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The identification of susceptibility genes for human disease is a major goal of

current biomedical research. Both sequence and structural variation have

emerged as major genetic sources of phenotypic variability and growing evidence

points to copy number variation as a particularly important source of suscepti-

bility for disease. Here we propose and validate a strategy to identify genes in

which changes in dosage alter susceptibility to disease-relevant phenotypes in

the mouse. Our approach relies on sensitized phenotypic screening of megabase-

sized chromosomal deletion and deficiency lines carrying altered copy numbers

of �30 linked genes. This approach offers several advantages as a method to

systematically identify genes involved in disease susceptibility. To examine the

feasibility of such a screen, we performed sensitized phenotyping in five thera-

peutic areas (metabolic syndrome, immune dysfunction, atherosclerosis, cancer

and behaviour) of a 0.8Mb reciprocal chromosomal duplication and deficiency on

chromosome 11 containing 27 genes. Gene dosage in the region significantly

affected risk for high-fat diet-induced metabolic syndrome, antigen-induced

immune hypersensitivity, ApoE-induced atherosclerosis, and home cage activity.

Follow up studies on individual gene knockouts for two candidates in the region

showed that copy number variation in Stat5 was responsible for the phenotypic

variation in antigen-induced immune hypersensitivity and metabolic syndrome.

These data demonstrate the power of sensitized phenotypic screening of

segmental aneuploidy lines to identify disease susceptibility genes.
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INTRODUCTION

Common diseases such as metabolic syndrome, heart disease,

and mental illness are complex disorders with both genetic and

environmental risk factors. Genome-wide association studies

confirm that a significant fraction of genetic risk for common

disorders derives from many subtle genetic variants with small

effect sizes (Manolio & Collins, 2009). However, a significant

portion of the heritability observed for common diseases cannot

be explained by additive genetic effects and alternative sources

of genetic and epigenetic heritability, including gene–gene

and gene–environment interactions, rare large-effect variants,

somatic mutations, and epigenetic modifications are being

actively investigated (Knight, 2009).
EMBO Mol Med 3, 50–66 www.embomolmed.org
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Although the majority of genetic variation in mammals

occurs in the form of single nucleotide polymorphisms (SNPs), it

is becoming increasingly clear that structural variants, including

translocations, inversions and copy number variants (CNVs,

nucleotide duplication or deficiency, also called segmental

aneuploidy) are a major source of phenotypic variation

(Beckmann et al, 2007, 2008). Recent data reveal a high

frequency of small and medium sized CNVs (<100 kb) in both

the human and mouse genomes and a smaller, but significant

number of large CNVs that are likely to change the copy number

of one or more entire genes (>100 kb). At least 65–80% of

humans harbour a large CNV, with 5–10% of individuals

carrying a variant >500 kb and 1% harbouring a CNV >1Mb

(Itsara et al, 2009). Importantly, although large CNVs were

originally studied as determinants of rare Mendelian disorders

(Stankiewicz & Lupski, 2010), increasingly they are associated

with altered risk for common diseases, including HIV infection,

lupus, Crohn’s disease, chronic pancreatitis, autism spectrum

disorder, Alzheimer’s, and Parkinson’s (Beckmann et al, 2007).

Unlike most non-synonymous genetic variation, large CNVs are

likely to incur disease risk via predictable changes in gene

dosage that are relatively straightforward tomodel in genetically

tractable organisms.

The mouse has emerged as the premier model organism to

study the genetics of human disease. Gene targeting in

embryonic stem (ES) cells allows virtually unrestricted

manipulation of the mouse genome, including the engineering

of large segmental aneuploidies (Liu et al, 1998; Ramirez-Solis

et al, 1995) andmany pathologies relevant to human disease can

be induced in the mouse using environmental, pharmacological

or genetic sensitization protocols.

Systematic production and phenotypic screening of single

gene null mutations in the mouse are currently ongoing and

promise to reveal important information about gross gene

function and physiology (Austin et al, 2004; Auwerx et al, 2004;

Brown et al, 2005; Friedel et al, 2007). However, because

phenotyping of individual knockout lines is expensive and time

consuming present screens are aimed at uncovering phenotypes

with high penetrance and expressivity and are likely to miss

susceptibility phenotypes that require sensitized screening. One

way to increase the efficiency of screening is to manipulate more

than one gene in a single individual, a strategy employed in

chemical mutagenesis (�100–1000 genes/individual) and defi-

ciency screens (�10–100 genes/individual) (Michaud et al,

2005; Rinchik et al, 2002). In non-mammalian species deficiency

screening has been a routine method to rapidly identify genetic

modifiers in sensitized backgrounds (Deutschbauer et al, 2002;

Lindsley et al, 1972; Steinmetz et al, 2002). Although such an

approach has been proposed for the mouse (Liu et al, 1998) and

the necessary chromosome engineering technology to produce

deficiencies and duplications in vitro (Adams et al, 2004;

Ramirez-Solis et al, 1995) and in vivo (Herault et al, 1998; Spitz

et al, 2005; Wu et al, 2007) exist and has been successfully used

to identify genes affected by the gene dosage causing rare

genomic disorders (Bi et al, 2007; Carmona-Mora et al, 2009;

Merscher et al, 2001; Molina et al, 2008), the systematic

screening of mouse lines with the aim to identify genes
www.embomolmed.org EMBO Mol Med 3, 50–66
modulating susceptibility to common diseases has not been

reported. Here we demonstrate the power of sensitized

phenotypic screening of segmental aneuploidy lines to uncover

genes where dosage (1:2:3 copies) moderates susceptibility to

environmentally and genetically induced disease-related phe-

notypes. In the first tier screen, we developed and applied an

unbiased phenotyping screen focusing on five therapeutic areas

(metabolic syndrome, immune dysfunction, atherosclerosis,

cancer, and behaviour) to identify gene dose-dependent

phenotypic changes in reciprocal 0.8Mb deficiency (Df11[1]/þ)

and duplication (Dp11[1]/þ) lines on chromosome 11 contain-

ing 27 genes (Liu et al, 1998). This region was chosen because it

shows near-perfect synteny with human chromosome 17q21

and contains a cluster of genes with known roles in human

disease (e.g.HAP1, JUP1, NAGLY, HCRT, STAT3, STAT5) (Hwa

et al, 2005; Kofoed et al, 2003; McKoy et al, 2000; Metzger et al,

2008; Minegishi et al, 2007; Thannickal et al, 2000). In addition,

the syntenic 17q21 locus has been associated with susceptibility

to several human diseases, such as Crohn’s disease (Barrett et al,

2008), non-alchoholic liver disease (Sookoian et al, 2008), and

tuberculosis (Jamieson et al, 2004). Gene dose-dependent

phenotypes were identified in antigen-induced contact hyper-

sensitivity (CHS), white blood cell and CD8þ T cell counts,

glucose tolerance, high-fat diet-induced cholesterol and body

fat, ApoE-induced atherosclerosis, anxiety, and home cage

activity. In the second tier screen we tested single and

compound heterozygous null alleles in two candidate genes

residing in the segmental aneuploidy region and found Stat5ab

to be responsible for the antigen-induced CHS, white blood cells

and CD8þ T cell count, and glucose homeostasis phenotypes.

These data demonstrate the potential of unbiased sensitized

screening of segmental aneuploidy lines to identify suscept-

ibility genes for common disease phenotypes in the mouse.
RESULTS

Sensitized phenotyping screen

Our screen was aimed at capturing the effect of copy number

variation on both baseline and challenge-evoked phenotypes in

five therapeutic areas: behaviour (novelty exposure and spatial

learning), immune function (antigen-induced CHS), metabolic

function (high-fat diet), cardiovascular function (ApoeKO-

induced atherosclerosis), and cancer (ApcMin-induced intestinal

neoplasia; Fig 1). Sensitized phenotyping assays were a critical

feature of our screen and served to expose disease-relevant gene

function not revealed under baseline conditions. The two

genetic sensitizingmutations (ApoeKO andApcMin) increased the

incidence of atherosclerosis and cancer, respectively, pheno-

types that do not spontaneously develop in the wild-type (WT)

mouse strains used in our study.

All animals in the main cohort were heterozygous for a null

allele of Apoe (ApoeKO/þ) and the order of multiple testing was

chosen to reduce potential interactions between procedures.

First, a group housed home cage monitoring system was used to

track behavioural responses to novelty, home cage activity and

spatial learning. Second, contact dermatitis responses to the
� 2011 EMBO Molecular Medicine 51
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Figure 1. Sensitized phenotyping screen. Animals were subjected to a battery of tests designed to reveal effects of gene dosage on physiological parameters

(grey boxes) relevant to common human diseases in five therapeutic areas: behaviour, metabolic syndrome, immune dysfunction, atherosclerosis, and cancer.

Each therapeutic area was accompanied by a sensitizing environmental, pharmacological or genetic challenge (open boxes). The first cohort of mice were

ApoeKO/þ and were subjected to the full phenotyping battery, while a second cohort were ApcMin/þ and were only tested for intestinal neoplasia-induced death. At

9 weeks of age, animals were tested for neophobia, gross activity and spatial learning in a home cage behavioural testing apparatus. At 12 weeks, blood

parameters (cell counts and flow cytometry, cholesterol, glucose) were measured and at 14 weeks animals were tested for DNFB-induced CHS. At 15 weeks,

animals were placed on a high-fat diet, and after 15 weeks of high-fat diet, blood parameters for clinical chemistry were collected and glucose tolerance

measured. After 24 weeks of high fat diet, mice were sacrificed and organs collected. Aortic samples were examined for atherosclerotic plaques and bone marrow

cells were extracted and analysed by flow cytometry (all dates are �2 weeks).
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antigen 2,4-dinitro-1-fluorobenzene (DNFB) were assessed.

Third, mice were exposed for 15 weeks to a high-fat diet before

and after which multiple peripheral metabolic measures were

assessed. Finally, histological analysis was performed to

examine atherosclerotic plaque development, bone marrow

cell content and organ weights. A separate group of mice

heterozygous for the multiple intestinal neoplasia allele of Apc

(ApcMin/þ) was assessed solely for latency to cancer-related

death.

Production and validation of Df11(1) and Dp11(1) mice

Mouse ES cells (129/SvEvBrd background) carrying a Cre-loxP

engineered reciprocal duplication and deficiency of a 0.8Mb

region on chromosome 11 (Df11[1]/Dp11[1]; Liu et al, 1998)

were injected into blastocysts to obtain chimeric founders that

were subsequently used to establish independent breeding

colonies of Df11(1)/þ and Dp11(1)/þ mice and their WT

littermates (Fig S1 of Supporting Information). The rearrange-

ment encompasses 27 known and one novel gene and is

syntenic to human chromosome 17q21 containing a cluster of

human disease susceptibility loci (Fig 2A and Table S1 of

Supporting Information). Comparative genome hybridization

(CGH) confirmed 1 and 3 copies of the region in Df11(1)/þ and

Dp11(1)/þ mice, respectively (Fig 2B), and failed to reveal any

other significant aneuploid region in either line (data not

shown). To evaluate changes in the expression of genes within

the rearrangement we performed microarray-based transcrip-

tome analysis on mRNA samples extracted from cultured T cells
� 2011 EMBO Molecular Medicine
of Df11(1)/þ, WT and Dp11(1)/þ mice. Among 46 probesets

interrogating the 27 known genes in the region, 26 probsets

(14 genes) reached threshold for expression detection in WT

samples. Statistical analysis performed on detected probesets

revealed a significant gene dosage effect on gene expression for

all but two genes (Fig 3). Expression changes reached

significance for 12 genes in the Df11(1)/þ versus WT

comparison, but only 6 in the Dp11(1)/þ versus WT

comparison, consistent with the smaller fold change in the

latter case (1.5:1 for Dp:WT vs. 2:1 for Df:WT). Because the

magnitude of expected expression change was modest we set

the threshold for significance at p< 0.25. These data confirm

that for the majority of genes in the rearrangement gene

expression scaled with copy number, a finding consistent with

previous studies in engineered (Kahlem et al, 2004; Laffaire et al,

2009; Li et al, 2009; Prescott et al, 2005) and endogenously

occurring CNV in mice (Henrichsen et al, 2009). Cohorts of mice

for phenotyping were established by breeding male Df11(1)/þ
and Dp11(1)/þ mice with female ApoeKO/KO or ApcMin/þ mice

(Fig S1A of Supporting Information). The resulting offspring

carried one, two or three copies of the rearrangement

region (Df11[1]/þ, WT, Dp11[1]/þ). Initially Df/11(1)þ and

Dp11(1)/þ mice were compared to their respective WT

littermates, but because the independent WT groups did not

differ statistically all mice were grouped and overall effects of

genotype were assessed by analysis of variance (ANOVA) and

Kruskall–Wallis tests for parametric and non-parametric dis-

tributions, respectively.
EMBO Mol Med 3, 50–66 www.embomolmed.org
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Figure 2. Mouse lines carrying reciprocal Df and Dp on chromosome 11.

A. Schematic representation of the segmental aneuploidy region on chromosome 11 containing 26 annotated and one unknown gene (mouse NCBI m37

assembly, April 2007, C57BL/6J reference strain) and syntenic region on human chromosome 17 (Human GRCh37 assembly February 2009). Df11(1)/þ, WT and

Dp11(1)/þ mice carried one, two and three copies, respectively, of genes in the interval.

B. CGH analysis of Df11(1)/þ versus WT and Dp11(1)/þ versus WT littermates confirmed expected gene dose changes across the rearrangement. Negative and

positive log ratios indicate, respectively, loss and gain of genetic material.
Altered anxiety in Dp11(1) and Df11(1) mice

To assess a wide repertoire of behavioural measures under both

baseline and challenge conditions animals were placed into an

automated home cage monitoring system starting at 9 weeks of

age. In this system, up to eight animals were housed together and

visits of eachmouse to four corner chambers with access to water

were recorded by a telemetric sensor. Initially, free access was

allowed to all four corners to examine exploratory behaviour and

neophobia. A significant effect of genotype (F[2,1199]¼ 3.95,

p¼ 0.020) was observed for total visits during the first 2h in the

novel cage with Dp11(1)/þ mice making significantly less visits

compared to Df11(1)/þ mice (Fig 4A). There was a trend for

this effect to diminish over the habituation period suggesting

decreased neophobia in the Df11(1)/þ animals. However,

analysis of corner visits during the ensuing free exploration

period showed that significant differences in activity persisted also

under more familiarized conditions (F[2,1739]¼ 3.03, p¼ 0.020;

Fig 4B). Again, Dp11(1)/þ mice made significantly fewer corner

visits compared to Df11(1)/þ mice with the differences being

most apparent during the dark/active period. These data suggest

that there is a gene dose-dependent effect on locomotor drive that

is revealed under conditions of behavioural arousal.
www.embomolmed.org EMBO Mol Med 3, 50–66
Next, mice were subjected to a spatial learning task where

animals had free access to all four corners but water was

provided in only one of them. In this situation mice rapidly learn

to suppress visits to corners without water (errors) and learning

can be quantified by a decrease in percentage of incorrect visits

(Fig 4C) and number of nose pokes in incorrect corners (Fig 4D).

Although no effect of genotype was seen on the learning curves,

a significant negative gene dose-dependent effect was seen for

total visits (F[2,1565]¼ 16.2, p< 0.001) and nosepokes

(F[2,1565]¼ 46.2, p< 0.001). Although a significant interaction

between genotype and time was seen for nosepokes

(F[2,1565]¼ 1.67, p¼ 0.010), the reduced activity seen in

Dp11(1)/þ mice was more likely related to their decreased

locomotor drive rather than altered learning. To determine

whether the differences in locomotion reflected an underlying

alteration in anxiety, we tested an independent cohort of mice in

two tests of innate anxiety, the elevated plus maze (EPM) and

open field (OF, Table S2 of Supporting Information). In the EPM,

a significant negative gene dose effect was seen for % time

spent in the open arms (F[2,49]¼ 3.32, p¼ 0.045) and a

trend for a negative gene dose effect was seen for number of

visits and distance travelled in the open arms (Table S2 of
� 2011 EMBO Molecular Medicine 53
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Figure 3. Gene expression changes. Microarray hybridization analysis of expression patterns of genes within the rearrangement demonstrated changes in

expression consistent with gene dosage. A heat map shows the normalized expression of genes in the Df11(1)/þ versus WT and Dp11(1)/þ versus WT samples.

Average of two microarray experiments per sample (log2 ratio for each gene was scaled with mean¼ 0 and SD¼1; log fold change and adjusted p values are

indicated). Genes with a significant change in expression level are indicated (�p<0.25).

54
Supporting Information). Similar results were found in the

OF, where trends for a negative gene dose effect were

seen for time in centre, centre entries and total locomotion

(Table S2 of Supporting Information). These findings

support a contribution of altered anxiety to the locomotor

phenotype.

Haematological deficits in Df11(1) and Dp11(1) mice

Peripheral blood cell counts were assessed at 12 weeks of age to

examine gene dosage effects on haematological parameters.

While the number of erythrocytes was not affected by gene

dosage (data not shown), a significant positive gene dose-

dependent effect was seen for white blood cells (F[2,83]¼
14.785, p< 0.0001; Fig 5A) and platelets (F[2,87]¼ 14.695,

p< 0.0001; Fig 5B). Flow cytometry of peripheral blood

nucleated cells revealed a normal percentage of B220þ, MAC1þ
and CD4þ cells (Fig 5C, D and E), but a significant positive gene

dose-dependent change in percentage of CD8þ cells

(F[2,99]¼ 8.695, p¼ 0.003; Fig 5F). These data suggest that
� 2011 EMBO Molecular Medicine
change in dosage of one ormore geneswithin the rearrangement

affects the production and/or maintenance of CD8þ T cells.

Impaired contact hypersensitivity in Df11(1) and

Dp11(1) mice

To evaluate gene dose-dependent effects on immune system

function, we performed DNFB-induced CHS, a model for allergic

contact dermatitis that recruits diverse components of the innate

immune system. CHS measures the T cell-mediated skin

inflammatory reaction elicited following repeated prior contact

of the skin with allergenic haptens. Following application of

DNFB to the abdominal skin, the compound is processed and

presented by cutaneous antigen presenting cells that subse-

quently migrate to local lymph tissue. In the lymph nodes,

antigen presenting cells activate naive CD8þ T cells via the help

of antigen-specific memory T cells, that subsequently migrate to

the skin and mediate inflammatory responses to future

applications of the same hapten. Reapplication of DNFB to

the ear elicits an enhanced inflammatory response that can be
EMBO Mol Med 3, 50–66 www.embomolmed.org
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Figure 4. Behavioural testing.

A. A significant gene dose-dependent effect was observed for number of corner visits during the first 2 h after being placed in the monitoring apparatus (10min

intervals; mean� SEM; Df11(1)/þ, N¼ 22; WT, N¼45; Dp11(1)/þ, N¼ 33).

B. No significant genotype effect on general day/night activity (number of corner visits) of animals was observed (3 h intervals; mean� SEM; Df11(1)/þ, N¼22;

WT, N¼ 41; Dp11(1)/þ, N¼24).

C. Significant gene dosage effect was observed on percentage of incorrect visits (2 h intervals). Dark and light phases are indicated by the dark and light bars,

respectively (mean� SEM; Df11(1)/þ, N¼22; WT, N¼41; Dp11(1)/þ, N¼24).

D. Significant gene dosage-dependent effect is observed on total numbers of nose pokes to incorrect corners (2 h intervals; mean� SEM; Df11(1)/þ, N¼22; WT,

N¼41; Dp11(1)/þ, N¼24; �Dp vs. Df, # Dp vs. WT and Df vs. WT; �p<0.05, ��p<0.01, ���p< 0.001).
measured by tissue swelling. When Df11(1)/þ, WT and

Dp11(1)/þ mice were tested for ear swelling responses

following re-exposure to DNFB, a significant positive gene

dose dependent effect was observed (repeated measured

ANOVA: F[2,81]¼ 15.432, p< 0.0001; Fig 6A). Notably, while

the ear swelling responses peaked in Df11(1)/þ mice at 24 h

post-exposure, they peaked only at 72 h in Dp11(1)/þ mice.

These findings suggest that the level of expression of one or

more genes within the rearrangement is critical to determine

both the magnitude and kinetics of the CHS response.

CD8þ T cells are a critical component of the CHS response

and the number of these cells in peripheral blood showed a

positive gene dose-dependent effect (Fig 5F). To determine

whether tissue resident CD8þ T cells also showed gene dose-

dependent changes, we performed flow cytometry on spleen

cells. Similar to what we found in the periphery, CD8þ (but not
www.embomolmed.org EMBO Mol Med 3, 50–66
CD4þ ) cell counts showed a significant positive gene dose-

dependent effect (F[2,9]¼ 4.63 p¼ 0.04; Fig S2 of Supporting

Information). These findings open the possibility that variation

in the number of resident CD8þ T cells may play a role in the

altered CHS response observed in Df11(1)/þ and Dp11(1)/þ
mice.

To further investigate potential cellular deficits underlying

the CHS phenotype, we examined the functionality of cultured

splenic T cells. Secretion of interleukin-17 (IL-17) by regulatory

T helper (Th-17) cells is a critical paracrine signalling step in the

inflammatory response to sensitizing antigens and mice lacking

IL-17 show a blunted CHS response similar to that seen in

Df11(1)/þ mice (Nakae et al, 2002). To determine whether Th-

17 cell maturation and/or IL-17 secretion was affected in

Df11(1)/þ and Dp11(1)/þ mice, we stimulated naı̈ve splenic

T cells (Th0 cells), in culture with IL-6 and TGF-b to become
� 2011 EMBO Molecular Medicine 55
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Figure 5. Peripheral blood cytometry.

A,B. A significant positive gene dose-dependent effect

was observed for (A) white blood cells, and

(B) platelet counts at 12 weeks of age (mean �
SEM; Df11(1)/þ, N ¼ 21; WT, N ¼ 41; Dp11(1)/þ,

N ¼ 20 ; �P < 0.05, ��P < 0.01, ���P < 0.001).

C–F. Flow cytometry revealed a significant positive

gene dose-dependent effect for percentage (F)

CD8þ, but not (C) B220þ, (D) Mac1þ, (E) CD4þ
positive cells in peripheral blood (mean � SEM;

Df11(1)/þ, N ¼ 19; WT, N ¼ 58; Dp11(1)/þ,

N ¼ 25; �P < 0.05, ��P < 0.01).
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Th-17 cells and used flow cytometry coupled to intracellular

immunostaining and real-time PCR to determine production of

IL-17. In non-polarized T cells (Th0 cells), IL-17 expression

showed a positive gene dose-dependent effect as determined by

quantitative RT-PCR (Fig 6C). Moreover, the fraction of Th0

cells positive for IL-17 showed a significant genotype effect,

demonstrating that one or more genes within the rearrangement

is critical for the function and/or differentiation of IL-17

expressing cells (F[2,9]¼ 13.496, p¼ 0.002; Fig 6B). However,

following IL-6/TGF-b polarization the fraction of IL-17 positive

cells and expression of IL-17 protein appeared similar in all

genotypes (Fig 6D) suggesting that under polarizing conditions,

such as those induced following allergen treatment, Th-17 cell

function did not differ between genotypes. These findings suggest

that, although IL-17 cell expression is altered in Th0 cells of

Df11(1)/þ and Dp11(1)/þmice under baseline conditions, these

differences may not underlie the CHS phenotype.
� 2011 EMBO Molecular Medicine
Altered cholesterol and glucose tolerance in Df11(1) and

Dp11(1) mice

To assess metabolic function under baseline and challenge

conditions several measures of energy homeostasis were taken

after 15 weeks high-fat diet treatment and in age-matched

controls maintained on a normal diet. No significant genotype

effect on bodyweight was observed before or during the high-fat

diet treatment, indicating no gross metabolic abnormality

(Fig 7A). However, while mice on a normal diet showed a

trend for a negative gene dose-dependent effect on fasting blood

glucose, glucose tolerance and cholesterol (with Dp11(1)/þ
mice showing a significant reduction in fasting blood glucose,

when compared to WT animals; Fig 7B), high-fat diet treated

animals showed a significant negative gene dose-dependent

effect on glucose tolerance and cholesterol (glucose tolerance:

F[2,65]¼ 3.196, p¼ 0.04; cholesterol: F[2,79]¼ 3.9, p¼ 0.02;

Fig 7C and D and Fig S3 of Supporting Information). Moreover,
EMBO Mol Med 3, 50–66 www.embomolmed.org
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Figure 6. Contact hypersensitivity and T cell

function.

A. A significant positive gene dose-dependent effect

was observed for ear swelling following local

application of DNFB. Ear thickness was measured at

24, 48 and 72 h following DNFB treatment in mice

that had been sensitized by DNFB pre-treatment

(mean� SEM; Df11(1)/þ, N¼22; WT, N¼42;

Dp11(1)/þ, N¼ 20; �p< 0.05, ���p<0.001).

B. A significant positive gene dose-dependent effect

was observed for the fraction of cultured naı̈ve

splenic T cells (Th0 cells) immunostaining for

intracellular IL-17 (N¼ 4).

C. Quantitative real-time PCR revealed a positive gene

dose-dependent effect on IL-17 mRNA expression in

Th0 cells cultured for 5 days and stimulated acutely

with cytokines. Data represents fold change

compared to WT animals. N¼ 2 for each genotype.

D. The gene dose-dependent effect on fraction of IL-

17þ T cells was occluded in cytokine-induced

polarized T cells (Th17 cells, mean� SEM, N¼ 4).
under high-fat diet conditions fasting blood glucose levels

became normalized in Dp11(1)/þ mice (Fig 7B) demonstrating

that these animals were partially able to compensate for dietary

challenge. Finally, normalized gonadal fat, but not liver weight

was significantly reduced in Df11(1)/þmice compared to either

WT or Dp11(1)/þmice (F[2,66]¼ 3.782, p¼ 0.02; Fig 7E and F).

These findings suggest a dissociation between gene dose-

dependent effects on homeostasis of blood metabolites and fat

deposition.

Altered incidence of atherosclerosis in Df11(1) and Dp11(1)

mice

Next, we examined the risk for ApoE-induced atherosclerosis

following continuation of high-fat diet treatment for a total of

25 weeks (Fig 1). It has been shown previously that ApoeKO/þ
animals develop frequent atherosclerotic lesions in proximal

aorta in the presence of an atherogenic diet (Bobkova et al, 2004;

Zhang et al, 1994). Consistent with these observations,

ApoeKO/þ mice on our genetic background showed aortic

atherosclerotic plaques, while no or only very small plaques

were detected in non-ApoeKO animals (data not shown).

Haematoxylin and Texas Red double staining was carried out

on serial sections of the proximal aorta and unbiased image

processing was used to quantify the percentage of lumen area

with plaque material (Fig 8A). Consistent with previous studies

(Purcell-Huynh et al, 1995), a significant effect of sex

(F[1,36]¼ 19.05, p¼ 0.0001) was observed on plaque area

occupied by the lesions, with females showing larger lesion than

males (Fig 8B). In addition, there was an opposite gene dose-

dependent effect on plaque area in males and females, with

Df11(1)/þ females showing significantly smaller fractional
www.embomolmed.org EMBO Mol Med 3, 50–66
plaque area than WT females (Fig 8B) and a trend for larger

fractional plaque area in Df11(1)/þ males when compared to

Dp11(1)/þ males. These findings suggest that changes in

dosage of one or more genes in the rearrangement affects the

penetrance of aortic plaque formation or maintenance in

ApoeKO/þ mice in a sex-dependent manner.

Normal progression to cancer in Df11(1) and Dp11(1) mice

To investigate potential gene dose-dependent effects on cancer

incidence, we examined survival rates of a separate cohort of

Df11(1)/þ, WT and Dp11(1)/þ mice that had been crossed to

the ApcMin/þ mutation. ApcMin/þ mice develop multiple

intestinal adenomas and rarely survive beyond 4 months of

age on the C57BL/6 background (Moser et al, 1992). Starting at

day 120, mice were examined weekly for signs of illness or

weakness and moribund animals were sacrificed. No mice

survived beyond 400 days of age and no significant gene dose-

dependent effect on survival was detected (Fig 8C). These data

demonstrate that gene dosage in this region does not affect

progression to death due to intestinal neoplasia in ApcMin/þ
mice, although more subtle effects on tumor development or

quality could not be ruled out.

Stat5 is responsible for contact hypersensitivity phenotype

and glucose homeostasis

The discovery of multiple gene dose-dependent phenotypes

associated with Df11(1) and Dp11(1) suggested that one or more

genes within the region has a critical dose sensitive effect on

behavioural, haematological, immune, metabolic, and athero-

sclerotic phenotypes. Moreover, these genes may be acting

independently or together to influence these phenotypes. An
� 2011 EMBO Molecular Medicine 57
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Figure 7. Metabolic parameters.

A. Normal body weight in Df11(1)/þ and Dp11(1)/þ mice 4, 7, 10 and 13 weeks after initiation of high-fat diet (mean� SEM; Df11(1)/þ, N¼ 14; WT, N¼18;

Dp11(1)/þ N¼11).

B. Significant negative gene dose-dependent effect on fasted blood glucose concentration in mice on normal (week 15), but not after 15 weeks of high-fat diet

treatment (week 30).

C. Significant negative gene dose-dependent effect on glucose clearance following intra-peritoneal dextrose challenge after high-fat diet treatment for

15 weeks (AUC¼ area under the curve; Df11(1)/þ, N¼20; WT, N¼36; Dp11(1)/þ, N¼ 15 Controls were age-matched mice on a normal diet: Df11(1)/þ,

N¼ 7; WT, N¼19; Dp11(1)/þ, N¼ 11 �p< 0.05).

D. Significant negative gene dose-dependent effect on plasma cholesterol in mice treated for 15 weeks with high-fat (week 30), but not normal diet (week 14

mean� SEM; Df11(1)/þ, N¼ 23; WT, N¼ 49; Dp11(1)/þ, N¼ 22).

E,F. Significant positive gene dose-dependent effect on normalized (E) gonadal fat, but not (F) liver weight (mean� SEM; Df11(1)/þ, N¼20; WT, N¼35;

Dp11(1)/þ, N¼15). Weight of Gonadal fat and liver for each animal were normalized to total body weight.

58
analysis of genes in the interval revealed three genes previously

implicated in immune function, Stat5a, Stat5b and Stat3 (O’Shea

& Murray, 2008). All three genes encode transcriptional

regulators that act as major mediators of cytokine/growth

factor signalling and are critical for the initiation and

progression of inflammatory responses (O’Shea & Murray,

2008). To examine whether changes in gene dose in one or more

of these candidate genes could be responsible for the immune

phenotypes we observed, we obtained and tested single and

double heterozygous null mutations in Stat5ab (a deletion of

both Stat5a and Stat5b genes, Cui et al, 2004) and Stat3 (Alonzi

et al, 2001) and their WT littermates for changes in

haematological parameters and DNFB-induced CHS.

Analysis of changes in ear thickness following re-exposure to

DNFB revealed significantly reduced swelling in heterozygous

Stat5ab knockout, but not heterozygous Stat3 knockout mice

when compared toWT littermates (repeated measured ANOVA:

F[3,49]¼ 6.995, p¼ 0.0005; Fig 9A). Double heterozygous

Stat5abKO/Stat3KO mice were indistinguishable from Stat5abKO/

þ littermates arguing for a lack of interaction between the two
� 2011 EMBO Molecular Medicine
mutations. Importantly, the magnitude of the reduced sensitiv-

ity to DNFB in heterozygous Stat5ab knockout mice was similar

to that seen in Df11(1)/þ mice (Fig 6A) suggesting that

heterozygosity in this gene pair alone was responsible for the

deficiency phenotype.

Next, we examined haematological parameters of peripheral

blood of single and double heterozygous Stat5ab and Stat3

knockout littermates. While total numbers of red blood cells and

platelets were unaltered (data not shown), we observed a trend

towards decrease in white blood cells counts (Fig 9B). Flow

cytometry revealed a significant and selective reduction in

CD8þ cells in heterozygous Stat5ab knockouts F[3,27]¼ 3.178,

p¼ 0.04 (Fig 9C). No significant effect of genotype was seen for

CD4þ, Mac1þ or B220þ cells (Fig 9D and data not shown). The

magnitude of reduction in peripheral CD8þ cells in hetero-

zygous Stat5ab knockout mice was similar to that seen in

Df11(1)/þ animals (Fig 5F) demonstrating that changes in

Stat5ab gene dose were sufficient to explain both altered CD8þ
cell number and reduced CHS in the deficiency mice. To

examine whether increases in Stat5ab gene dose were necessary
EMBO Mol Med 3, 50–66 www.embomolmed.org
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Figure 8. Atherosclerotic aortic plaques.

A. Representative histological sections of proximal aorta showing significant staining of plaquematerial (red, indicated by arrows) in all genotypes. Opposite gene

dose-dependent effects on relative area of aortic plaques were seen in females (Df11(1)/þ, N¼6; WT, N¼ 10; Dp11(1)/þ, N¼3) and males (Df11(1)/þ, N¼ 6;

WT, N¼ 10; Dp11(1)/þ, N¼ 5). In females, Df11(1)/þ mice showed significantly smaller plaques that WT mice, whereas in males, Df11(1)/þ mice showed a

trend for increased plaque size compared to Dp11(1)/þ mice (mean� SEM, �p< 0.05).

C. Kaplan–Meier survival plot of ApcMin/þ animals with Df11(1) or Dp11(1) alleles and their WT littermates. No gene dose-dependent moderation of survival in

ApcMin/þ mice was observed. (Df11(1)/þ; ApcMin/þ, N¼ 7; þ/þ; ApcMin/þ, N¼ 9; Dp11(1)/þ; ApcMin/þ, N¼5).
for the immune deficits observed in Dp11(1)/þ mice, we

crossed the two alleles together. Increased peripheral white

blood cell counts in Dp11(1)/þ mice were normalized in

Dp11(1)/þ;Stat5abKO/þ double mutant mice (F[3,30]¼ 4.987,

p¼ 0.0063; Fig 10A). Likewise, the trend for increased CHS in

Dp11(1)/þ mice was also reversed in Dp11(1)/þ;Stat5abKO/þ
double mutants (Fig S7 of Supporting Information).

Finally, we investigated whether changes in Stat5ab gene

dosage might also underlie the metabolic deficits observed in

Df11(1)/þ and Dp11(1)/þmice. Reduced baseline glucose seen

in Dp11(1)/þ mice was normalized in Dp11(1)/þ;Stat5abKO/þ
double mutant littermates (F[3,33]¼ 3.081, p¼ 0.04; Fig 10B),

and the trend for increased glucose tolerance was similarly

reversed (Fig 10C). Notably, glucose tolerance was significantly

greater in Dp11(1)/þ mice (three copies of Stat5ab) when

compared to Stat5abKO/þ littermates (one copy of Stat5ab;

Fig 10C). These findings argue that Stat5ab gene dosage is

critically involved in both the immune and metabolic suscept-

ibility observed in Dp11(1)/þ and Df11(1)/þ mice.
DISCUSSION

We have demonstrated that deletion or duplication of a 0.8Mb

chromosomal region on mouse chromosome 11 alters suscept-

ibility tomultiple disease-relevant phenotypes. A previous study
www.embomolmed.org EMBO Mol Med 3, 50–66
with the same rearrangement revealed a dose-dependent

increase in corneal hyperplasia and thymic neoplasia in

Dp11(1)/þ and Dp11(1)/Dp11(1) mice at >10 months of age

(Liu et al, 1998). No phenotype in Df11(1)/þ mice has been

previously reported, although these animals demonstrated

higher susceptibility to tumours when located in trans to a

null p53 allele, presumably due to an increased frequency of

deletions encompassing p53 on the deficiency chromosome

(Biggs et al, 2003). Here we used a broad, unbiased and

sensitized screening approach to uncover susceptibility to

immune, metabolic, cardiac, cancer, and behavioural pheno-

types. The phenotypes observed could be divided into two

groups, those showing positive (Df<WT<Dp) or negative

(Df>WT>Dp) gene dose-dependent effects across all three

genotypes and those showing phenotypes in only one

rearrangement line (Df or Dp 6¼WT). The first group included

alterations in anxiety and home cage activity (Fig 4 and Table S2

of Supporting Information), number of peripheral white blood

cells and platelets (Fig 5A and B), peripheral and splenic CD8þ T

cells (Fig 5F and Fig S2 of Supporting Information), DNFB-

induced CHS (Fig 6A), number of cultured splenic IL-17þ T cells

(Fig 6B), and dextrose-induced glucose clearance (Fig 7C).

Phenotypes in the second group included fasting blood glucose

(Fig 7B), high-fat diet induced blood cholesterol (Fig 7D),

gonadal fat (Fig 7E), and ApoE induced aortic atherosclerotic

plaques (Fig 8A and B). Several annotated genes within the
� 2011 EMBO Molecular Medicine 59
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Figure 9. Contact hypersensitivity in heterozygous

Stat5ab and Stat3 knockout mice.

A. A significant reduction of ear swelling was

observed in heterozygous Stat5abKO, but not

Stat3KO mice following local application of DNFB.

Ear thickness was measured at 24, 48 and 72 h

following DNFB treatment in mice that had been

sensitized by DNFB pre-treated on the abdomen

5 days earlier (mean� SEM; WT, N¼ 15;

Stat5abKO/þ, N¼13; Stat3KO/þ, N¼ 10;

Stat5abKO/Stat3KO, N¼6; �p<0.05, ��p<0.01,
���p<0.001).

B–D. Significant reduction in peripheral blood (C)

CD8þ, but not (D) CD4þ T cells or (B) total white

blood cells (mean� SEM; WT, N¼ 9; Stat5abKO/þ,

N¼9; Stat3KO/þ, N¼ 7; Stat5abKO/Stat3KO, N¼ 6;
�p< 0.05, ��p< 0.01, ���p< 0.001).
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rearrangement were candidates for the observed phenotypes

and follow-up studies with single and double heterozygous

knockout mutations in Stat5ab and Stat3 showed that reduced

Stat5ab gene dosage was sufficient to cause the deficits in CHS

response and CD8þ T cell number seen in Df11(1)/þ mice

(Fig 9A and C) and necessary for the increased peripheral white

blood cell counts see in Dp11(1)/þ mice (Fig 10A). Altered

Stat5ab gene dosage was also necessary for the reduced baseline
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Figure 10. Contact hypersensitivity and metabolic parameters in Dp11(1)/R;

A,B. The significant (A) increase in total white blood cells and (B) decrease in bas

Dp11(1)/þ;Stat5abKO/þ double mutant littermates (Dp11(1), N¼7; Dp11(1

C. The trend for increased glucose tolerance seen in Dp11(1)/þmice compared t

(Dp11(1), N¼7; Dp11(1)/Stat5ab, N¼9; WT, N¼ 14; Stat5ab, N¼7; mean�
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and dextrose-induced glucose levels in Dp11(1)/þmice (Fig 10B

and C).

CGH demonstrated the expected changes in DNA copy

number across the rearrangement, confirmed its end points and

ruled out changes in gene copy number at other genomic

locations in the Dp11(1)/þ and Df11(1)/þ lines (Fig 2B).

Expression profiling of mRNA extracted from cultured splenic

T cells revealed changes in gene expression that matched gene
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eline glucose seen in Dp11(1)/þ mice compared to WT mice was reversed in
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o WT mice was reversed in Dp11(1)/þ;Stat5abKO/þ double mutant littermates

SEM, �p<0.05, ��p<0.01, ���p< 0.001).
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copy number for 12 of 14 genes in the region (Fig 3). Changes

detected by microarray hybridization were confirmed by real

time PCR for Acly, Kat2a, Dhx28, and Stat5a (data not shown).

In addition, immunoblotting confirmed gene dose-dependent

effects on Stat3 and Stat5b protein expression in liver tissue (Fig

S4 of Supporting Information). The lack of a copy number-

mRNA correlation for two genes in the rearrangement (Klhl11

and Dhx58, Fig 3) presumably reflected the engagement of

compensatory transcriptional mechanisms for these genes,

although a selective discrepancy in the amplification and/or

quantification of mRNA for these genes could not be ruled out.

Furthermore, we could not draw conclusions about copy

number driven changes in expression for the remaining genes in

the rearrangement (13/27 annotated genes, Fig 2A) as these

were not detected in T cells. Our gene expression findings are

consistent with other studies in mouse deficiency and duplica-

tion lines where the expression of the large majority of genes

reflected DNA copy number (Kahlem et al, 2004; Li et al, 2009;

Pereira et al, 2009; Prescott et al, 2005). Importantly, only 1 of 39

genes closely linked to the rearrangement (Psmc3ip) showed

expression differences (data not shown) demonstrating that cis-

acting effects of the rearrangement are essentially limited to the

rearrangement boundaries.

An important feature of our screen was its use of genetic and

environmental sensitizers, including heterozygous ApoeKO and

ApcMin mutations, exposure to environmental novelty and

spatial learning, hapten challenge, and high-fat diet treatment

(Fig 1). In the mouse, focused sensitized screens have been

successful at identifying susceptibility mutations using quanti-

tative trait loci (QTL, e.g. modifiers of ApcMin; Dietrich et al,

1993) and chemical mutagenesis (ENU, e.g. Matera et al, 2008;

Rubio-Aliaga et al, 2007) approaches. However, for expediency

most unbiased screens have been restricted primarily to baseline

phenotypes (Brown et al, 2005;McGuinness et al, 2009; Svenson

et al, 2007). Arguably, several of our observed phenotypes

would not have been detected without challenges and this

feature underlines the critical importance of the use of multiple

sensitizers in our screen.

The diversity of phenotypic changes seen in the Df11(1)/þ
and Dp11(1)/þ lines suggested a contribution of multiple genes.

However, it was also possible that one or a small number of

genes contributed to multiple phenotypes. Support for the first

hypothesis came from our studies with single gene knockouts.

Mutations in Stat5ab and Stat3 have been associated with

deficient T cell function in mice and humans and these genes

were strong candidates for the haematological and CHS

phenotypes (Hoelbl et al, 2006; Holland et al, 2007; Minegishi

et al, 2007; Moriggl et al, 1999; Yao et al, 2006). For example, T

cell-specific Stat3 null mutations lead to loss of Th17þ T cells

and compromise their ability to secrete IL-17, a critical mediator

of the CHS response (Harris et al, 2007; Nakae et al, 2002).

Likewise, heterozygous Stat5ab null mice show reduced

peripheral CD8þ T cells and this class of T cells plays an

important facilitating role in CHS (Vocanson et al, 2006).

However, our single gene knockout studies clearly showed that

copy number variation in Stat5ab, but not Stat3 modulated the

CHS response (Fig 9A). Flow cytometry also revealed a clear
www.embomolmed.org EMBO Mol Med 3, 50–66
dissociation between the effects of Stat5ab and Stat3 hetero-

zygosity, with the former showing significantly reduced CD8þ,

but not CD4þ T cells in peripheral blood (Fig 9C and D and Fig

S2 of Supporting Information). These findings corroborate

previous reports of reduced thymic CD8þ T cells in hetero-

zygous Stat5ab mice (Hoelbl et al, 2006) and support the

hypothesis that altered numbers of CD8þ T cells in skin and

lymph tissue might be responsible for the altered CHS seen in

Df11(1)/þ and Dp11(1)/þ mice (Fig 6A). It remains to be

determined whether Stat5ab-dependent modulation of T cell

number determines the degree of CHS response. Interestingly,

while we were unable to detect a correlation between the

percentage of CD8þ T cells in peripheral blood and the intensity

of CHS response, we did observe a significant correlation

between total white blood cells and CHS response (R2¼ 0.641,

p¼ 0.001; Fig S7 of Supporting Information).

Furthermore, despite a known role for Stat3 signal transduc-

tion in IL-17 secretion and the related gene dose-dependent

change in the expression of this cytokine in cultures of quiescent

T cells (Fig 6B and C), alterations in IL-17 function under

stimulated conditions (Fig 6D) were not correlated with the CHS

phenotype. Moreover, there was no indication of a genetic

interaction between Stat3 and Stat5ab alleles (Fig 9) as might

have been expected given their proposed synergistic role in

immunological responses (Zhu & Paul, 2008). These data

suggest that Stat3-dependent changes in T cell function were not

sufficient to moderate CHS and support a novel, purely Stat5-

dependent gene dosage effect. Our findings of a role for Stat5ab

in glucose homeostasis is consistent with earlier work

(Jackerott, 2006; Lee et al, 2007). In one study, partial inhibition

of Stat5ab function in pancreas was associated with higher basal

glucose levels and glucose intolerance, while expression of

constitutively active Stat5b was associated with increased

glucose tolerance (Jackerott et al, 2006). These findings are in

agreement with our data and suggest that Stat5ab gene dosage in

pancreatic beta cells may underlie the metabolic phenotypes

we observed.

Our findings demonstrate the potential of unbiased sensitized

screening of segmental aneuploidy lines to identify suscept-

ibility genes for common disease phenotypes in the mouse.

The large-scale characterization of engineered CNV mouse lines

may offer an efficient approach to identify susceptibility

genes not uncovered via other systematic screening methods

currently being pursued. In addition, this approach taps into a

rich source of natural copy number variation that is increasingly

recognized to play a key role in disease susceptibility.

Identifying susceptibility mutations is a key strategy to uncover

novel pathological mechanisms amenable to therapeutic

intervention.
MATERIALS AND METHODS

Ethics statement

All mice were handled according to protocols approved by the Italian

Ministry of Health and commensurate with NIH guidelines for the

ethical treatment of animals.
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Animals

AB2.2 ES cells (129/SvEvBrd) carrying the Cre-loxP engineered

reciprocal Dp11(1)/Df11(1) rearrangement (Liu et al, 1998) were

kindly provided by Allan Bradley and were injected in C57BL/6J

blastocysts to derive chimeric mice. Male chimerae were crossed to

both WT 129/SvEvBrd (kind gift of Allan Bradley) and C57BL/6J mice.

Only C57BL/6J crosses gave rise to offspring transmitting the Df11(1)/

þ and Dp11(1)/þ alleles and these were then backcrossed to 129/

SvEvBrd to establish the male parents of the phenotyping cohort,

Df11(1)/þ and Dp11(1)/þ, respectively. Mothers were C57BL/6J mice

either homozygous for the ApoeKO allele (B6.129P2-ApoEtm1Unc/Crl,

Charles River Laboratories, Calco, Italy) or heterozygous for the Apcmin

allele (stock #002020, The Jackson Laboratory, Bar Harbor, ME). Thus,

offspring used for phenotyping were a mixed B6x[129xB6] back-

ground. WT mice were littermates. All mice in the ApcMin/þ cohort

were homozygous for the modifier of Min (Mom-1) allele of Pla2g2a

(Santos et al, 1998). Stat3 conditional knockout (Alonzi et al, 2001)

and Stat5ab constitutive knockout mice (Cui et al, 2004) were

imported from the Ludwig Bolzmann Institute and maintained on a

C57BL/6J background. Stat3 constitutive knockout mice were derived

by crossing Stat3 conditional knockouts (Alonzi et al, 2001) with a

general Cre-deleter line and deletion was verified by PCR of tail DNA.

Mice for the single knockout experiments were produced by breeding

Stat5abKO/þ mice with Stat3KO/þ mice. Mice of all four genotypes

were littermates. Animals were weaned at 3 weeks and group housed.

The colony was maintained on a 12h light/dark cycle (lights on at

7:00) with free access to food and water. Animals were kept on a

standard diet (2018 Teklad Global 18% Protein Rodent Diet, Harlan,

San Pietro al Natisone, Italy). High fat diet (‘Paigen’ diet, catalog

#4021.37, Hope Farm, Woerden, Netherlands) was initiated at

15 weeks of age. All mice were handled according to protocols

approved by the Italian Ministry of Health and commensurate with

NIH guidelines for the ethical treatment of animals.

Home cage behavioural testing

Testing was carried out in a home cage continuous monitoring

apparatus (IntelliCage, New Behavior, Zürich, Switzerland). This system

allowed for automatic monitoring of spontaneous and learned

behaviour in a home cage environment (Galsworthy et al, 2005;

Knapska et al, 2006; Onishchenko et al, 2007). The apparatus

consisted of a large cage with food, bedding and shelter and an

operant chamber located in each corner that had a small opening

leading to a chamber where two nosepoke detectors linked to two

liquid delivery stations were located. Only a single mouse could

occupy the chamber at any time. A sensor detected animal entries via

subcutaneous implanted transponders. Access to each drinking station

could be blocked by closing an automatic door and licking was

recorded by electrical contact with the drinking spout.

Animals were transferred to the testing room and transponders (T-IS

8010 FDX-B, Datamars, Switzerland) were injected subcutaneously

under light anaesthesia using isoflourane 4 days before being placed

in the apparatus. During the initial phase (5 h) mice were allowed

access to all corners and water was freely available in each chamber.

During the second phase (72 h) mice had free access to all corners but

had to nosepoke to access water. After gaining access to water on any

given visit to a corner, the door stayed open for 7 s and then remained

closed for the rest of the visit. During the third phase (48 h), mice only
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had access to water in their previously least visited corner and the

percentage of incorrect visits and total nosepokes in incorrect corners

were measured.

Elevated plus maze and open field

The EPM consisted of two open arms (67 cm�7cm) and two enclosed

arms (67 cm�7 cm�50cm) extending from a central platform and

raised 50 cm above the ground. Mice were placed in the central platform

and behavioural measures (number of entries, time spent in open and

closed arms, total distance) scored using a videotracking system (TSE

Systems, Bad Homburg, Germany) for 5min. For the OF, mice were

placed against one side of a grey, plastic box (50 cm�50cm�30 cm)

and allowed to explore for 30min. Behavioural measures (total distance,

time spent, entries and total distance in centre) were scored

automatically by a videotracking system (TSE Systems).

Haematology

Haematocrit and red cell, platelet and white cell counts were obtained

using a haematology analyser (Hemavet 950, Drew Scientific, Water-

bury, CT). Blood was collected by tail incision and collected into 10ml

of 500mM EDTA and analysed within 1 h of collection. For flow

cytometry blood was collected and lysed using Gay solution (10mM

KHCO3 and 75mM NH4Cl, pH 7.4) and immunodetection was

performed using (unless otherwise indicated purchased from

eBioscience, San Diego, CA) anti-B220-phycoerthyrin (12-5892),

anti-B220-allophycocyanin (17-0452), anti-CD4-PE (553052, Phar-

migen, San Diego, CA), anti-CD8a-PE (12-0081) and anti-CD11b-APC

(17-0112-83). Dead cells were stained with 7-amino-actinomycin D

(00-6993) and excluded from the analysis.

Contact hypersensitivity

DNFB induced CHS was performed at 14 weeks of age. In brief, 35ml

of 0.5% DNFB in acetone diluted in olive oil (1:4) was applied to the

shaved abdominal skin and five days later animals were challenged by

applying 10ml of 0.2% DNFB on both sides of one ear. The thickness of

the ear was measured before and 24, 48 and 72h following challenge

using a micrometer (Mitutoyo, Kawasaki, Japan).

Glucose tolerance

Blood glucose concentration was measured following overnight

fasting (14–16 h) using glucometer strips (OneTouch, AccuCheck

Active, Roche Diagnostics, Monza, Italy) at 0, 15, 30 and 120min

after injection of a single dose of dextrose (2mg/g, i.p. in water). Area

under the curve (AUC) for plasma glucose was calculated using

trapezoidal analysis.

Atherosclerotic plaques

Analysis of aortic lesions was performed as previously described (Rubin

et al, 1991). In brief, mice were fasted for 16 h, given a lethal dose of

avertin, and perfused with PBS. The thoracic cavities were dissected

and fixed for 24 h in paraformaldehyde. The heart with attached aorta

was removed, cryoprotected with sucrose overnight, frozen in OCT for

serial sectioning at 10mm, and stained with oil red and counter-

stained with haematoxylin. Aortic lesion size was calculated as a

fraction of total lumen area in four section separated by 50mm using

a custom NIH ImageJ (Bethesda, MD) toolset macro based on colour

deconvolution (OilRedQuantifier, Tiago Ferreira).
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The paper explained

PROBLEM:

Genetic factors play a major role in determining susceptibility to

disease in human. Recently it has been shown that both changes

in the sequence as well as in the number of copies of genes can

influence disease risk. To find association between gene copies

number and disease we developed and tested phenotyping

screen in mice with duplication or deletion of large chromosomal

regions in five therapeutic areas: metabolic syndrome, immune

dysfunction, atherosclerosis, cancer and behaviour.

RESULTS:

To test the feasibility of such a screen we tested mouse lines

carrying a duplication and/or deletion of a 0.8Mb region on

chromosome 11 for physiological changes relevant to human

disease. Specific deficits were found in metabolic, immune, heart

and behavioural markers, showing that changes in copy number

of genes in the tested regionmodify disease susceptibility. Follow

up studies demonstrated that changes in copy number of Stat5ab

explained the altered immune and metabolic function.

IMPACT:

These data demonstrated that phenotyping analysis of mice with

large chromosomal rearrangements is a viable approach to

identify novel dosage sensitive genes affecting disease

susceptibility and highlight potential role of the gene dosage of

Stat5ab in susceptibility to metabolic and immunological

illnesses.
Tissue collection

Animals were fasted overnight, given a lethal dose of avertin and

perfused with PBS. Hearts were dissected and fixed with 4% PFA for

further analysis. Liver, spleen and gonadal fat were weighed and

frozen on powdered dry ice. For bone marrow analysis two tibia and

two femurs were dissected.

Comparative genome hybridization

CGH was performed using the Agilent 44 K oligonucleotide probe chip

(Agilent Technologies, Waldbronn, Germany; mean spacing: 22.3 kb,

median spacing: 13.1 kb). Experiments were performed in duplicate

with swapped dyes. Analysis was performed using DNA Analytics

software (Agilent Technologies).

T cell culture and analysis

Splenic CD4þ T cells were purified using anti-CD4 MiniMacs beads

(Miltenyi Biotech, Bergisch Gladbach, Germany) according to the

manufacturer’s protocol and were plated at 106 cells/ml in complete

RPMI 1640 medium (Sigma) supplemented with 10% fetal bovine

serum (FBS), 0.3mg/ml L-glutamine, 10mM 2-mercaptoethanol,

100U/ml penicillin and 0.1mg/ml streptomycin in six well plates

coated overnight with anti-CD3 (5mg/ml) and anti-CD28 (1mg/ml)

antibodies. After 5 days of culture cells were collected and prepared

for intracellular flow cytometry analysis. Cells were suspended at

107 cells/ml in complete medium and cytokine secretion was induced

with 10ng/ml phorbol 12-myristate 13-acetate (PMA, Sigma) and

1mg/ml ionomycin (Sigma). After 2 h protein secretion was inhibited

with brefeldin A (1:2000, eBioscience). After 4.5–5h, cells were

washed with PBS and fixed for 20min at room temperature. Fixed

cells were stained with anti-CD4-flourescein (FITC) antibody. For

intracellular cytokine detection, cells were permeabilized and stained

with anti-IL17-PE and anti-IFN-gamma-APC antibodies for 20min at

room temperature. Non-specific binding was blocked by anti-FcgRII/III

mouse antibodies. Cells were washed twice in permeabilization buffer

(eBioscience) before flow cytometry. All antibodies were purchased

from eBioscience.
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Gene expression analysis

RNA from 2�106 cultured CD4þ T cells (RNAeasy kit, Qiagen, Hilden,

Germany) was isolated following cytokine induction and 2mg were

used to prepare cDNA (cDNA synthesis kit, Amersham, Otelfingen,

Switzerland). Quantitative real-time PCR on cDNA was performed

using SYBR Green (Invitrogen, Carlsbad, CA) on a Luminex Bioanalyser

Light Cycler 480 (Roche Diagnostics, Penzberg, Germany) and primers

for IL-17 (50-CTCCAGAAGGCCCTCAGACTA, 30-AGCTTTCCCTCCGCATTGA-

CAC) and ubiquitin (50-GATCCTCTTACCCCCTCGTC, 30-CCTTTAGGC-

CACTCCTTCCT), which served as an internal control. Genome-wide

expression profiling (mouse 430 2.0 array, Affymetrix, Santa Clara, CA)

was performed on RNA extracted from CD4þ T cells as described

above. All experiments were performed as biological duplicates. Data

were processed using the Bioconductor software suite (Gentleman

et al, 2004). Raw .CEL files were preprocessed using RMA (Gautier et al,

2004) and ‘present/absent’ calls were made with the MAS5.0

algorithm. The differential expression analysis was restricted to

probesets called ‘present’ in both WT samples, and mapping to genes

within the rearranged genomic region (Ensembl v56). Differential

expressed genes between WT and Dp or Df samples were identified

using a moderated t-test available in the limma software package. A

FDR-adjusted (Benjamini & Hochberg, 1995) cut-off of p-value<0.25

was used as the significance threshold. The microarray dataset has

been loaded in ArrayExpress. ArrayExpress accession is E-MTAB-447.

Protein analysis and Western blotting

Individual liver samples were dounce-homogenized in SDS lysis buffer

(SDS 1%, glycerol 10% and 50mM Tris–HCl, pH 6.8, 150mM NaCl,

protein inhibitors cocktail [Sigma]) and centrifuged at 10,000� g for

15min. Western blotting was performed as described previously

(Towbin et al, 1992). Immunoblots were probed with anti-Stat3

(9132, Cell Signalling, Danvers, MA) and anti-Stat5 (9385, Cell

Signalling) and signals visualized with horseradish peroxidase-

conjugated secondary antibodies (GE Healthcare) and an enhanced

chemiluminescent (ECL) system (GE Healthcare). Blots were washed

with washing buffer (Tris-buffered saline, 0.1% Tween-20) and
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reprobed with anti-tubulin antibodies (Cell Signalling) to normalize for

protein loading. Signals from ECL films (GE Healthcare) were

quantified using NIH ImageJ software.

Statistical analysis

All data were analysed for effects of genotype, sex and treatment

(where relevant) by ANOVA. Ear thickness and glucose tolerance data

were analysed by repeated measure ANOVA. Post hoc testing in case of

significance was performed using Fisher exact test. In cases where

data were not normally distributed Kruskall–Wallis was used followed

by Duncan post hoc in case of significance. Effects of genotype were

assessed using ANOVA. Kaplan–Meier statistics were used to assess

differences in survival time. For behavioural analysis we used mixed

model of ANOVA (three-, two-, or one-way measures) followed by

Holm–Sidak post hoc analysis. In cases where data from male and

female mice are not displayed separately, no significant interaction

between sex and genotype was identified.
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