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Abstract

Genomic disorders refer to a group of syndromes caused by DNA rearrangements, such as deletions and
duplications, which result in an alteration of normal gene dosage. The chromosomal rearrangements are usually
relatively small and often difficult to detect cytogenetically. In a subset of such conditions the rearrangements
comprise multiple unrelated contiguous genes that are physically linked and thus have been referred to as
contiguous gene syndromes (CGS). In general, each syndrome presents a complex clinical phenotype that has been
attributed generally to dosage sensitive gene(s) present in the responsible chromosomal interval. A common
mechanism for CGS resulting from interstitial deletion/duplication has recently been elucidated. The DNA
rearrangements result from nonallelic homologous recombination (NAHR) utilizing flanking low-copy repeats (LCRs)
as recombination substrates. The resulting rearrangements often involve the same genomic region, a common
deletion or duplication, making it difficult to assign a specific phenotype or endophenotype to a single responsible
gene. The human and mouse genome sequencing projects, in conjunction with the ability to engineer mouse
chromosome rearrangements, have enabled the production of mouse models for CGS and genomic disorders. In
this review we present an overview of different techniques utilized to generate mouse models for selected genomic
disorders. These models foment novel insights into the specific genes that convey the phenotype by dosage and/or

position effects and provide opportunities to explore therapeutic options.
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Contiguous Gene Syndromes and other
Genomic Disorders

The term contiguous gene syndrome (CGS) was first
introduced by Schmickel (Schmickel, 1986) to describe
disorders  associated with specific chromosomal
microdeletions whose phenotypic manifestations were due
to the involvement of multiple, unrelated genes that are
physically linked to each other (Shaffer et al., 2001). CGS
are a specific subtype of genomic disorders. The concept of
“genomic disorders” refers to conditions that result from
DNA rearrangements due to regional DNA architecture
(Lupski, 1998). Genomic disorders are a result of recurrent
DNA rearrangements involving unstable genomic regions.
The genomic rearrangements are usually flanked by low
copy repeats (LCR) ranging in size from 10 to 400 kb, that
have > 97-98% sequence identity between them
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(Stankiewicz and Lupski, 2002). Through the process of
non allelic-homologous recombination (NAHR), DNA re-
arrangements such as deletions, duplications or inversions,
are facilitated (Lupski, 1998; Shaffer and Lupski, 2000;
Emanuel and Shaikh, 2001; Shaffer et al., 2001; Inoue and
Lupski, 2002; Stankiewicz and Lupski, 2002; Lupski,
2003; Shaw and Lupski, 2004).

An increasing number of rearrangement-based disor-
ders have been recognized (Figure 1). The DNA rearrange-
ments are usually small on a cytogenetic scale (< 5 Mb),
thus molecular technologies, such as PCR, pulsed-field gel
electrophoresis (PFGE) and fluorescence in situ hybridiza-
tion (FISH), are necessary for the identification and diagno-
sis of several of these disorders. A listing of representative
genomic disorders can be found in Table 1; they range from
X-linked deletions (that result in structural and functional
nullisomy of the genes involved in males), through
autosomal deletions (that cause reduction of gene dosage,
hence causing structural and functional monosomy, and
phenotypes secondary to haploinsufficient genes), to
autosomal duplication (giving an increase of gene dosage,
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Figure 1 - Genomic disorders. A karyogram representation of human chromosomes, with arrows indicating all the genomic disorders found to date.
NPHP1: Nephronophthisis 1, WHS: Wolf-Hirschhorn Syndrome, SoS: Sotos Syndrome, SCS: Saethre-Chotzen Syndrome, RSS: Russell-Silver Syn-
drome, GCPS: Greig cephalopolysyndactyly Syndrome, WBS: Williams-Beuren Syndrome, KMS: Kabuki Syndrome, LGS: Langer-Giedion Syn-
drome, BWS: Beckwith-Wiedemann Syndrome, WAGR: Wilms Tumor-Aniridia-Genitourinary Anomalies-Mental Retardation Syndrome, PSS:
Potocki-Shaffer Syndrome, NS1: Noonan Syndrome, RB1: Retinoblastoma/MR, AS: Angelman Syndrome, PWS: Prader-Willi Syndrome, RSTS:
Rubinstein-Taybi Syndrome, TSC2: Tuberous sclerosis-2, PKD1: Polycystic kidney disease, MDLS: Miller-Dieker Lissencephaly Syndrome, SMS:
Smith Magenis Syndrome, CMTA1: Charcot-Marie-Tooth Disease, HNPP: Hereditary Neuropathy with Liability to Pressure Palsies, NF1: Neuro-
fibromatosis I, AGS: Alagille Syndrome, DGS: DiGeorge Syndrome, VCFS: Velocardiofacial Syndrome, DMD: Duchenne Muscular Dystrophy, GKD:
Hyperglycerolemia, AHC: Adrenal hypoplasia congenital, DSS: Dosage-Sensitive Sex Reversion, PMD: Pelizaeus-Merzbacher, MLS: Microphtalmia
with linear Skin Defects Syndrome, STS: X-linked Ichthyosis, KAL1: Kallmann Syndrome, SS: Short Stature, CDPX1: Chondrodysplasia Punctata,
OA1: X-linked ocular Albinism, AZFa/c: Male Infertility, HPE 1-7: Holoprosencephaly locus 1-7.

resulting in structural and functional segmental trisomy).
Each syndrome is characterized by a specific and complex
phenotype. Some patients lacking the classical rearrange-
ment, but harboring point mutations in a candidate gene
prompted the identification of the dosage sensitive gene re-
sponsible for some of these disorders. Examples of such
single predominant haploinsufficient genes in CGS in-
clude: mutations in the transcriptional co-activator CBP for
Rubinstein-Taybi syndrome (Petrij, et al., 1995);
pS7(KIP2) for Beckwith-Wiedemann Syndrome (Hatada et
al., 1996); JAG1 for Alagille syndrome (Oda et al., 1997,

Liet al., 1997); UBE34 for Angelman syndrome (Kishino
et al., 1997); NSD1 for Sotos (Kurotaki et al., 2002) and
RAII for Smith-Magenis Syndrome (Slager et al., 2003).
Interestingly, several of these genes encode transcription
factors, which can potentially explain the pleiotropic phe-
notypes present in the patients.

Establishing a correlation between each phenotype
and the particular gene that is dosage sensitive has often
been a major challenge given the facts that the regions in-
volved are usually large (megabases in size) and include
several genes. Furthermore, the same size rearrangement
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Table 1 - Contiguous gene syndromes and other genomic disorders.
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Syndrome/Disorder Chromosomal OMIM # Gene(s) involved Mouse models
rearrangement
monosomy 1p del(1)(p36) 607872 Possibly SKI, DVL1 Ski targeted mutagenesis (Berk ez al., 1997)
Holoprosencephaly 2 (HPE2)  del(2)(p21p21) 157170 SIX3 Six3 locus was inactivated by an in-frame in-
sertion of /acZ (Lagutin et al., 2003)
Nephronophthisis 1 (NPHP1)  del(2)(q13q13) 256100 NPHPI Not available
Holoprosencephaly 6 (HPE6)  del(2)(q37.1937.3) 605934 HPE6 Not available
Wolf-Hirschhorn Syndrome del(4)(p16.3) 194190 Unknown Nested deletions (Néf et al., 2001)
(WHS)
Cri-du-chat Syndrome del(5)(p15.2) 123450 Possibly h”TERT Not available
Sotos Syndrome (SoS) del(5)(q35q35) 117550 NSDI Nsd1 targeted mutagenesis (Rayasam et
al., 2003)
Saethre-Chotzen Syndrome del(7)(p21p21) 101400 TWIST Twist null mice (Chen, 1995)
(SCS)
Greig cephalopolysyndactyly  del(7)(p13p13) 175700 GLI3 Extra toes (an intragenic deletion of the G/i3
Syndrome (GCPS) gene, Hui and Joyner, 1993)
Williams-Beuren Syndrome del(7)(q11.23q11.23) 194050 ELN for supravalvular aortic Eln targeted mutagenesis (Li ez al., 1998);
(WBS) stenosis (SVAS); LIMK Ifor Cyin2 targeted mutagenesis (Hoogenraad et
impaired visuospatial con-  al., 2002); Lim K1 targeted mutagenesis
structive cognition; CYLN2  (Meng et al., 2002)
for neurodevelopment ab-
normalities?
Russell-Silver Syndrome (RSS) dup(7)(p12p13) 180860 Strong evidence for GRBI0  Grb10 targeted mutagenesis (Charalambous et
as a growth suppressor al., 2003)
Holoprosencephaly 3 (HPE3)  del(7)(q36) 142945 SHH Shh targeted mutagenesis (Chiang et
al., 1996)
Kabuki Syndrome (KMS) dup(8)(p22p23.1) 147920 Unknown Not available
Langer-Giedion Syndrome del(8)(q24.11g24.13) 150230 EXT1] for exostoses; TRPSI  Trpsl targeted mutagenesis (Malik et
(LGS) for Tricho-Rhino-Phalangeal al., 2002); Ext targeted mutagenesis (Lin et
Syndrome (TRPS) al., 2000)
Holoprosencephaly 7 (HPE7)  del(9)(q22.3) 601309 PTCH Ptch targeted mutagenesis (Goodrich ez
al., 1997)
DiGeorge Syndrome 2 (DGS2) del(10)(p13) 601362 Not Available
Beckwith-Wiedemann Syn- dup(11)(p15.5p15.5) 130650 pS7(KIP2) pS57(KIP2) targeted mutagenesis (Zhang et
drome (BWS) al., 1997)
Wilms Tumor- del(11)(p12p14) 194072 PAXG for aniridia Wt targeted mutagenesis (Kreidberg et
Aniridia-Genitourinary Anom- (AN2), WT1 for and genito- al., 1993; Wagner ef al., 2002); transgenic
alies-Mental Retardation Syn- urinary anomalies WT1 (Wagner et al., 2002; Guo et al., 2002);
drome (WAGR) small eye mouse and rat models (Glaser et
al., 1990; Hill et al., 1991; Matsuo et
al., 1993); Pax6 conditional tissue-specific
targeted mutagenesis (Ashery-Padan ez
al., 2000); Pax6 transgenesis (Schedl et
al., 1996)
Potocki-Shaffer Syndrome del(11)(p11.2p12) 601224 EXT2; ALX4 for parietal Alx4 targeted mutagenesis (Qu ef al., 1997)
(PSS) foramina (PFM)
Noonan Syndrome (NST1) del(12)(q24.1g24.31) 163950 PTPNI1 Targeted mutation Ppnl(Saxton et
al., 1997)
Retinoblastoma/MR (RB1) del(13)(ql4ql4) 180200 RBI Targeted disruption of Rb (Lee et at., 1992)
Holoprosencephaly 5 (HPES)  del(13)(q32q32) 603073 ZIC2 Kumba mutant (Elms et al., 2003)
Prader-Willi syndrome (PWS)  paternal 176270 Possibly paternal SNRNP; P Snrpn and imprinting center targeted muta-

del(15)(q11.2q13)

likely for hypopigmentation;
NDN for hypothalamic and
behavioral alterations

genesis (Yang et al., 1998),; Ndn targeted mu-
tagenesis (Muscatelli ez al., 2000); uniparental
disomy (Cattanach et al., 1992);
transgene-induced deletion (Gabriel et

al., 1999)
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Table 1. (cont.)
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Syndrome/Disorder Chromosomal OMIM # Gene(s) involved Mouse models
rearrangement
Angelman syndrome (AS) maternal 105830 UBE34, P for Maternal and paternal Ube3a targeted muta-
del(15)(q11.2q13) hypopigmentation genesis (Jiang et al., 1998); uniparental
disomy (Cattanach ez al., 1997);
transgene-induced deletion (Gabriel et
al., 1999)
Tuberous sclerosis-2 (TSC2) del(16)(p13.3) 191100 7SC2 Germline inactivation of 1 allele of Tsc2 gene
(Kleymenova et al., 2001)
Polycystic kidney disease del(16)(p13.3p13.3) 173900 PKD1 Targeted mutagenesis of Pkd1 (Lu et
(PKD1) al., 1997)
Rubinstein-Taybi Syndrome del(16)(p13.3p13.3) 180849 CBP Cbp targeted mutagenesis and truncated pro-
(RSTS) tein (Tanaka et al., 1997; Oike et al., 1999)
Miller-Dieker Lissencephaly del(17)(p13.3) 247200 LIS1 for lissencephaly; Lis! targeted mutagenesis (Hirotsune et
Syndrome (MDLS) 14-3-3-epsilon for defects in  al., 1998) and hypomorph (Cahana et
brain development and al.,2001), 14-3-3-epsilon targeted mutagene-
neuronal migration sis (Toyo-oka et al., 2003.)
Charcot-Marie-Tooth Disease  dup(17)(p12p12) 118220 PMP22 Trembler mouse (Suter et al., 1992);
(CMT1A) and reciprocal He- del(17)(p12p12) 162500 hypomorph (Maycox et al., 1997); Pmp22 tar-
reditary Neuropathy with Lia- geted mutagenesis (Adlkofer ez al., 1995);
bility to Pressure Palsies transgenesis (Huxley et al., 1996; Magyar et
(HNPP) al., 1996); inducible Pmp22 overexpression
(Perea et al., 2001)
Smith-Magenis Syndrome del(17)(p11.2p11.2) 182290 RAII for full phenotype? Chromosomal engineering (Walz et al., 2003);
(SMS) nested deletions
dup(17)(p11.2.p11.2) dup(17)(p11.2.p11.2) ? Chromosomal engineering (Walz et
al., 2003), transgenesis
Neurofibromatosis I (NF1) del(17)(q11.2q11.2) 162200 NF1 Targeted mutagenesis NfI (Jacks et al., 1994)
(Brannan et al., 1994) Nf1 tissue specific inac-
tivation (Gitler ez al., 2003)
Holoprosencephaly 4 (HPE4)  del(18)(p11.3) 142946 IGIF Not available
Alagille Syndrome (AGS) del(20)(p12.2p12.2) 118450 JAGI for eye Single and double targeted mutagenesis (Jag!
dysmorphology null and Notch2 hypomorph); (Xue et
al., 1999; McCright et al., 2002)
Holoprosencephaly 1 (HPE1)  del(21)(q22.3) 236100 TMEM1 Not Available
DiGeorge Syn- del(22)(q11.2q11.2) 188400 TBX1 Chromosomal engineering (Lindsay et
drome/Velocardio facial Syn- al., 1999; Merscher et al., 2001); nested dele-
drome (DGS/VCES) tions; 7bx/ and Crkl targeted mutagenesis
(Jerome et al., 2001; Guris et al., 2001);
transgenesis (Lindsay et al., 2001; Merscher et
al., 2001; Funke et al., 2001); Raldh2
hypomorph (Vermot, 2003)
Adrenal hypoplasia congenita  del(X)(p21p21) 300200 DAXI Ahch (homolog of DAX1) targeted mutagene-
(AHC) and reciprocal Dos- dup(X)(p21p21) sis (Yu et al., 1998); Dax1 transgenesis (Swain
age-Sensitive Sex Reversion et al., 1998)
(DSS)
Pelizaeus-Merzbacher (PMD)  del(X)(q22q22) and 312080 PLP Jimpy mouse (Dautigny et al., 1986; Nave et
dup(X)(q22q22) al., 1986; Sidman, 1964); PLP/DMD20 tar-
geted mutagenesis (Klugmann et al., 1997);
PLP transgenesis (Readhead et al., 1994;
Inoue et al., 1996)
Microphtalmia with Linear Skin del(X)(p22.31q22.31) 309801 HSSC for male lethality? Chromosome engineering and transgenesis
Defects Syndrome (MLS) (Prakash et al., 2002)
Duchenne Muscular Dystrophy — del(X)(p21.2p21.2) 310200 DMD Mdx mouse model (Sicinski ef al., 1989); in-
(DMD) ducible transgenesis (Ahmad et al., 2000);
transgenesis (Cox ef al., 1993; Phelps et
al., 1995; Rafael et al., 1996; Wells et
al., 1995)
Hyperglycerolemia (GKD) del(X)(p21p21) 307030 GK Gyk targeted mutagenesis (Huq ez al., 1997)
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Chromosomal OMIM #

rearrangement

Syndrome/Disorder

Gene(s) involved

Mouse models

X-linked Ichthyosis (STS) del(X)(p22.3p22.3)

308100 STS

Not available

Kallmann Syndrome (KALT1) del( X)(p22.3p22.3) 308700 KALI Not available

Short Stature (SS) del(X)(p22.32) 604271 SHOX Not available

X-linked Recessive del(X)(p22.3p22.3) 302950 ARSE Not available

Chondrodysplasia Punctata

(CDPX1)

X-linked Ocular Albinism del(X)(p22.3p22.3) 300500 0OAl Oal targeted mutagenesis (Incerti et al., 2000)
(OA1)

Azoospermia (AZFa and AZFc) del(Y)(ql1.2) 415000 DAZ Dazla targeted mutagenesis (Ruggiu et

al., 1997); complementation transgenesis (Slee
et al., 1999)

usually occurs in most patients because of the molecular
mechanism that results in fixed breakpoints reflecting ge-
nome architecture. In cases wherein it was not possible to
identify patients harboring varying-sized deletions/dupli-
cations, or single gene mutations were not found, or a
translocation disrupting a particular gene in the critical re-
gion was not available, murine models have proven to be
extremely valuable for elucidating the predominant gene(s)
responsible for the phenotype. Murine models are also es-
sential for evaluating the effects of modifier loci.

Generation of Chromosome Rearrangements

The mouse shares physiologic, anatomic and
genomic similarities with humans and can be readily ma-
nipulated genetically. It has thus become an important ani-
mal model for studying human disease. The completion of
the sequencing of the human and mouse genomes enables
comparative genomic analyses. Many genomic regions be-
tween these species maintain conserved syntenic relation-
ships. Chromosomal deletions, duplications, inversions
and translocations can be produced in mice using radiation
or chemicals mutagens (Russell, 1951; Rinchik et al.,
1993). The disadvantage of these methods is that the rear-
rangements are created at random, without the ability to
predetermine their endpoints. Another disadvantage is the
relatively large size required for cytogenetic detection,
therefore skewing toward a selection of large deletions in
gene poor regions of the genome. You ef al. (1997) could
generate deletions in the genome combining irradiation and
ES cell technology. The advantage of this methodology re-
lies on the fact that ES cells are evaluated which reduces the
amount of work involving the whole animal. However,
since these deletions are still generated at random, a signifi-
cant amount of work is required for the molecular charac-
terization of each deletion.

Only recently have strategies been developed to intro-
duce defined chromosomal rearrangements in the mouse
genome by engineering them in embryonic stem cells (ES)
using the Cre-loxP site-specific recombination system.

Allan Bradley and colleagues described the first generation
of megabase genomic rearrangements in mice utilizing
chromosomal engineering (Ramirez-Solis et al., 1995).

To generate a specific genomic rearrangement be-
tween two endpoints, two sequential gene-targeting steps
are required in order to prepare each endpoint for selectable
Cre-loxP recombination (Ramirez-Solis et al., 1995)(Fig-
ures 2 and 3). The double-targeted ES cell is then tran-
siently transfected with Cre recombinase (an enzyme that
catalyzes site specific recombination between the specific

Wit .
chromosome

loxP l loxP
Double targeted L;@+ p A N30
chromosome B {-j_ -
Bl target l 20 arget

Transient transfection with
Cre recombinase

|

Engineered loxP
chromosome Wl T
(with a deletion) . i2) + =
Genomic part lostby P A N

the recombination

Figure 2 - Basic steps for chromosome engineering in mice. A system pre-
viously described (Ramirez-Solis et al., 1995; Zheng et al., 1999) for gen-
erating defined chromosomal rearrangements is represented. Briefly, the
method utilizes two mouse genomic libraries, the 5’ Aprt library and 3’ hprt
library, containing in each vector backbone one /oxP site (black arrow),
one half of the Hprt minigene, exons 1-2 or exons 3-9, respectively (green
boxes), and a resistance marker for selection, Neomycin (N) or Puromycin
(P), respectively (yellow circles). When targeted in the mouse genome the
two serially inserted /oxP sites can be recombined by Cre recombinase,
and the Hprt minigene is reconstituted so that cells with rearranged chro-
mosomes can be selected in HAT media. In this figure one particular chro-
mosome is represented by a red line, and a circle depicts the centromere.
The letter A represents a specific region of the chromosome between the
two loxP sites, that will be lost by the recombination mediated by Cre
recombinase. For simplicity, the insertion for both /oxP sites is repre-
sented in Cis and in direct orientation, but several integration alternatives
are possible (see text).
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Figure 3 - Schematic representation of the generation of mice carrying genomic rearrangements. ES cells that were first modified with the target of loxP
sites and Cre recombinase transient expression in order to obtain the desired rearrangement are analyzed. Mini Southern analysis and FISH (in this exam-
ple a BAC containing the PMP22 gene that is outside the region to be modified was labeled in red, and a BAC containing the Srebp1 gene, inside the rear-
ranged region, was labeled with green) (A) are done in order to identify the engineered chromosomes. Once the ES cells carrying the modification are
identified they are injected into a wild type embryo in the blastocyst stage (B), and these are implanted in a foster mother (C). Chimeric mice are born,
which will have different percentages of chimerism, and are in general recognizable by patches of different coat color. Each chimeric mouse will be mated
with a wild type mouse (D); their progeny will include wild type animals and others derived from the initial ES cell (E), some of which will be carrying the
modification. In this specific case all the animals derived from the modified ES cell will be modified due to the fact that there were rearrangements in both
chromosomes (a deletion in one and the reciprocal duplication in the other). FISH on tail fibroblasts can be used to confirm the genotypes (F-G). Also
these specific mice could be distinguished between each other by coat color (H).

34 bp loxP sites) that facilitates the recombination between
the two loxP sites, achieving the corresponding genomic re-
arrangement. The type of chromosome rearrangement ob-
tained will be a direct consequence of the relative initial
loxP configurations. If the loxP sites are in the same or di-
rect orientation, the region between them will be deleted or
duplicated. If the two loxP sites are inverted or in opposite
orientation, then the genomic region between them will be
inverted (Mills and Bradley, 2001; Yu and Bradley, 2001).
Another versatility of this methodology is the possibility to
choose the desired endpoints, with the extra advantage of
the availability of two complementary libraries (the 5’ Hprt
library and the 3’Hprt library) for the initial targeting
events. About 100,000 clones from these libraries have re-
cently been sequenced and indexed on the mouse genome
as a Mutagenic Insertion and Chromosome Engineering
Resource (MICER) (Adams et al., 2004). Each of the li-
braries contain one half of the Hprt cassette in the vector

backbone that when reassembled can be selected for in cul-
ture due to the resistance to hypoxanthine aminopterin
thymidine (HAT) conferred by the reconstructed Hprt gene
generated after the Cre mediated recombination. The vector
backbones also include coat color markers and selectable
markers (Zheng et al., 1999). If the targeted endpoints are
in the same chromosome, or in homologous chromosomes,
then a deficiency, duplication or an inversion can be ob-
tained; if the endpoints are in different chromosomes, a bal-
anced translocation can be generated.

Mouse Models for Complex Syndromes Due to
DNA Rearrangements

Chromosomal engineering mediated by the Cre-loxP
recombination system is particularly useful for modeling
large deletions and their reciprocal duplications, as well as
inversions. Other techniques have been explored to refine
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the critical region and to identify dosage sensitive gene(s)
responsible for different phenotypic features in several
CGS deletions (Figure 4). These include the generation of
nested chromosomal deletions, targeted mutagenesis and
transgenesis. Although extremely informative relative to a
potential role for two or more different genes in the etiology
of the disease, or position effects as they relate to
phenotypic expression, the generation of nested deletions is
time-consuming and may not always reproduce the full
clinical spectrum of the disease.

Targeted mutagenesis is the most logical approach
when there is evidence that a single gene is responsible for
the observed clinical features. It has been valuable in the
case of genomic disorders wherein it was possible to iden-
tify non-deleted patients with the full/partial phenotype as-
sociated with point mutations in a specific gene. However,
it is possible that a single gene is responsible for the pre-
dominant clinical features, while other genes in the critical
region convey modifying effects. In this case, a double
knock-out may be necessary to completely reproduce the
clinical spectrum. Targeted mutagenesis can be combined
with nested deletions, if available, or simply be supple-
mented by transgenesis to elucidate phenotypic effects of
different allelic combinations.

Transgenesis has been used extensively to: i) narrow
down the critical region in certain CGS, ii) to produce
overexpressing animal models that mimic duplication syn-
dromes, and iii) to complement the phenotype (either fully
or partially) when a murine model constructed by either tar-
geted mutagenesis or chromosome engineering of the dis-
ease is available. This technique is rapid relative to the
previous ones described and it is particularly powerful to
assess gene dosage effects. Initially, relatively small
transgenes integrated in the mouse genome showed low
levels of expression, but with the recent availability of large
genomic clones (YAC/BAC/PAC), transgene expression is
usually spatially and temporally correct, since the regula-

| Deletion syndrome |

v v

Can a critical region be defined?
Are there any strong candidate
genes? Is position effect excluded?

NO \YES YES / NO

Targeted mutagenesis
of candidate gene
Transgenesis

| Duplication syndrome |

Does duplication disrupt
any gene?

Chromosome engineering
Nested deletions
Complementation by
transgenesis

Overexpression by transgenesis

Chromosome engineering

Figure 4 - Schematic representation of the most probable pathways lead-
ing to the production of a mouse model for a specific genomic disorder.
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tory regions crucial for full expression are included. Levels
of expression mimic the endogenous gene and correlate
with the number of copies integrated in the genome. The
copies are usually integrated in tandem at a unique site
within the genome, although rearrangements accompany-
ing transgenesis have been described.

When analyzing a complex phenotype in the mouse
and attempting to recapitulate a CGS, several factors must
be considered that may complicate the assessment of corre-
lation between a specific gene and a specific phenotypic
feature. Rearrangements can occur in transgenic mice; the
probability of such increases with the size of the fragment
integrated. Dosage sensitive genes can be modified by
strain background effects, thus different strains must be
evaluated. These caveats can add substantial time and ex-
pense to the analysis. Nevertheless, these techniques have
enabled the development of mouse models for several
genomic disorders. Here we discuss selected examples in
which insights into the disease process were gleaned from
mouse models.

Charcot-Marie-Tooth Disease - Human
Hereditary Neuropathy with Liability to Pressure
Palsies

Peripheral myelin protein-22, PMP22, is a major
component of myelin expressed in the compact portion of
essentially all myelinated fibers in the peripheral nervous
system and is produced predominantly by Schwann cells. A
duplication on chromosome 17p12 was identified as the ba-
sis of Charcot-Marie-Tooth disease type 1 (CMTI1A)
(Lupski et al., 1991), whereas an interstitial deletion in-
cluding the PMP22 gene was observed in patients with He-
reditary Neuropathy with Liability to Pressure Palsies
(HNPP) (Chance et al., 1993). These distinct conditions
represent prototypical disorders for the elucidation of the
mechanism responsible for genomic disorders, as low copy
repeats (LCRs) were identified in the region involved and
nonallelic homologous recombination (NAHR) using these
repeats as recombination substrates results in either the du-
plication or deletion (Pentao et al., 1992; Chance et al.,
1994, Reiter et al., 1996; Reiter et al., 1998).

A mouse model for CMT1A was constructed by
pronuclear injection of a YAC containing the human
PMP22 gene and a large proportion of the region dupli-
cated in CMT1A (Huxley ef al., 1996). This mouse devel-
oped a peripheral neuropathy closely resembling that
observed in human CMT1A, with progressive weakness of
the hind legs, severe demyelination in the peripheral ner-
vous system, and the presence of onion bulb formations on
neuropathology. Transgenic lines harboring a much greater
Pmp22 copy number (Magyar et al., 1996) revealed com-
plete absence of myelin. A transgenic rat model with in-
creased expression of PMP22 was described by Sereda et
al. (1996). PMP22-transgenic rats develop gait abnormali-
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ties caused by a peripheral hypomyelination, Schwann cell
hypertrophy (onion bulb formation), muscle weakness and
reduced nerve conduction velocities. Homozygous trans-
genic animals completely fail to elaborate myelin.

To model HNPP, the Pmp22 gene was targeted
(Adlkofer et al., 1995). Homozygous null mice develop a
neuropathy similar to HNPP with very slow conduction ve-
locities, while heterozygous mice show a less severe phe-
notype. The generation of a hypomorphic allele of the gene
by injection of antisense RNA (Maycox et al., 1997)
showed that even with a relatively low decrease in levels of
endogenous expression, a phenotype resembling HNPP is
observed, though at a somewhat slower rate.

Since it was proposed that impaired Schwann cell dif-
ferentiation was the mechanism responsible for hereditary
peripheral neuropathies, Perea et al. (2001) generated a
transgenic mouse model for CMT in which mouse Pmp22
overexpression occurs specifically in Schwann cells of the
peripheral nerve and is switched off when the mice are fed
tetracycline. When the gene is overexpressed throughout
life, demyelination occurs. In contrast, myelination is
nearly normal when Pmp22 overexpression is inactivated.
Interestingly, if the gene is switched off in adult mice, abro-
gation of the demyelination begins within 1 week and
myelination is well advanced by 3 months. The observation
of correction of the neuropathology suggests that even after
the initiation of demyelination, therapeutic intervention
may be of substantial benefit, which is encouraging to-
wards a therapy using drugs or gene transfer. In previously
normal adult mice, overexpression of Pmp22 is followed by
active demyelination. The authors hypothesized that even
adult mice are sensitive to the level of expression of Pmp22
with respect to homeostasis of the myelin sheath (Perea et
al.,2001).

The steroid hormone progesterone has been shown to
stimulate Pmp22 gene expression both in cultured
Schwann cells and in adult mice (Melcangi et al., 1999).
Recently, utilizing the rat model of CMT1A with extra cop-
ies of the Pmp22 gene (Sereda ef al., 1996), male mice that
were treated with the progesterone antagonist onapristone
showed reduced overexpression of Pmp22 and clinical im-
provement in the CMT phenotype (as indicated by mainte-
nance of large axons and improved motor performance)
(Sereda et al., 2003). Pmp22 mRNA was decreased by 15%
in onapristone-treated animals, suggesting that even a small
reduction in Pmp22 transcription may have a beneficial ef-
fect on the disease course (Sereda et al., 2003). The avail-
ability of different models expressing different levels of the
PMP22 protein (overexpressing transgenic mice,
hypomorph, heterozygous and homozygous null) allowed
the establishment of a correlation between the severity of
the phenotype, assessed by peripheral myelin ultrastructure
and nerve conduction, and protein expression. These
mouse models confirmed that gene dosage is a critical etio-
logical factor for both CMT1A and HNPP; and provide fan-
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tastic tools for the exploration of therapeutics for these dis-
eases. It is interesting to speculate that progesterone agonist
may be useful in the treatment of HNPP.

DiGeorge Syndrome

DiGeorge syndrome (DGS) is a genomic disorder
caused by a heterozygous deletion of chromosome 22q11.
DGS patients present with several phenotypic abnormali-
ties, including cleft palate, cardiovascular defects, thymic
hypoplasia, hypothyroidism, and learning disabilities. The
triad that defines the syndrome is congenital heart disease
characterized by right-sided lesions (most notably inter-
rupted aortic arch), hypocalcemia resulting from
parathyroid hypoplasia, and frequent infections due to im-
munodeficiency secondary to thymic aplasia. Each of these
structures (heart, thymus and parathyroid) is derived from
the 3™ and 4™ pharyngeal pouches.

Several groups attempted the generation of an animal
model that recapitulates the syndrome. Lindsay et al.
(1999) created an animal model for DGS using Cre-loxP
chromosome engineering in ES cells (Ramirez-Solis ef al.,
1995). They engineered a deletion of a portion of mouse
chromosome 16B that is syntenic with human chromosome
22q11 and contains many of the orthologous genes. They
reported that 26% of the 18.5 days postcoitum embryos car-
rying the heterozygous deletion had cardiovascular abnor-
malities, and 18% of adult mice harboring the deletion or
deficiency, had cardiovascular abnormalities. However,
such mice had normal levels of calcium, phosphorus, and
parathyroid hormone, normal percentages of B and T cells,
and the thymus was normal in size. In addition, none of the
mice harboring the deletion had cleft palate or gross palatal
abnormalities. Deficiency mice showed abnormalities in
sensorimotor gating, learning, and memory (Paylor ef al.,
2001).

Using a combination of chromosome engineering and
P1 artificial chromosome transgenesis the 7hx/ gene, that
encodes a member of the T-box transcription factor family
that maps to 22q11 in humans, was shown to be required for
normal development of the pharyngeal arch arteries in a
gene dosage-dependent manner (Lindsay er al, 2001).
These observations indicated that haploinsufficiency of
Tbhx1 is sufficient to generate at least one important compo-
nent of the DGS phenotype in mice. Null mutations of the
Thbx1 gene were also produced (Jerome and Papaioannou,
2001). Heterozygous Thx!"" mice had a high incidence of
cardiac outflow tract anomalies, thus modeling one of the
major abnormalities of the human syndrome. Mice that
were hemizygous for a 1.5-Mb deletion syntenic to that on
22q11 in DGS patients were generated by chromosome en-
gineering using a Cre-loxP strategy (Merscher ef al., 2001).
These mice exhibited heart conotruncal and parathyroid de-
fects. The conotruncal defects could be partially rescued by
a human BAC containing the 7BX1 gene again implicating
TBXI as having a major role in the molecular etiology of
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DGS. However, definitive proof that haploinsufficiency of
TBX1 is causative for DGS in humans was only recently ob-
tained, when mutations in the 7BX/ gene were found in
nondeleted patients with features of DGS (Yagi et al.,
2003).

The CRKL gene that encodes an SH2-SH3-SH3 adap-
tor protein maps within the common deletion region for
DGS. Mice homozygous for a targeted null mutation at the
Crkl locus exhibit defects in multiple cranial and cardiac
neural crest derivatives including the cranial ganglia, aortic
arch arteries, cardiac outflow tract, thymus, parathyroid
glands, and craniofacial structures. Thus, Crkl may be in-
volved in the molecular mechanism underlying DGS in the
case of deletion. Another gene that seems to be involved in
the cardiac phenotype is RALDH?2 encoding retinoic acid-
synthesizing enzyme. Hypomorphic alleles in mice result
in prenatal death of the mutant mice with heart outflow tract
septation defects and anomalies of the aortic arch-derived
head and neck arteries, laryngeal-tracheal cartilage defects,
and thyroid/parathyroid aplasia or hypoplasia (Vermont et
al., 2003). These observations are consistent with a de-
creased level of embryonic retinoic acid (through genetic
and/or nutritional causes) potentially representing a major
modifier of the expressivity of human 22q1 1del-associated
DGS. Several gene mutations have been found in mice af-
fecting the development of the pharyngeal apparatus (for a
recent review see Vitelli and Baldini, 2003). As most of the
DGS patients have the same chromosomal deletion, but a
great degree of clinical variability, the presence of modifi-
ers is strongly suggested. Further investigations are re-
quired to determine if any of these genes play a role in the
DGS phenotype.

Prader-Willi / Angelman Syndrome

Prader Willi syndrome (PWS) and Angelman syn-
drome (AS) are clinically distinct disorders, and represent
important examples of genomic imprinting in humans.
Each results from deletion of 15q11-13, paternal deletion or
maternal uniparental disomy (UPD) gives PWS whereas
maternal deletion or paternal UPD leads to AS. The cardi-
nal features associated with PWS are decreased fetal activ-
ity, neonatal hypotonia, obesity and psychomotor and
mental retardation. The clinical manifestations of AS in-
clude severe cognitive impairment, absence of speech,
ataxia, seizures, and inappropriate laughter. Cattanach et al.
(1992) described a putative mouse model of PWS, wherein
the phenotype was associated with maternal duplication
(partial maternal disomy) for the region of mouse chromo-
some 7 syntenic to human 15q11-q13. The Snrpn gene was
not expressed with the maternal duplication. A paternal du-
plication of the same region (Cattanach et al., 1997) exhib-
ited characteristics of AS, with reduced growth rate during
the first 4 to 5 weeks of life, and obesity by 6 months of age,
a smaller overall skeletal size, and neurobehavioral differ-
ences. Mice with the heterozygous paternal duplication
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also displayed a mild gait ataxia with slight eversion of the
hind limbs and showed marked behavioral hyperactivity
relative to their normal sibs in open field testing.
Neuropathologic examinations revealed that total brain
weight was diminished by about 10%.
Electrocorticographic (ECoG) recordings on paternally du-
plicated mice showed a striking diffuse cortical excitability
disturbance that was identical in all animals. However,
mice harboring an intragenic deletion in Swnrpn are
phenotypically normal (Yang et al., 1998) suggesting that
mutations of Snrpn are not sufficient to produce the PWS
phenotype. Mice with larger deletion, including both Snrpn
and the putative PWS-IC (PWS- imprinting center), lack
expression of the imprinted genes Zfp127, Ndn and Ipw,
and manifest several phenotypes of PWS patients (Yang et
al., 1998).

Mice with the maternal or paternal Ube3A genes
knocked out were generated and compared with their
wildtype littermates (Jiang et al., 1998). Mice with paternal
deficiency (p-/m+) were essentially similar to wild type
mice. Maternal deficiency (m-/p+) mice resemble human
AS with motor dysfunction, inducible seizures, and a con-
text-dependent learning deficit. The absence of detectable
expression of Ube3A4 in hippocampal neurons and Purkinje
cells in m-/p+ mice, indicated that imprinting, with silenc-
ing of the paternal allele, correlated well with the neuro-
logic and cognitive impairments. Long-term potentiation in
the hippocampus was severely impaired. The cytoplasmic
abundance of p53 was found to be greatly increased in
Purkinje cells and in a subset of hippocampal neurons in
m-/p+mice, as well as in a deceased AS patient. Jiang et al.,
1998 suggested that failure of Ube3A to ubiquitinate target
proteins and promote their degradation could be a key as-
pect of the pathogenesis of AS.

Smith-Magenis Syndrome -
dup(17)(p11.2p11.2)

Smith-Magenis syndrome (SMS) is a genomic disor-
der associated with a deletion within sub-band p11.2 of
chromosome 17. Recently, mutations in RA/I (retinoic
acid-induced gene 1) were found in rare patients with many
features consistent with SMS and without a recognizable
deletion (Slager ef al., 2003). The SMS clinical phenotype
has been well described and includes craniofacial abnor-
malities, brachydactyly, self injurious behavior, sleep ab-
normalities, and mental retardation. Less commonly
reported is cleft palate, congenital heart defects, seizures,
hearing impairment, and urinary tract anomalies. Patients
harboring the predicted reciprocal duplication product,
dup(17)(p11.2p11.2), have also been described (Potocki et
al., 2000). The phenotype for this independent syndrome
associated with the duplication rearrangement seems to be
less severe than SMS with mild to borderline mental retar-
dation and behavioral difficulties in the few reported pa-
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tients. Mice carrying a deletion or duplication of the
syntenic region on mouse chromosome 11 that spans the
genomic interval commonly deleted in SMS patients were
constructed, using Cre-/oxP chromosome engineering.
Heterozygous deleted mice exhibit craniofacial abnormali-
ties, seizures, marked obesity, and male-specific reduced
fertility (Walz et al., 2003). Compound heterozygous (i.e.,
Del/Dup) mice did not display any of these major pheno-
types consistent with the trait expression being related to
gene dosage effects and not consistent with position effects
playing a major role in their manifestation. Behavioral test-
ing of these mice indicates that heterozygous male mice
carrying the engineered deletion are hypoactive and show
circadian rhythm alterations (Walz ef al., 2004).

Heterozygous duplicated animals are underweight
and do not have seizures, craniofacial abnormalities, or re-
duced fertility (Walz et al., 2003). Heterozygous male mice
carrying the engineered duplication are hyperactive and
they have impaired contextual fear conditioning (Walz et
al., 2004). Of interest to note is that the behavioral pheno-
types seem to be complementary when comparing the Del
versus the Dup mice; hypoactive with deficiency while hy-
peractive with duplication. Is this caused by a gene dosage
effect or are position effects involved? This question will
be answered by the analysis of Del/Dup animals in the same
battery of behavioral tests. The penetrance of the different
phenotypes varies with the genetic background of the mice
and deletion size (Yan et al., submitted) Disruption of sev-
eral genes included in the genomic region containing the
common deletion found in SMS patients have been re-
ported, Srebp-1 (Shimano et al., 1997), Pemt (Walkey et
al., 1997), Myol5 (Probst et al., 1998), Taci (Yan et al.,
2001), Top 1lla (Li et al., 1998) and Fliih (Campbell et al.,
2002) and no phenotypes have been described in the hetero-
zygous animals indicating that these genes are not responsi-
ble for the phenotypes observed in SMS patients. Csn3 , the
subunit 3 of the signalosome, deficiency seems not to be re-
sponsible for the haploinsufficient phenotypes observed in
mice, and homozygous Csn3 -/- results in lethality (Yan et
al., 2003).

To clarify the extent to which each gene present in the
region contributes to the phenotype observed in SMS,
nested deletion encompassing different segments of the ini-
tial deletion mouse are being analyzed in our laboratory.
Also, individual gene knockouts within the critical region
are being developed. Alternatively, BAC transgenesis of
candidates genes are being analyzed in order to determine
which gene(s) is responsible for the dup(17)(p11.2p11.2)
phenotype. Is the same gene(s) involved in the phenotypes
expressed with deletion and duplication? Are there multi-
ple genes causing each syndrome? Or different single genes
involved? RAII seems to be the major player in the SMS
phenotype (Slager et al., 2003), but is it responsible for the
phenotype present in dup(17)(p11.2p11.2)? Mouse models
that recapitulate two independent human syndromes that

result from either decreased (deletion) or increased
(duplication) gene dosage involving the identical genomic
interval enable a powerful means to investigate the
phenotypic consequences of gene dosage imbalance.

Adrenal Hypoplasia Congenita - Sex Reversion

Adrenal Hypoplasia Congenita (AHC) and the phe-
notype resulting from the reciprocal duplication, Dosage-
Sensitive Sex Reversal (DSS) are examples of conditions
caused by an X-linked dosage sensitive gene, DAXI. DAX1
encodes a nuclear hormone receptor that is a negative regu-
lator of retinoic-acid receptor. Deletion and point mutations
of DAXI result in both AHC and hypogonadotrophic
hypogonadism (Muscatelli et al., 1994). When duplicated,
DAXI causes male-to-female sex reversal. Identification of
males deleted for the same region suggested that the locus
is not required for testis differentiation, but is involved in
ovarian development or functions as a link between ovarian
and testicular formation (Bardoni et al., 1994). A logical
approach to dissect the molecular role of DAX1 gene in
mice was to generate a null mutant by targeted mutagenesis
(Yu et al., 1998) and an overexpressing transgenic model
(Swain et al., 1998), which revealed some surprises.

XY mice carrying extra copies of the transgene show
delayed testis development but no sex reversal. The sex re-
versal phenotype occurs only when crosses are made with
mice harboring weak alleles of the sex-determining Y-
chromosome gene (Sry). Therefore, the authors hypothe-
sized that Dax1 acts as an anti-testis gene by antagonizing
Sry action and that the transgenic mouse model indicates
that the dosage-sensitive sex reversal observed in humans
is caused by the duplication of the gene. On the other hand,
the disruption of the gene showed decreased testicular size
and progressive degeneration of the germinal epithelium,
however not as a consequence of the hormonal dysfunction.
Females had neither development nor fertility affected. At-
tempts to rescue the phenotype with a Dax/ transgene were
only partially successful. Jeffs et al., (2001) and Meeks et
al., (2003) generated tissue-specific Dax/ transgenic mice
that were crossed with the deficient model. The partial re-
covery from infertility and testicular pathology suggests
that the receptor has a functional role in different gonadal
cell types.

Wolf-Hirschhorn Syndrome

Wolf-Hirschhorn syndrome (WHS) is a terminal de-
letion syndrome caused by segmental haploidy of chromo-
some 4pl6.3. The phenotypic presentation includes a
“Greek warrior helmet” facial appearance (prominent
glabella, hypertelorism, widely set eyes), various midline
closure defects, growth retardation, juvenile seizures, cata-
racts, iris colobomas, and mental retardation (Lurie et al.,
1980; Wilson et al., 1981). Utilizing nested deletions gen-
erated by ES cell irradiation (You et al., 1997), five mouse
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models with different sized deletions in the mouse chromo-
some 5 (in a region of conserved synteny with human
4p16.3) were produced (Naf et al., 2001). Several pheno-
types present in the patients were recapitulated in these ani-
mals. These included: growth retardation, susceptibility to
seizures, and midline (palate closure, tail kinks),
craniofacial, and ocular anomalies (coloboma, corneal
opacities). Other phenotypes included cerebellar
hypoplasia and a shortened cerebral cortex. Expression of
WHS-like traits was variable and influenced by strain back-
ground and deletion size.

Conclusion

Genomic disorders refer to a group of syndromes
caused by DNA rearrangements, such as deletions and du-
plications, which result in an alteration of normal gene dos-
age within a defined genomic interval. Altered dosage of a
single gene (e.g. CMT1A and HNPP), or potentially several
genes, that are included in the rearranged region is respon-
sible for the phenotype. The chromosomal rearrangements
involved in genomic disorders are the result of NAHR uti-
lizing flanking LCRs as recombination substrates. Gen-
erally speaking, phenotypes that result from dosage effects
may display significant variability. Some variation may re-
flect modifying effects from i) genetic background, ii) dele-
tion/duplication of other genes in rearranged segment,
and/or iii) alterations in allelic gene expression from the
nonrearranged allele.

The human and mouse genome sequencing projects
are complete. This tremendous genomic information in
conjunction with the ability to engineer mouse chromo-
some rearrangements have enabled the construction of
mouse models for CGS and other genomic disorders paving
the way to determine the roles of specific genes, allelic in-
teractions, position effects and potential modifier genes in
the ultimate phenotypic expression. Single gene manipula-
tions in mice have been ongoing for greater than a decade
and many mouse models have been constructed. However,
until recently the idea of mouse models for rearrangement
based genomic disorders were technically extremely chal-
lenging. Fortunately, with the appearance of techniques al-
lowing chromosomal engineering systematic studies to
investigate rearrangements and gene dosage effects are be-
ing implemented. Moreover, as presented here, in several
mouse models for genomic disorders, specific phenotypes
present in human patients have been recapitulated in the en-
gineered mice, including learning disabilities and behav-
ioral phenotypes.

An important example of the value of mouse genetics
for understanding human disease was shown for DGS. Af-
ter several attempts to find the gene responsible for this
syndrome (Lindsay et al., 1999; Gong et al., 2001), and
having a clear clue that 7hx1 was responsible for part of the
phenotypes in mice, human patients having the clinical
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phenotype of DGS, but not a distinguishable deletion were
found to harbor mutations in 7BX1 (Yagi et al., 2003).

Another advantage of having animal models for these
syndromes is clearly the possibility of treating some of the
symptoms. We reviewed the improvement seen in a rat
model for CMT1A when treated with a progesterone antag-
onist. Correct dosage of selected genes may be crucial for
normal development. The possibility of having different
size rearrangements, point mutations, duplications, and
transgenic animals will enable systematic investigation to
identify dosage sensitive genes and how altered levels of
expression can affect phenotypes.
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