underlying the identified chromosomal

effects. However, the chromosomal regions har-

bouring the QTLs are large, reaching 20–30 cM.

The lack of major QTL effects and the presence of

many QTLs influencing the phenotype indicated

that the contribution of every single QTL to the

phenotypic variance was generally small.

In polygenic mouse models, most QTLs ac-

counted for 2–6% of the observed phenotypic

variance (Anunciado et al 2001; Brockmann et al.

1998, 2004; Cheverud 1996; Pomp et al. 2004).

This makes fine mapping of QTLs and the identifi-

cation of the underlying genes difficult.

Generally, natural and induced mutant inbred

mouse lines and gene targeting experiments have

suggested many candidate genes, which could be

control factors for growth and obesity. However,

these mutations are likely to give rise to extreme

phenotypes; otherwise they would not have been

detected. It is unlikely that such extreme mutations

are fixed as QTLs in natural populations or se-

lected mouse lines. It is more likely that quantita-

tive variation of complex traits results from

regulatory variation of gene expression (Mackay

2001; Ding and Kullo 2006). Furthermore, many

QTL regions reside outside the positions of candi-

date genes with known effect on body weight reg-

ulation. Therefore, the identification of the

underlying quantitative trait genes is a challenge

and requires the combined use of different experi-

mental approaches supporting fine-scale mapping

of QTLs and the selection of positional candidate

genes.

The aim of our study was to identify differ-

ences in gene expression patterns underlying the

QTL effects that have been recently identified for

body weight and obesity in crosses between the

high body weight-selected mouse lines DU6 and

DU6i, which contain the biggest mice known

world-wide (Bünger et al. 2001), and the mouse

lines DBA/2 and DUKs as unselected controls.

The high body weight-selected animals differ

from the unselected controls by over 100% in

body weight and 300% in fat accumulation. Fur-

thermore, the selection strain DU6 has highly ele-

vated serum concentrations of insulin, leptin,

IGF-I and IGF binding proteins already at the ju-

venile stage of development (Brockmann et al.

2000, 2001; Timtchenko et al. 1999).

Recently, several different QTLs influencing

body weight, body composition, and

subcomponents of the endocrine control of

growth, such as leptin, insulin, IGF-1, and

IGF-binding proteins, have been identified and

confirmed by parallel experiments in the crosses

DU6 × DUKs (Brockmann et al. 1998), DU6i ×

DBA/2 (Brockmann et al. 2000, 2001) and by the

construction of chromosome substitution strains

(Bevova et al. 2006). Under the hypothesis that the

genes contributing to polygenic obesity are proba-

bly differentially regulated, we searched for dif-

ferences in gene transcript amounts between the

extreme parental mouse lines of our crossbred

populations: DU6 and DU6i as selection lines ver-

sus DUKs and DBA/2 as unselected control lines

by using Affymetrix sub-GeneChips Mu11K A

and B. We analysed the epididymal fat pads

as a target tissue. The adipose tissue is not only

a depot for storage of excessive energy as fat;

it plays an important physiological role as an en-

docrine and secretory organ (Trayhurn and Beattie

2001). For example, the white adipose tissue re-

leases a number of proteins acting as hormones,

such as leptin and adipsin. Therefore, differen-

tially regulated genes in adipose tissue might be

better candidates for the quantitative trait genes in

our model than simply genes that reside in the de-

tected QTL regions and are known to influence

body weight. To differentiate between factors in-

fluencing body composition and factors influenc-

ing other traits, which were randomly fixed,

we used two high body weight-selected and two

unselected control mouse lines for the selection of

differentially expressed genes as potential candi-

dates underlying the QTL effects.

Materials and methods

Mouse lines

The study was carried out on the mouse lines DU6

and its inbred derivate DU6i as high body

weight-selected lines. The internal control line of

the selection experiment DUKs and the commer-

cial inbred line DBA/2 (Harlan Nederland, Horst)

were used as control lines for our experiments. Re-

cently, the same mouse lines have been used for

QTL mapping in crossbred populations

(Brockmann et al. 1998, 2000, 2001), and for the

construction of chromosome substitution strains

(Bevova et al. 2006).

The selection lines DU6, DU6i, and the control

line DUKs descend from original crosses of four

outbred (NMRI orig., Han:NMRI, CFW, CF1) and

four inbred populations (CBA/Bln, AB/Bln,

C57BL/Bln, XVII/Bln) in the Research Institute

for the Biology of Farm Animals, Dummerstorf,
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Germany (Schüler 1985). The outbred line DU6

had been selected for over 100 generations for

high body weight at the age of 42 days (Bünger

et al. 1990). This was the age of selection in all

generations. The tissue samples that were used in

gene expression analysis were collected from 42

days old male mice so that continuity and consis-

tency among study phases could be accomplished.

This age corresponds to the end of the juvenile

phase of ontogenesis. At 42 days, the animals of

both selection lines and the unselected control

lines have finished the period of fast growth and

are post-pubertal. Therefore, inaccurate results

that might emerge due to differences caused by the

very changeable gene expression pattern of this

fast growth term were avoided. An overview on

the genetic origin of the mouse lines and pheno-

types is given in Table 1.

Animals were fed ad libitum with a breeding

diet containing 12.5 MJ kg–1 metabolic energy,

with an average content of 22.5% crude protein,

5.0% crude fat, 4.5% crude fibre, 6.5% crude ash,

13.5% water, 48.0% N-free extract, vitamins,

trace elements, amino acids, and minerals (Diet

1314; Altromin, Lage, Germany).

Tissues

Epididymal fat tissues were collected between

9 and 12 a.m. from non-fasted males when they

were 42 days old. After decapitation, the tissue

was immediately collected and weighed,

shock-frozen in liquid nitrogen, and stored

at –80°C until preparation of RNA.

Preparation of hybridisation probes

Pooled samples are frequently used in Microarray

GeneChip analyses in order to represent the gene

expression pattern that is prevalent in all popula-

tions. Recently, Kendziorski et al. (2005) have ex-

tensively analysed the utility of pooling of

biological samples in microarray experiments.

They found that pooling is beneficial when many

subjects are pooled. Furthermore, they found that

inference for most genes is not adversely affected

by pooling, and they recommend that pooling be

done when fewer than 3 arrays are used in each

condition. We pooled 20 animals, which is a high

number of individuals. In part, repetition is given

also by the analysis of two related high body

weight-selected mouse lines (DU6 and DU6i) and

two unselected control mouse lines (DUKs and

DBA/2). Pooled RNA samples were prepared for

each of the 4 mouse strains DU6, DU6i, DUKs,

and DBA/2. Prior to RNA isolation, equal

amounts of frozen tissue samples of 20 individuals

were pooled and homogenised under liguid nitro-

gen. These 20 animals represented well the

phenotypic characteristics of the particular lines.

Total RNA was isolated from pooled tissue sam-

ples according to the acid guanidinium

thiocyanate-phenol-chloroform extraction proto-

col by Chomczynski and Sacchi (1987), modified

by Clontech Laboratories (Heidelberg, Germany).

Each pooled sample (200 mg of tissue) was ho-

mogenised in a denaturation solution consisting

of 2.7 M guanidine thiocyanate, 1.3 M ammonium

thiocyanate, and 100 mM sodium acetate at room

temperature (Potter S, B. Braun Biotech Interna-

tional, Melsungen, Germany). For the removal

of fat, the completely homogenised sample in de-

naturing solution was incubated on ice for 10 min

to let the fat emerge at the surface. Carefully, the

fat layer was removed from the tube and the ho-

mogenate was transferred into a fresh tube. Subse-

quently, cellular debris was removed by

centrifugation. The supernatant was transferred to

a fresh tube and mixed with twice the volume of

saturated phenol (100 g phenol, 15% v/v glycerol,

100 mM sodium acetate, pH 4.0, and 18.6% v/v

deionised water). After vortexing for 1 min and in-

cubation on ice for 5 min, 1/5 volume of chloro-
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Table 1. Characterisation of the compared mouse lines

Selection criteria Breeding
system

Body weight
(g)

Abdominal fat weight
(mg)

Obese lines

DU6 selected for high body weight at
42 days over 100 generations

outbred 61.5 ± 3.2 1017 ± 507

DU6i inbred derivate from DU6 after
78 generations of selection

inbred
(from DU6)

59.8 ± 5.0 1801 ± 560

Lean lines

DUKs unselected control to the
growth-selected mouse lines

outbred 28.2 ± 2.1 278 ± 89

DBA/2 commercial inbred line inbred 18.3 ± 1.6 241 ± 58



form was added to the sample, the sample was

shaken and placed on ice for another 5 min. Subse-

quently, the sample was centrifuged to separate

the phases. The upper aqueous phase was trans-

ferred to a fresh tube. The phenol-chloroform ex-

traction was repeated twice. Finally, the RNA was

precipitated by adding one volume of isopropanol

to the aqueous phase. After centrifugation the pel-

let was washed in 80% ethanol, dried, and resus-

pended in deionised water. The integrity and

purity of the RNA was controlled prior to cDNA

synthesis on formaldehyde agarose gel electro-

phoresis and spectrometry. The RNA had

A260/A280 ratios about 1.8.

GeneChip hybridisation

The Affymetrix GeneChips Mu11K A and B were

used as oligonucleotide microarrays for the analy-

sis of 13 069 probe sets representing about 11 000

mouse-specific genes and expressed sequence

tags (ESTs) (Affymetrix, Santa Clara, CA, USA).

For the hybridisation of the tissue-specific RNAs

to the GeneChips, samples were prepared accord-

ing to the recommendations of the Affymetrix user

guide. First-strand synthesis was carried out with

a T7-(dT)24 primer and SuperScript II Reverse

Transcriptase (Gibco BRL, Life Technologies,

Eggenstein, Germany) by using a 10 mg whole

RNA sample. Second-strand synthesis was done

according to the SuperScript Choice System

(Gibco BRL, Life Technologies) by E. coli

DNA-Polymerase I, E. coli Ligase, and RNaseH.

Fragment end-polishing was performed by using

T4-Polymerase. An in vitro transcription reaction

was used to incorporate Biotin-11-CTP and Bio-

tin-16-UTP to the cRNA probe (BioArray

HighYield RNA Transcript Labelling Kit, Enzo).

The fragmented cDNA was hybridised overnight

at 45°C to ensure the quality of the probe. ‘Spikes’

were introduced to the hybridisation mixture and

Test-2 Arrays (Affymetrix) were hybridised one

day before. The washing procedure was done by

using the GeneChip Fluidics Station (Affymetrix)

according to the manufacturer’s protocol. Staining

was performed by R-Phycoerythrin Streptavidin

(Molecular Probes, Karlsruhe, Germany), followed

by an antibody amplification procedure using

a biotinylated anti-streptavidin antibody (Vector

Laboratories, Burlingame, CA, USA) and goat IgG

(Sigma-Aldrich Chemie, München, Germany). The

scanning was carried out with 3 µm resolution,

488 nm excitation and 570 nm emission wave-

length by using the GeneArray Scanner (Hewlett

Packard, Palo Alto, CA, USA).

Data analysis

The expression levels were calculated with the

GeneChip Expression Analysis software Data

Mining Tool (Version 1.2.) and Microarray Suite

(version 4.0.1.) provided by Affymetrix. Initially,

hybridisation signals on every GeneChip were

scaled by using all probe sets to minimize differ-

ences in overall signal intensities between two ar-

rays, allowing a more reliable detection

of biologically relevant changes in the sample.

The Affymetrix decision matrix was used for the

assessment of present, marginally present, and ab-

sent transcript amounts of a gene in a tested RNA.

Subsequently, the normalised gene expression sig-

nals between GeneChips hybridised to RNA of ei-

ther a selected or a control mouse line were

compared pair-wise. The hybridisations of the

GeneChips to DU6 and DU6i probes as selected

mouse lines, and DUKs and DBA/2 as unselected

mouse lines were considered as a kind of replicate.

The cross-comparisons DU6 versus DUKs and

DU6i versus DUKs on the one hand and DU6 ver-

sus DBA/2 and DU6i versus DBA/2 on the other

hand were used as replicated comparisons.

The genes detected as positive hybridisation sig-

nals in at least one of the GeneChips were used for

the gene expression comparison. Genes that were

significantly or marginally increased or decreased

in the selection line compared to the control mouse

line as a base line, were selected as potentially dif-

ferentially expressed genes. A set of consensus

genes was selected from the four pair-wise com-

parisons between the two selected (DU6 and

DU6i) and the two unselected mouse lines (DUKs

and DBA/2), comprising all genes that were dif-

ferentially expressed in all four comparisons. Ex-

pression differences between mouse lines are

given as fold increase (positive values) or fold de-

crease (negative values) of gene expression in the

selected mouse lines compared with the expres-

sion in unselected mouse lines.

Results

Gene activity in epididymal fat pads

Among 13 069 probe sets on the GeneChips, about

2000 genes were represented as multiple counts.

Basing on the decision of the evaluation matrix of

the Affymetrix analysis programme, the normal-

ised hybridisation signals on the arrays showed

that 6149, 6276, 6291 and 6304 probe sets were

active in the epididymal fat tissues of the lines
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DU6i, DBA/2, DU6 and DUKs, respectively. 138,

133, 147, and 181 probe sets were marginally

present in the same line order, respectively.

The results of our GeneChip experiments are ac-

cessible on the NCBI gene expression omnibus

(GEO) database website (http://www.

ncbi.nlm.nih.gov/geo/) with the accession ID:

GSE1936. The expression pattern of overlapping

probe sets between the two sub-GeneChips

Mu11K A and B for the same gene (same gene

identification number) were generally consistent.

Consensus pool of differentially expressed genes

between selected and unselected mouse lines

The two sets of mouse lines representing big and

fat mice on the one hand and small and lean mice

on the other were used as replicates to find a set

of genes that is typic for changes in body weight

and fatness. This approach was applied to exclude

many genes, which were randomly segregating

in the selected lines but were not related to the se-

lection response. Figure 1 shows a venn diagram

representing the number of differentially ex-

pressed genes in fat tissues from pair-wise com-

parisons between selected and unselected mouse

lines. The pair-wise comparison of the control line

DUKs versus DU6 and DU6i indicated 1105 and

1122 differentially regulated probe sets in

epididynal fat tissue, respectively. This number

corresponds to about 18% of active probe sets in

the epididymal fat tissue. Among these probe sets,

a joined list of 364 probe sets was differentially

expressed in the two comparisons. Similarly,

the comparison was carried out between the two

selection lines and DBA/2 as a second control line.

There were 1494 and 914 probe sets differentially

expressed in DBA/2 versus DU6 and DBA/2 ver-

sus DU6i, respectively, with 385 probe sets, which

were differentially expressed in both comparisons.

By comparing the differentially expressed genes

in the selection lines versus each of the two control

lines, 97 probe sets were identified, whose level

of expression differed between the two selection

lines and the two control lines. These 97 probe sets

represented 88 different genes, as nine genes had

multiple probe sets on the GeneChip (Cryab,

Dnajb3, Est AW112037, Pabpc2, Pmr1, Pmr2,

Stard10, Tnp1, Tuba3). The mean difference

of the detected transcript amounts between probe

sets having the same gene ID – e.g. for U95607

(Dnajb3), X75959 (Pabpc2), M13442 (Tuba3) –

was 10.2 ± 8.2%. Probe sets for the same gene,

which were represented by different gene IDs and

thus by different oligonucleotide sets (e.g. Prm1

represented by AA062269 and M27500, Prm2

represented by M27501 and Z47352, Stard10 rep-

resented by W41070 and Z31174, Tnp1 repre-

sented by AA144629 and X12521, Cryab

represented by M63170 and M73741, and Est

AW112037 represented by AA139510 and

AA178588) showed generally the same mode

of increase or decrease of transcript amounts in the

comparison between mouse lines, but differed in

the detected transcript amounts up to 100% in all

Differential gene expression between lean and fat mouse lines 137

Figure 1. Numbers of differentially expressed probe sets on Affymetrix GeneChips in the pair-wise comparison of gene

expression levels in epididynal fat tissues of 42 days old males of high body weight-selected (DU6i, DU6) and unselected

control mouse lines (DBA/2, DUKs). The 97 probe sets whose expression differed between the selected and unselected

mouse lines, represent 77 differentially expressed genes.
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Table 2. Consensus pool of differentially expressed genes, i.e. down-regulated (–) or up-regulated (+), in high body

weight-selected versus unselected mouse lines

Gene symbol Encoded protein DU6/DU6i versus
DUKs/DBA/2

1 2 3

1110066C01Rik ribosomal protein L35 (+)

1300013B24Rika RIKEN cDNA 1300013B24Rik (ID AA217500) (–)

1810058I24Rika RIKEN cDNA 1810058I24Rik (ID AA521734) (+)

2810423O19Rik protein phosphatase 2C-containing protein, 2810423O19Rik (+)

Aatk apoptosis-associated tyrosine kinase (+)

Acyp2 acylphosphatase 2, muscle type (+)

Adam5 a disintegrin and metalloprotease domain 5 (–)

Ak2b adenylate kinase 2 (+)

Aldh1a7 aldehyde dehydrogenase family 1, subfamily A7 (–)

Anxa1 annexin A1 (+)

Asb3 ankyrin repeat and SOCS box-containing protein 3 (+)

BC004044a cDNA sequence BC004044 (ID C76981) (+)

Btnl2 butyrophilin-like 2 (+)

C78076a expressed sequence C78076 (ID C78076) (+)

Cct6b chaperonin subunit 6b (zeta) (–)

Cdr2 cerebellar degeneration-related 2 (+)

Chl1 close homologue of L1 (–)

Cmkor1 chemokine orphan receptor 1 (+)

Cox8b cytochrome oxidase c subunit VIII-containing protein (–)

Cryab crystallin, alpha B (+)

Csf1r colony-stimulating factor 1 receptor (+)

D4Bwg1540eb Rnd-GTPase interacting protein (–)

Dnajb3 DnaJ (Hsp40) homologue, subfamily B, member 3 (–)

Expi WDNM1 protein precursor, extracellular proteinase inhibitor (+)

Fbp2 fructose bisphosphatase 1 (–)

Gapds glyceraldehyde-3-phosphate dehydrogenase, spermatogenic (–)

Gsto1 glutathione S-transferase omega 1 (+)

H1f2b H1 histone family, member 2 (+)

H2-Aa histocompatibility 2, class II antigen A, alpha (+)

H2-T10 histocompatibility 2, T region locus 10 (–)

H2-T23 histocompatibility 2, T region locus 23 (–)

Hal histidine ammonia lyase (+)

Hfeb hemochromatosis (+)

Igfals insulin-like growth-factor-binding protein, acid labile subunit (+)

Igh-Iab immunoglobulin heavy chain Ia (+)

Iigp-pending interferon-inducible GTPase (–)

Itsn intersectin (SH3 domain protein 1A), Ese1 protein (+)

Kip2-pending kinase interacting protein 2 (+)

Ldh3 lactate dehydrogenase 3, C chain, sperm-specific (–)
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Table 2 cont.

1 2 3

Lep leptin (+)

Loxl lysyl oxidase-like (+)

Mcm7b mini-chromosome maintenance-deficient 7 (–)

Mcsp mitochondrial capsule selenoprotein (–)

Meig1 meiosis-expressed gene 1 (–)

Mela melanoma antigen, 80 kDa (–)

Mfap5-pending microfibrillar-associated protein 5 (+)

Mmp12 matrix metalloproteinase 12 (+)

n.d.a ESTs, moderately similar to CG48_HUMAN hypothetical WD-repeat protein CGI-48 (–)

n.d.a Barstead mouse irradiated colon MPLRB7 Mus musculus cDNA clone (ID
AA717225)

(+)

n.d.a ESTs (IDs AA139510 and AA178588) (+)

n.d.a ESTs, weakly similar to W01A11.2.p [Caenorhabditis elegans] (ID AA529901) (+)

Odf2 outer dense fibre of sperm tails 2 (–)

Osp94 osmotic stress protein 94 kDa (–)

Pabpc2 poly-A-binding protein, cytoplasmic 2 (–)

Polb polymerase (DNA directed), beta (–)

Prkcab protein kinase C, alpha (+)

Prm1 protamine 1 (–)

Prm2 protamine 2 (–)

qk quaking (+)

Serpina3cb kallikrein-binding protein (+)

Sfrp2 secreted frizzled-related sequence protein 2 (+)

Slc2a3 solute carrier family 2, member 3 (–)

Soc-pending socius (–)

Spa17 sperm autoantigenic protein 17 (–)

Stard10b phosphatidylcholine transfer protein-like (serologically defined colon cancer antigen
28)

(–)

Stat4 signal transducer and activator of transcription 4 (–)

Tcte3 t-complex-associated testis-expressed 3 (–)

Tctex1 t-complex testis-expressed 1 (–)

Tenr testis nuclear RNA-binding protein (–)

Tgtp T-cell specific GTPase (–)

Thbs2 thrombospondin 2 (+)

Tnp1 transition protein 1 (–)

Tnxb tenascin XB (+)

Tpx1 testis-specific gene 1 (–)

Tuba3 tubulin, alpha 3 (–)

Ubce7ip3-pending ubiquitin-conjugating enzyme 7 interacting protein 3 (–)

Zpbp zona-pellucida-binding protein (–)

n.d. = not defined; a EST or cDNA clones with unknown functions; b differentially expressed positional candidate genes that are located in QTL

regions influencing obesity and differentially expressed between selected and unselected mouse lines (gene expression differences were identi-

fied with GeneChips and verified with individual samples by real-time PCR).



or in particular lines. The latter might be a hint on

the presence of different transcript variants

of these genes in the analysed fat tissue.

Among the 97 probe sets representing

88 genes, 77 genes were regulated in the same

mode: 39 genes were down-regulated and 38 were

up-regulated (Table 2). Three other genes

(AA218259, D18292, M90365) were differen-

tially regulated in the control lines DUKs versus

DBA/2, resulting in an increase in transcript level

if the selection lines were compared to one control

line and a decrease if they were compared to the

other control line. RNA abundance of another

three genes (C77781, D00466, J05663) was in-

creased in DU6 animals but decreased in DU6i,

compared to animals of the control lines. The ex-

pression patterns of additional five genes

(AA118715, AA244836, U73521, X72697,

Y08485) do not show any systematic change in the

transcript amounts that could result from selec-

tion. The fold changes calculated by comparison

of transcript amounts in selected and unselected

mouse lines of 88 differentially expressed genes

are given in supplementary material available

at http://www.agrar.hu-berlin.de/struktur/insti-

tute/ntw/struktur/zuechtungsbio/publikationen.

The list of all 77 genes that were differentially reg-

ulated in the same mode was named as consensus

pool of genes, representing the genes whose ex-

pression differed between high body

weight-selected and control mouse lines.

Functions of 77 differentially expressed candi-

date genes and the metabolic pathways that are as-

sociated with these genes were determined by

using the gene clustering program GO-Proxy

(Martin et al. 2004), based on gene ontology (GO).

GO-Proxy clustered 48 of 77 differentially ex-

pressed candidate genes between selected and un-

selected mouse lines under 15 very specific

GO-based functional classes (Table 3). Since
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Table 3. Classification of differentially expressed candidate genes in GO-based functional classes

Class Genes GO-based functional class P

1 Pabpc2, Cct6b, Stard10,
Osp94, Dnajb3, Igh-Ia

binding (GO:0005488) 7.99 × 10–2

2 Tenr, Mmp12,
2810423O19Rik, Acyp2

hydrolase activity (GO:0016787) 3.69 × 10–4

3 Tnp1, Prm1, Prm2, Meig1,
Mcsp, 1300013B24Rik

membrane-bound organelle (GO:0043227) 2.76 × 10–4

4 Csf1r, Aatk, Prkca, Ak2 ATP binding (GO:0005524)
protein kinase activity (GO:0004672)

1.33 × 10–3

3.80 × 10–5

5 Tnp1, Prm1, Prm2, H1f2 DNA binding (GO:0003677)
chromosome organization and biogenesis (GO:0007001)

2.13 × 10–3

3.80 × 10–5

6
Anxa1, Thbs2, Igfals,
Tnxb

cell communication (GO:0007154) 1.45 × 10–3

7 Tenr, Mmp12, Acyp2,
Gapds, 2810423O19Rik,
Ldh3, Fbp2, Aldh1a7

catalytic activity (GO:0003824) 2.63 × 10–4

8 Tenr, Mmp12, Serpina3c,
2810423O19Rik

protein metabolism (GO:0019538) 6.29 × 10–3

9 Hfe, H2-T23, Sfrp2 signal transducer activity (GO:0004871)
transmembrane receptor activity (GO:0004888)

3.20 × 10–3

7.62 × 10–4

10 Cct6p, Osp94, Dnajb3 protein folding (GO:0006457)
unfolded protein binding (GO:0051082)

3.80 × 10–5

3.80 × 10–5

11 Polb, Mcm7, Stat4, Lep,
Asb3

regulation of biological process (GO:0050789)
cell proliferation (GO:0008283)
cell growth and/or maintenance (GO:0008151)

3.69 × 10–4

3.69 × 10–4

6.98 × 10–3

12 Tcte3, Tctex1, Tuba3 microtubule-based process (GO:0007017)
cytoskeleton organization and biogenesis (GO:0007010)

3.80 × 10–5

3.80 × 10–5

13 Cox8, Gapds, Ldh3, Fbp2 main pathways of carbohydrate metabolism (GO:0006092)
energy pathways (GO:0006091)

3.80 × 10–5

3.80 × 10–5

14 Mcm7, Stat4, Asb3 regulation of transcription (GO:0045449) 3.80 × 10–5

15 Spa17, Adam5, Mela,
Cmkor1, H2-T10

membrane (GO:0016020) 2.13 × 10–2



some genes play a role in more than one metabolic

pathway due to their own very fundamental bio-

logical functions, they were classified under more

than one class by the GO-Proxy. A set of 21 genes

could be classified only to the main GO classes,

which are: biological process, cell component,

and molecular function, without further specifica-

tion. Eight genes were represented as ESTs or

cDNA clones with unknown or putative functions.

According to the functional classification of

GO-Proxy, all other genes are involved in regula-

tory and metabolic pathways, cell division, or cell

stability, and thus potentially might have an effect

on body weight and fat accumulation. The individ-

ual biological functions of all 77 differentially

expressed candidate genes are given in supple-

mentary material available at http://www.

agrar.hu-berlin.de/struktur/instiute/ntw/struktur/

zuechtungsbio/publikationen.
Out of the set of consensus genes, 14 genes

were mapped in QTL regions having effects on
body weight (bw-QTL) and abdominal fat weight
(afw-QTL) on chromosomes 4, 5, 7, 11, 12,
and 13. These genes were selected as positional
candidate genes, which might cause the observed
chromosomal effects on body weight and fat accu-
mulation. Six genes Prkca (QTL afw12 on chro-
mosome 11), H1f2 (QTL afw6 on chromosome
13), Hfe (QTL afw6 on chromosome 13), Igh-Ia
(QTL afw on chromosome 12), Serpina3c (QTL
afw and QTL bw9 on chromosome 12), Ak2 (QTL
afw2 on chromosome 4) were up-regulated, while
eight genes ESTAA178476 (QTL bw4 on chromo-
some 11), 1300013B24Rik (QTL bw4 on chromo-
some 11), Ldh3 (QTL afw9 on chromosome 7),
Cox8 (QTL afw and QTL bw9 on chromosome
12), 4930506L07Rik (QTL afw2 on chromosome
4), Zpbp (QTL afw5 and QTL bw16 on chromo-
some 11), Mcm7 (QTL afw3 and QTL bw13 on
chromosome 5), and Stard10 (QTL afw9 on chro-
mosome 7) were down-regulated in selected ver-
sus unselected mouse lines.

Discussion

By microarray GeneChip experiments, we com-

pared the expression profiles in epididymal fat tis-

sues between the selected mouse lines DU6 and

DU6i and the control lines DBA/2 and DUKs.

The expression analysis comprised about 11 000

genes, representing approximately one third of all

mouse genes. We found 77 genes whose level of

expression differed between obese and lean mouse

strains. The genes encode proteins that play a role

in carbohydrate and fat metabolism, signal

transduction, cell proliferation, cell communica-

tion, cytoskeleton organisation, and immune re-

sponse. These genes contribute to different

biological processes, molecular functions and cel-

lular components in the analysed fat tissue, show-

ing that fat deposition in mature fat cells as well as

cell proliferation, which probably reflects the pro-

cess of differentiation of pre-adipocytes to

adipocytes, play a role in body weight regulation.

Among the differentially expressed genes is the

gene encoding leptin (Lep), which is known to be

released from fat tissues in correlation to fat cell

size. This gene serves as a positive control for the

power of the experimental approach to identify ad-

ditional factors involved in the development of ad-

iposity. The identified consensus set of

differentially expressed genes includes genes like

Cmkor1 (chemokine orphan receptor 1) and Prkca

(serine/threonine kinase), which recently have

been identified as fat regulatory genes in

Caenorhabditis elegans (Kamath et al. 2003). Be-

side Lep, the identified genes encoding Cox8

(cytochrome oxidase c subunit VIII), Gapds (gly-

ceraldehydes-3-phosphate dehydrogenase), Fbp1

(fructose bisphosphatase 1), Ubce7ip3 (ubiquitin

conjugating enzyme 7 interacting protein 3), Csf1r

(colony-stimulating factor 1), Gsto1 (glutathione

S-transferase omega 1), and Apoe (apolipo-

protein E) have also been found as differentially

expressed in epididymal fat pads of adult animals

in a comparison between obese mouse strains with

varying degrees of hyperglycaemia (Boeuf et al.

2001; Nadler et al. 2000). The above mentioned

Cox8, Gapds, and Fbp2, as well as Ldh3 (lactate

dehydrogenase 3) are genes of the main pathway

of carbohydrate metabolism. These genes are

down-regulated in the selected mouse lines, com-

pared to unselected controls, while the genes

Mgat11 (mannoside acetylglucosaminyltransferase

1-like) and Prkca (protein kinase C, alpha), which

contribute to triglyceride synthesis, are

up-regulated. Mgat11 has 2-acylglycerol O-acyl-

transferase activity, which is necessary for the

diacylglycerol biosynthesis as an essential step in

triglyceride synthesis, while the protein kinase C,

alpha type, can bind to diacylglycerol.

Genes involved in cell communication (Anxa1,

Thbs2, Igfals, Tnxb) are also up-regulated in se-

lected mouse lines. These genes might contribute

to interaction between different cell types within

the fat tissue, including fat cells of different matu-

rity phases and macrophages. Many other factors

encoded by the genes Stat4 (signal transducer and

Differential gene expression between lean and fat mouse lines 141



activator of transcription 4), ligp-pending (inter-

feron-inducible GTPase), Itsn (intersectin), Anxa1

(annexin A1), Cmkor1 (chemokine orphan recep-

tor 1), Lep (leptin), Prkca (protein kinase C, alpha)

contribute to signal transduction. They are differ-

entially up- or down-regulated in the selection

lines. The direct or indirect contribution of the var-

ious differentially expressed genes is unknown.

Conclusions

The differential gene expression analysis in se-

lected big and fat mouse lines versus lean and

small unselected mouse lines has identified genes

that are involved in fat and glucose metabolism

as well as cell proliferation, cell communication

and signal transduction. The identified genes may

be involved in the process of body weight regula-

tion. These genes might be differentially regulated

as a result of selection for gene variants carrying

naturally occurring mutations in the selection lines

that contribute to altered gene regulation and tran-

script stability. However, the different transcript

amounts between fat and lean mouse lines might

also result from trans-acting factors in regulatory

or metabolic pathways. Both the elucidation of cis

and trans-acting factors are important for an im-

proved understanding of genetic and physiologi-

cal causes for high body weight.

Acknowledgments. Excellent technical assistance

was provided by Hannelore Tychsen. This work was

supported by the Local Ministry for Education, Re-

search and Art of Mecklenburg-Vorpommern, the

German Research Foundation (grant no. BR

1285/4), the H. Wilhelm Schaumann Stiftung,

and the BMBF-supported program Nationales

Genomforschungsnetzwerk.

REFERENCES

Anunciado RV, Nishimura M, Mori M, Ishikawa A,
Tanaka S, Horio F, et al. 2001. Quantitative trait
loci for body weight in the intercross between SM/J
and A/J mice. Exp Anim 50: 319-324.

Bevova MR, Aulchenko YS, Aksu S, Renne U,
Brockmann GA, 2006. Chromosome-wise dissec-
tion of the genome of the extremely big mouse line
DU6i. Genetics 172: 401–410.

Boeuf S, Klingenspor M, Van Hal NL, Schneider T,

Keijer J, Klaus S, 2001. Differential gene expres-

sion in white and brown preadipocytes. Physiol

Genomics 7: 15–25.

Brockmann GA, Haley CS, Renne U, Knott SA,
Schwerin M, 1998. QTLs affecting body weight

and fatness from a mouse line selected for extreme
high growth. Genetics 150: 369–381.

Brockmann GA, Kratzsch J, Haley CS, Renne U,
Schwerin M, Karle S, 2000. Single QTL effects,
epistasis, and pleiotropy account for two-thirds of
the phenotypic F2 variance of growth and obesity in
DU6i x DBA/2 mice. Genome Res 10: 1941–1957.

Brockmann GA, Haley CS, Wolf E, Karle S,
Kratzsch J, Renne U, 2001. Genome-wide search
for loci controlling serum IGF binding protein lev-
els of mice. FASEB J 15: 978–987.

Brockmann GA, Bevova MR, 2002. Using mouse mod-
els to dissect the genetics of obesity. Trends Genet
18: 367–376.

Brockmann GA, Karatayli E, Haley CS, Renne U,
Rottmann OJ, Karle S, 2004. QTLs for pre- and
post-weaning body weight and body composition in
selected mice. Mamm Genome 15: 593–609.

Bünger L, Herrendörfer G, Renne U, 1990. Results of

long-term selection for growth traits in laboratory

mice. Proceedings of the 4th World Congress on

Genetics Applied to Livestock Production, Univ.

Edinburgh, Edinburgh, Scotland 13: 321–324.

Bünger L, Laidlaw A, Bulfield G, Eisen EJ,
Medrano JF, Bradford GE, et al. 2001. Inbred lines
of mice derived from long-term growth selected
lines: unique resources for mapping growth genes.
Mamm Genome 12: 678–686.

Cheverud JM, 1996. Quantitative trait loci for murine
growth. Genetics 142: 1305–1319.

Chomczynski P, Sacchi N, 1987. Single-step method of
RNA isolation by acid guanidinium thiocyanate-
phenol-chloroform extraction. Anal Biochem 162:
156–159.

Ding K, Kullo IJ, 2006. Molecular evolution of
5´ flanking regions of 87 candidate genes for
atherosclerotic cardiovascular disease. Genet
Epidemiol 30: 557–559.

Farooqi IS, O’Rahilly S, 2000. Recent advances in the
genetics of severe childhood obesity. Arch Dis
Child 83: 31–34.

Hanson RL, Ehm MG, Pettitt DJ, Prochazka M,
Thompson DB, Timberlake D, et al. 1998.
An autosomal genomic scan for loci linked to type
II diabetes mellitus and body-mass index in Pima
Indians. Am J Hum Genet 63: 1130–1138.

Kamath RS, Fraser AG, Dong Y, Poulin G, Durbin R,

Gotta M, et al. 2003. Systematic functional analysis

of the Caenorhabditis elegans genome using RNAi.

Nature 421: 231–237.

Kendziorski C, Irizarry RA, Chen KS, Haag JD,

Gould MN, 2005. On the utility of pooling biologi-

cal samples in microarray experiments. Proc Natl

Acad Sci USA 102: 4252–4257.

Mackay TFC, 2001. The genetic architecture of quanti-
tative traits. Annu Rev Genet 35: 303–339.

Martin D, Brun C, Remy E, Moure P, Thieffry D,
Jack B, 2004. GO ToolBox: functional investiga-
tion of gene datasets based on Gene Ontology. Ge-
nome Biol 5: R101.

142 S. Aksu et al.



Montague CT, Farooqi IS, Whitehead JP, Soos MA,

Rau H, Wareham NJ, et al. 1997. Congenital leptin

deficiency is associated with severe early-onset

obesity in humans. Nature 387: 903–908.

Nadler ST, Stoehr JP, Schueler KL, Tanimoto G,
Yandell BS, Attie AD, 2000. The expression of
adipogenic genes is decreased in obesity and diabe-
tes mellitus. Proc Natl Acad Sci USA 97:
11371–11376.

Pomp D, Allan MF, Wesolowski SR, 2004. Quantita-
tive genomics: exploring the genetic architecture of
complex trait predisposition. J Anim Sci 82:
300–312.

Rice T, Sjostrom CD, Perusse L, Rao DC, Sjostrom L,
Bouchard C, 1999. Segregation analysis of body
mass index in a large sample selected for obesity:

The Swedish Obese Subjects study. Obes Res 7:
246–255.

Schüler L, 1985. Mouse strain Fzt-Du and its use
as model in animal breeding research. Arch Tierz
28: 357–363.

Timtchenko D, Kratzsch J, Sauerwein H, Wegner J,
Souffrant WB, Schwerin M, 1999. Fat storage ca-
pacity in growth-selected and control mouse lines is
associated with line-specific gene expression and
plasma hormone levels. Int J Obes 23: 586–594.

Trayhurn P, Beattie JH, 2001. Physiological role of adi-
pose tissue: white adipose tissue as an endocrine
and secretory organ. Proc Nutr Soc 60: 329–339

Differential gene expression between lean and fat mouse lines 143


