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 The VATER/VACTERL association acronym (OMIM 
192350) refers to the rare, non-random co-occurrence of 
Vertebral defects, Anorectal malformations, Cardiac de-
fects, Tracheo-Esophageal fistula with or without esoph-
ageal atresia, Renal malformations, and Limb defects 
[Quan and Smith, 1973]. At the time of writing, no diag-
nostic biomarkers are available, and commonly used 
clinical diagnosis requires the presence of at least 3 major 
component features (CFs) [Quan and Smith, 1973; Czei-
zel and Ludányi, 1985]. Population based epidemiological 
studies in Europe and the United States reported differ-
ent birth prevalences [Khoury et al., 1983; Czeizel and 
Ludányi, 1985; Botto et al., 1997]. While Khoury et al. 
[1983] described the prevalence among infants to be 1 in 
10,000 by evaluating approximately 300,000 live or still-
born infants, Botto et al. [1997] found a lower prevalence 
of 1 in 40,000 by looking at almost 10,000,000 live or still-
born infants using the multiple congenital anomaly data 
base of the International Clearinghouse for Birth Defects 
Monitoring Systems [Mastroiacovo, 1991; International 
Clearinghouse for Birth Defects Monitoring Systems, 
1994]. Although in most instances genetic determinants 
have yet to be identified, various lines of evidence, such 
as the finding of familial occurrence, an increase in the 
prevalence of CFs in first-degree relatives of affected in-
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 Abstract 

 The VATER/VACTERL association is typically defined by the 
presence of at least 3 of the following congenital malforma-
tions: Vertebral anomalies, Anal atresia, Cardiac malforma-
tions, Tracheo-Esophageal fistula, Renal anomalies, and 
Limb abnormalities. The involvement of genetic factors in 
the development of this rare association is suggested by re-
ports of familial occurrence, the increased prevalence of 
component features among first-degree relatives of affect-
ed individuals, high concordance rates among monozygotic 
twins, chromosomal (micro-)aberrations or single gene mu-
tations in individuals with the VATER/VACTERL phenotype, 
as well as murine knock-out models. Despite substantial ef-
forts over the past decade, the genetic etiology of the VATER/
VACTERL association in most instances remains elusive. The 
application of new genomic technologies such as high-res-
olution copy number variation studies or next-generation 
exome sequencing might lead to the identification of some 
of these causes. 
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dividuals, high concordance rates (CRs) among monozy-
gotic (MZ) twins, chromosomal (micro-)aberrations or 
the presence of single gene mutations in individuals with 
the VATER/VACTERL phenotype, as well as murine 
knock-out models point to the importance of genetic fac-
tors in the etiology of this non-random congenital multi-
system defect. In the following review we summarize 
these various lines of evidence and discuss their impor-
tance.

  Familial Occurrences 

 Recent independent reports by Solomon et al. [2010] 
and Bartels et al. [2012a] describe an increased prevalence 
of CFs in first-degree relatives of patients with VATER/
VACTERL association. Including these 2 studies, a total 
of 19 families with 1 member exhibiting 3 or more CFs, 
and an additional relative presenting at least 1 CF, has 
been reported in the literature, supporting the hypothesis 
of an underlying genetic susceptibility in at least these 
families [Arrington et al., 2010; Solomon et al., 2010; 
Chung et al., 2011; Bartels et al., 2012a; Hilger et al., 2012]. 
Both Solomon et al. [2010] and Bartels et al. [2012a] fur-
ther report on families in which second-degree relatives 
of patients present with various types and number of CFs, 
which might be explained by reduced penetrance and 
variable expressivity or an underlying multifactorial 
mode of inheritance. A limitation of both studies in terms 
of the estimation of genetic influences on the develop-
ment of the VATER/VACTERL association is the lack of 
offspring in their investigated patient cohorts. Although 
the total number of familial reports is small, certain CFs 
as vertebral defects might be underdiagnosed among oth-
erwise healthy relatives, making a complete estimation of 
the distribution of CFs among first or second-degree rel-
atives of patients with VATER/VACTERL association 
impossible.

  Twin Studies 

 Apart from the observation of familial occurrences, 
twin studies provide an efficient method to untangle the 
influences of genetic and environmental factors on a trait 
[Allen et al., 1967; Risch, 2001]. While MZ twins are es-
sentially genetically identical, dizygotic (DZ) twins share 
on average half of their genes. Assuming a similar intra-
uterine environment among MZ and DZ twins, a higher 
CR among MZ twins (as compared to DZ twins) would 

point to a genetic susceptibility [Risch, 2001]. In the only 
twin study published at the time of writing, Bartels et al. 
[2012b] identified a total of 69 twin pairs from their own 
patient cohorts as well as an intensive review of the lit-
erature and re-evaluated the status of zygosity, concor-
dance, and malformation of these twins. Comparison of 
CRs between MZ and DZ twin pairs showed slightly 
higher pair- and proband-wise CRs for DZ compared to 
MZ twin pairs [Bartels et al., 2012b]. Other than through 
environmental factors, the high number of MZ discor-
dant twin pairs might be explained by postzygotic so-
matic or de novo germline mutations [Kondo et al., 2002] 
or epigenetic events occurring early in embryogenesis 
[Yamazawa et al., 2008].

  Chromosomal Anomalies and Single Gene 

Mutations 

 In the past, chromosomal anomalies were repeatedly 
reported and have been suggested to be susceptibility fac-
tors for the development of the VATER/VACTERL asso-
ciation. To date, cytogenetic and molecular analyses have 
revealed chromosomal (micro-)aberrations in at least 11 
patients with the full clinical picture of the VATER/VAC-
TERL association. These include: (i) deletions of 5q11.2 
[de Jong et al., 2010], 6q [McNeal et al., 1977], 7q35qter 
[Zen et al., 2010], distal 13q [Walsh et al., 2001], and 
20q13.33 [Solomon et al., 2011]; (ii) duplication of 9q 
[Aynaci et al., 1996] and 22q11.21 [Schramm et al., 2011]; 
(iii) supernumerary der(22) syndrome [Prieto et al., 
2007]; (iv) mosaicism for supernumerary ring chromo-
some 12 [Cinti et al., 2001] or 18 [van der Veken et al., 
2010], and (v) partial monosomy 16p13.3pter/partial tri-
somy 16q22qter [Yamada et al., 2009].

  In a few cases, distinct gene mutations have been re-
ported, with mostly VATER/VACTERL-like phenotypes. 
As these mutations were only found in single patients, 
their contribution to the development of these pheno-
types remains elusive. In a female patient with tetralogy 
of Fallot, bilateral hydronephrosis and hydroureters, ano-
rectal malformation, and inter-phalangeal joints of her 
4th and 5th toes, resembling a VATER/VACTERL-like 
phenotype, Garcia-Barceló et al. [2008] identified a het-
erozygous 21-bp de novo deletion in  HOXD13 , encoding 
a sonic hedgehog (SHH) downstream target. However, no 
other patient with VATER/VACTERL association has yet 
been reported to carry disease-causing mutations in 
 HOXD13 . In another male patient with a VATER/VAC-
TERL-hydrocephalus phenotype, presenting with bilat-
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eral thumb hypoplasia, radial deviation of the hands, 
more marked on the right side, severe macrocephaly, and 
ventriculomegaly, a heterozygous de novo  PTEN  mis-
sense mutation was found [Reardon et al., 2001]. While 
this association may be purely coincidental, it could also 
be suggestive of an implication of different growth-con-
trolling pathways that involve SHH and the signal trans-
duction of HOX and phosphatidylinositol 3 � -kinase [Hill 
and Wu, 2009] in the expression of VATER/VACTERL 
CFs. This idea is supported by an observation made by 
Arrington et al. [2010] who detected haploinsufficiency 
of the  LPP  gene in a patient with VATER/VACTERL phe-
notype who was born with tetralogy of Fallot, rib anom-
alies, hypospadias, small kidneys and esophageal atresia. 
 LPP  codes for the LIM domain containing preferred 
translocation partner in lipoma, which has been shown 
to bind PEA3 (polyomavirus enhancer activator 3 homo-
log), an ETS domain transcription factor involved in the 
SHH signaling pathway [Guo et al., 2006]. However,  LPP  
gene analysis did not detect any deleterious sequence 
changes in 70 additional patients with VATER/VAC-
TERL phenotype [Hernández-García et al., 2012], indi-
cating that  LPP  mutations are not a common finding in 
the VATER/VACTERL association.

  Another cause of the VATER/VACTERL phenotype is 
mutations in the Fanconi anemia complementation group 
[Holden et al., 2006]. Faivre et al. [2005] found in over 200 
patients with Fanconi anemia, that approximately 5% 
were judged to have a VATER/VACTERL phenotype. Al-
though Fanconi anemia seems to be a rare cause of ex-
pression of the VATER/VACTERL phenotype, it is an im-
portant differential diagnosis as the condition is asso-
ciated with a high morbidity and mortality. The 
3-hydroxy-3-methylglutaryl-CoA lyase deficiency has 
been described co-occurring in a boy with VATER/VAC-
TERL association [Al-Essa et al., 1998]. As this report is 
the only described co-occurrence between a 3-hydroxy-
3-methylglutaryl-CoA lyase deficiency and the VATER/
VACTERL association, it most likely represents a coinci-
dence rather than a causal relationship.

  Besides the classical VATER/VACTERL association, 
an associated condition presents with hydrocephalus. In 
view of its X-linked transmission, it is termed X-linked 
VATER/VACTERL-hydrocephalus (or VACTERL-H), 
which can be caused by mutations in the  ZIC3  gene. The 
same gene has been described to be responsible for the X-
linked visceral heterotaxy-1 [Wessels et al., 2010; Chung 
et al., 2011]. Wessels et al. [2010] reported a male infant 
with a ZIC3 polyalanine expansion associated with 
VATER/VACTERL phenotype without hydrocephalus. A 

4-generation family with several affected members, 
showing a  ZIC3  deletion, was reported by Chung et al. 
[2011], with 1 case presenting with the full picture of the 
VATER/VACTERL association.

  Animal Models 

 Animal models or knock-out mice exhibiting a 
VATER/VACTERL-like phenotype are rare. Genetically 
engineered mice with mutations in genes of the Shh sig-
naling cascade [Kim et al., 2001] or with a heterozygous 
ethylnitrosourea-induced mutation in the  Pcsk5  (propro-
tein convertase subtilisin/kexin type 5) gene [Szumska et 
al., 2008] show VATER/VACTERL-like features, but do 
not exhibit the full picture of the human VATER/VAC-
TERL phenotype. Nevertheless, their expression in mice 
suggests an involvement of these genes and their path-
ways in the etiology of CFs occurring in humans. Fur-
thermore, the recent observation of a female cat showing 
the spontaneous pentad VACRL of the VATER/VAC-
TERL association [Moura et al., 2010] points to a com-
mon genetic background of these multiple congenital ab-
normalities in mammals.

  Conclusion 

 The involvement of genetic factors in the etiology of 
the VATER/VACTERL association is suggested by vari-
ous independent reports and studies in humans and ani-
mal models. Hence, a combined application of new ge-
nomic technologies such as high-resolution copy number 
variation studies or next-generation exome sequencing 
might lead to the identification of genes causally related 
to the VATER/VACTERL association in humans and will 
allow a better understanding of this complex and severe 
co-occurrence of anomalies.
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