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Abstract

Studies of syndromic hydrocephalus have led to the identification of >100
causative genes. Even though this work has illuminated numerous pathways
associated with hydrocephalus, it has also highlighted the fact that the genet-
ics underlying this phenotype are more complex than anticipated originally.
Mendelian forms of hydrocephalus account for a small fraction of the genetic
burden, with clear evidence of background-dependent effects of alleles on
penetrance and expressivity of driver mutations in key developmental and ho-
meostatic pathways. Here, we synthesize the currently implicated genes and
inheritance paradigms underlying hydrocephalus, grouping causal loci into
functional modules that affect discrete, albeit partially overlapping, cellular
processes. These in turn have the potential to both inform pathomechanism
and assist in the rational molecular classification of a clinically heteroge-
neous phenotype. Finally, we discuss conceptual methods that can lead to
enhanced gene identification and dissection of disease basis, knowledge that
will potentially form a foundation for the design of future therapeutics.
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DEFINITION

The first documentation of cases of hydrocephalus is attributed to Hippocrates (ca. 460–ca.
370 BC), who postulated that the observed enlargement of patients’ heads was secondary to fluid
collection in the brain. The Roman physician Galen (129–ca. 200 AD) delineated the clinical and
pathological signs of the disorder further through his neuroanatomical observations and pioneered
surgical procedures for treating hydrocephalus. Since then, many definitions have been proposed
in an effort to best describe this heterogeneous disorder. Broadly, hydrocephalus is defined as the
abnormal accumulation of cerebrospinal fluid (CSF) within the ventricles and the subarachnoid
space of the brain, causing accelerated head growth and, in most cases, requiring surgical inter-
vention (Schrander-Stumpel & Fryns 1998). More recently, Rekate (2008) sought to develop a
consensus statement, defining hydrocephalus as “an active distension of the ventricular system of
the brain resulting from inadequate passage of cerebrospinal fluid from its point of production
within the cerebral ventricles to its point of absorption into the systemic circulation.”

ANATOMY AND PHYSIOLOGY OF HYDROCEPHALUS

CSF is produced continuously starting at the sixth week of gestation by the choroid plexus and
flows within the lateral, third, and fourth ventricles (Figure 1a). Interstitial fluid from the brain
parenchyma also contributes to the final CSF volume in the human brain (40–50 mL in neonates,
65–140 mL in children, and 140–170 mL in adults); in total, 500–600 mL of CSF is produced
daily at a rate of 0.4 mL/min, a fluid production rate comparable only to that of the cells of the
renal proximal tubule and pancreatic ducts (Burg & Orloff 1968, Cserr 1971).

The CSF path starts with secretion in the lateral ventricles, flow through the foramina of
Monro into the third ventricle, and passage through the aqueduct of Sylvius into the fourth
ventricle. CSF then exits the ventricular system via the foramina of Luschka and the medial
aperture of the foramina of Magendie into the cisternae magna, toward the cortico-subarachnoid
space and spinal subarachnoid space (Figure 1a). Subsequently, CSF is absorbed, primarily by the
arachnoid granulations of the subarachnoid space, and is drained into the venous sinuses; a small
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Figure 1
Schematic of causes of hydrocephalus. (a) Hydrocephalus can arise owing to obstruction of the CSF flow anywhere across the
ventricular path that starts from the choroid plexus, where CSF is produced, and concluding with the spinal cord, where it is reabsorbed.
Orange arrows highlight the path across which CSF flows in the ventricular system. Hydrocephalus is a multifactorial disorder that can
arise as a result of genetic and/or environmental insults. Among the most common environmental causes underlying hydrocephalus are
plexus or other tumors (b); infections of the ventricular system by agents such as enterovirus, cytomegalovirus, toxoplasmosis, or
lymphocytic choriomeningitis (c); and cryptic microhemorrhages or other parenchymal hemorrhages that are especially common in
premature infants (d ). (e) Occlusion of the CSF flow can arise owing to abnormal or asynchronous beating of the ependymal cilia lining
the ventricular system. ( f,g) Finally, hydrocephalus can develop in the context of several genetic disorders ( f ) in which it can either
comprise a primary clinical feature or develop secondary to other structural central nervous system malformations, as is the case in
neural tube defects ( g). This figure was prepared using Servier Medical Art (http://www.servier.com/Powerpoint-image-bank).

amount of CSF is also reabsorbed through the nerve roots of the spine. Given this travel path,
hydrocephalus has been thought to occur whenever there is blockage in the ventricular system,
subarachnoid space, or venous sinuses or defects in the direction of flow. Recently, clearance of
CSF was shown to depend not only on the traditional unidirectional CSF flow but also on cardiac
pulsatile movements directing CSF through the foramen magnum, into the spinal arachnoid space,
and back into the skull into the brain parenchyma (Iliff et al. 2012). Perturbations in the pulsatile
movements have been described in both human and murine hydrocephalus, although researchers
still debate whether this dysfunction is the cause of hydrocephalus or a consequence of the disease
(Qvarlander et al. 2013).
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CLINICAL STRATIFICATION OF HYDROCEPHALUS

Investigators have proposed several different classification systems for hydrocephalus over the past
years, guided primarily by clinical characteristics (reviewed in Oi 2011).

1. Onset: Hydrocephalus can be recognized either prenatally or postnatally. The latter can be
subdivided further into neonatal, infantile, childhood, or adult types. Different ages at onset
are considered indicative of different underlying causes: Fetuses and neonates are thought
likely to present with hydrocephalus owing to intraventricular hemorrhage or genetic causes,
whereas infants are more likely to have hydrocephalus owing to congenital malformations
such as aqueductal stenosis or Chiari or Dandy-Walker malformation. In older children, the
cause can be either idiopathic or acquired, with tumors being one of the main determinants
(Corns & Martin 2012). Finally, in elder patients, hydrocephalus is almost always acquired
through causes such as subarachnoid hemorrhage, trauma, infection, tumor, inflammation,
or complications from surgery.

2. Location of lesion: The differentiation between nonobstructive or communicating hydro-
cephalus and obstructive or noncommunicating hydrocephalus was introduced over a cen-
tury ago and remains in common use to describe clinical features (Dandy & Blackfan 1913).
Distinction between the two conditions is based on whether CSF is communicating freely
between the ventricles and the subarachnoid space or whether this flow is obstructed be-
cause of a discrete lesion. Although seemingly straightforward, such binary dichotomization
has proved limiting in cases of developmental forms of hydrocephalus in which multiple
points of obstruction are present. To overcome this challenge, Tully & Dobyns (2014) pro-
posed that, in children with hydrocephalus, one should specify whether the primary point of
obstruction is proximal (third ventricle or aqueduct) or distal (fourth ventricle or foramen
magnum).

3. Intracranial pressure dynamics: Most cases of hydrocephalus are associated with elevated
intracranial pressure. In contrast, normal pressure hydrocephalus (NPH), which occurs
commonly in the elderly, is associated with enlarged ventricles but not elevated intracranial
pressure. The causes leading to NPH are usually acquired; furthermore, this form of hydro-
cephalus is described usually in conjunction with other symptoms, such as gait disturbance,
cognitive decline, and urinary incontinence (Hakim & Adams 1965).

4. Contribution of nongenetic causes: Hydrocephalus caused by another condition such as
neoplasm, infection, trauma, or hemorrhage is usually referred to as acquired (or secondary)
hydrocephalus (Figure 1b–d ). Hemorrhage is the most common cause of hydrocephalus
prenatally and can be caused either by intraventricular hemorrhage or by cryptic microhem-
orrhages (Lategan et al. 2010, Morioka et al. 2006). Infections by agents such as enterovirus,
cytomegalovirus, toxoplasmosis, or lymphocytic choriomeningitis are the second leading
cause of acquired hydrocephalus, especially in infants (Chow et al. 2000, Simeone et al.
2013, Wright et al. 1997). Tumors can also account for a significant fraction of acquired
hydrocephalus, with the posterior fossa, cerebellar astrocytomas, brainstem gliomas, and
ependymomas being among the most common neoplastic sites observed in children. Finally,
medication taken during pregnancy is another common source of infantile hydrocephalus,
with isotretinoin being the best-documented drug associated with prenatal hydrocephalus,
followed by misoprostol, metronidazole, and antidepressants (Munch et al. 2014).

5. Presence of additional clinical features (syndromic hydrocephalus): In contrast to nonsyn-
dromic hydrocephalus that is caused frequently by extrinsic factors, syndromic forms are
mostly genetic (Figure 1e–g). However, this categorization is not deterministic; hydro-
cephalus driven by mutations in the L1 cell adhesion molecule (L1CAM), the most commonly
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documented hydrocephalus-associated gene, can be both syndromic and nonsyndromic
(Schrander-Stumpel & Fryns 1998, Verhagen et al. 2011). To classify the plethora of genetic
syndromes of which hydrocephalus is a component, studies have proposed the classifica-
tion to be based on the predominant clinical sign, such as muscular deficiencies in protein
O-mannosyltransferase 2 (POMT2)-positive patients that present with muscle weakness and
wasting, or brain abnormalities in the case of L1CAM-positive patients that also harbor other
central nervous system defects such as corpus callosum agenesis (Verhagen et al. 2011).

Efforts to map familial cases of hydrocephalus and generate relevant animal models, together
with the advances in sequencing technologies, have resulted in the identification of four bona fide
genes associated with isolated hydrocephalus and >100 genes that are thought to drive pleiotropic
genetic disorders (Table 1). In the subsequent sections, we summarize the genetic findings and
group hydrocephalus-associated genes and disorders into modules defined by the known function
of mutated proteins as a means to (a) highlight some of the key developmental pathways that
contribute to this pathology and (b) assist the rational classification of the phenotype, based not
on clinical endpoints but on causative physiological drivers.

GENETICS OF HYDROCEPHALUS

Clinical entities associated with isolated hydrocephalus are rare. Among those, the most com-
mon heritable form is caused by mutations in L1CAM and accounts for up to 10% of males with
X-linked isolated idiopathic hydrocephalus (Adle-Biassette et al. 2013). Empiric risk rates for iso-
lated hydrocephalus, excluding the X-linked form, caused by L1CAM range from <1% to 4% (Bay
et al. 1979, Burton 1979). Despite reports of several pedigrees with isolated hydrocephalus (e.g.,
Chow et al. 1990, Teebi & Naguib 1988, Zlotogora et al. 1994), to date, bona fide mutations have
been described in only four genes [L1CAM; adaptor-related protein complex 1, sigma-2 subunit
(AP1S2); multiple PDZ domain protein (MPDZ); and coiled-coil domain-containing protein 88C
(CCDC88C)] (Al-Dosari et al. 2013, Ekici et al. 2010, Rosenthal et al. 1992, Tarpey et al. 2006).
In most instances, hydrocephalus is a component of a defined syndrome. Overall, as of late 2015,
over 100 genes have been described to be mutated in syndromic hydrocephalus cases (Table 1
and Supplemental Table 1; follow the Supplemental Materials link from the Annual Reviews
home page at http://www.annualreviews.org); several of these appear to aggregate in discrete,
sometimes overlapping pathway modules (Figure 2).

NEURONAL ADHESION AND L1CAM-ASSOCIATED HYDROCEPHALUS

Mutations in L1CAM cause both X-linked hydrocephalus with stenosis of the aqueduct of Sylvius
and a broader spectrum of pathology that includes isolated agenesis of the corpus callosum, hy-
poplasia of corticospinal tracts, hypoplasia of the anterior cerebellar vermis, fusion of the thalami,
and X-linked spastic paraplegia (L1 syndrome) (Willems et al. 1987). The gene harbors both point
mutations (Rosenthal et al. 1992) and genomic duplications (Van Camp et al. 1993). To date, >200
L1CAM mutations have been reported (Adle-Biassette et al. 2013). However, genotype-phenotype
correlations have not been particularly informative: The only correlation that could be drawn with
confidence reported that children bearing a truncating mutation are more likely to die prior to
three years of age (52%) when compared to children with missense mutations (8%) (Vos et al.
2010).

As a neuronal adhesion molecule encoded by a transmembrane glycoprotein that belongs to
the immunoglobulin superfamily of cell adhesion molecules, L1CAM mediates functions such as
cell-cell adhesion, growth cone morphology, guidance of neurite outgrowth, myelination, axon
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Table 1 Genes encoding major pathway components mutated in isolated or syndromic hydrocephalus

Disorder OMIM ID
Genetic

locus
Major clinical

features
Mode of

inheritance Reference(s)

Neuronal adhesion

X-linked hydrocephalus
with aqueductal stenosis

307000 L1CAM Adducted thumbs,
corpus callosal
atrophy

X-linked Rosenthal et al. 1992

MASA/CRASH syndrome 303350 L1CAM Mental retardation,
aphasia, shuffling gait,
adducted thumbs

X-linked Jouet et al. 1994, Vits et al.
1994, Yamasaki &
Kanemura 2015

Vesicle trafficking

Pettigrew syndrome
(Fried-type syndromic
mental retardation)

304340 AP1S2 Intellectual disability X-linked Tarpey et al. 2006

Wnt signaling pathway

Nonsyndromic autosomal
recessive hydrocephalus, 1

236600 CCDC88C Seizures, psychomotor
delay

AR Ekici et al. 2010

Dystroglycanopathies

Walker-Warburg syndrome
(muscular dystrophy–
dystroglycanopathy)

236670,
613155,
609308

POMT1 Brain and eye
anomalies, mental
retardation,
limb-girdle

AR Beltrán-Valero de Bernabé
et al. 2002

Walker-Warburg syndrome
(muscular dystrophy–
dystroglycanopathy)

613150,
613156,
613158

POMT2 Brain and eye
anomalies, mental
retardation,
limb-girdle

AR van Reeuwijk et al. 2005

Walker-Warburg syndrome
(muscular dystrophy–
dystroglycanopathy)

253280,
613151,
613157

POMGNT1 Brain and eye
anomalies, mental
retardation,
limb-girdle

AR Yoshida et al. 2001

Walker-Warburg syndrome
(muscular dystrophy–
dystroglycanopathy)

611615,
253800,
613152,
611588

FKTN Dilated
cardiomyopathy,
brain and eye
anomalies, mental
retardation,
limb-girdle

AR Kobayashi et al. 1998

Walker-Warburg syndrome
(muscular dystrophy–
dystroglycanopathy)

613153,
606612,
607155

FKRP Brain and eye
anomalies, mental
retardation,
limb-girdle

AR Brockington et al. 2001a

Walker-Warburg syndrome
(muscular dystrophy–
dystroglycanopathy)

614643,
616052

ISPD Brain and eye
anomalies,
limb-girdle

AR Roscioli et al. 2012, Willer
et al. 2012

Walker-Warburg syndrome
(muscular dystrophy–
dystroglycanopathy)

615249 POMK Brain and eye
anomalies

AR Di Costanzo et al. 2014

(Continued )
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Table 1 (Continued )

Disorder OMIM ID
Genetic

locus
Major clinical

features
Mode of

inheritance Reference(s)

Walker-Warburg syndrome
(muscular dystrophy–
dystroglycanopathy)

615181 B3GALNT2 Brain and eye
anomalies

AR Stevens et al. 2013

Walker-Warburg syndrome
(muscular dystrophy–
dystroglycanopathy)

613154 LARGE Brain and eye
anomalies

AR van Reeuwijk et al. 2007

Walker-Warburg syndrome
(muscular dystrophy–
dystroglycanopathy)

616538 DAG1 Brain and eye
anomalies

AR Geis et al. 2013, Riemersma
et al. 2015

Walker-Warburg syndrome
(muscular dystrophy–
dystroglycanopathy)

615287 B3GNT1 Brain and eye
anomalies

AR Buysse et al. 2013

Peters-plus syndrome 261540 B3GALTL Eye anomalies, short
stature

AR Lesnik Oberstein et al. 2006

Lissencephaly 5 615191 LAMB1 Brain malformations AR Radmanesh et al. 2013

Congenital disorder of
glycosylation, type Is

300884 ALG13 Seizures,
hepatomegaly,
recurrent infections

X-linked Timal et al. 2012

Ciliopathies

Bardet-Biedl
syndrome/Meckel
syndrome 4

615991,
611134

CEP290 Obesity, retinitis
pigmentosa, kidney
dysfunction,
polydactyly, renal
cystic dysplasia,
developmental
anomalies, postaxial
polydactyly

AR Baala et al. 2007

Kartagener syndrome 244400,
608644

DNAI1,
DNAH5

Primary ciliary
dyskinesia, situs
inversus, dextrocardia

AR Pennarun et al. 1999,
Olbrich et al. 2002

Primary ciliary dyskinesia
25

615482 DYX1C1 Situs inversus,
bronchiectasis, upper
and lower airway
disease

AR Tarkar et al. 2013

Primary ciliary dyskinesia
31

616369 CENPF Agenesis of corpus
callosum, cerebellar
hypoplasia, cleft
palate

AR Waters et al. 2015

Short-rib thoracic dysplasia
10 with polydactyly

615630 IFT172 Polydactyly, long-bone
shortening

AR Halbritter et al. 2013

Short-rib thoracic dysplasia
14 with polydactyly

616546 KIAA0586 Cerebral anomalies,
polydactyly,
long-bone shortening

AR Alby et al. 2015

(Continued )
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Table 1 (Continued )

Disorder OMIM ID
Genetic

locus
Major clinical

features
Mode of

inheritance Reference(s)

Meckel syndrome 1 249000 MKS1 Renal cystic dysplasia,
developmental
anomalies, postaxial
polydactyly

AR Kyttälä et al. 2006

Meckel syndrome 3 607361 TMEM67 Renal cystic dysplasia,
developmental
anomalies, postaxial
polydactyly

AR Smith et al. 2006

Joubert syndrome 2 608091 TMEM216 Developmental delay,
hindbrain
malformations,
breathing
abnormalities

AR Edvardson et al. 2010

Joubert syndrome 9 612285 CC2D2A Retinitis pigmentosa,
mental retardation

AR Noor et al. 2008

Ventriculomegaly with
cystic kidney disease

219730 CRB2 Renal cystic disease AR Slavotinek et al. 2015

Hydrolethalus syndrome 1 236680 HYLS1 Central nervous system
malformations,
postaxial polydactyly

AR Mee et al. 2005

Hydrolethalus syndrome 2 614120 KIF7 Malformations of the
mid- and hindbrain,
postaxial polydactyly

AR Putoux et al. 2011

Greig
cephalopolysyndactyly
syndrome

175700 GLI3 Craniosynostosis,
postaxial syndactyly

AD Wild et al. 1997

Nephronophthisis 18 615862 CEP83 Nephronophthisis,
hepatic cytolysis,
retinitis

AR Failler et al. 2014

Orofaciodigital syndrome 1 311200 OFD1 Facial and digit
malformations

X-linked Ferrante et al. 2001

X-linked VACTERL
association

306955 ZIC3 Dextrocardia and
cardiac malformations

X-linked Gebbia et al. 1997

VATER association with
macrocephaly and
ventriculomegaly

276950 PTEN Vertebral anomalies,
anal atresia, cardiac
disease, renal
anomalies

AR Porteous et al. 1992

Marfan syndrome 154700 FBN1 Skeletal, ocular,
cardiovascular, and
fibrous connective
tissue anomalies,
arachnodactyly

AD Hogue et al. 2013

(Continued )
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Table 1 (Continued )

Disorder OMIM ID
Genetic

locus
Major clinical

features
Mode of

inheritance Reference(s)

Osteopetrosis, autosomal
recessive 8

615085 SNX10 Osteopetrosis,
macrocephaly,
hepato- and/or
splenomegaly

AR Mégarbané et al. 2013

Holoprosencephaly 5 609637 ZIC2 Holoprosencephaly AD Brown et al. 1998
RASopathies

Neurofibromatosis, type I 162200 NF1 Fibromatous skin
tumors

AD Wallace et al. 1990

Costello syndrome 218040 HRAS Distinctive facial
appearance, failure to
thrive, short stature

AD Aoki et al. 2005

Noonan syndrome 163950 PTPN11,
SOS1,
RAF1,
KRAS,
NRAS,
SHOC2,
CBL

Distinctive facial
appearance, heart
defects, short stature

AD Reviewed in Rauen 2013

Cardio-facio-cutaneous
syndrome

115150 BRAF Distinctive facial
appearance, heart
defects, mental
retardation

AD Niihori et al. 2006

Neurocutaneous melanosis,
somatic

249400 NRAS Neurocutaneous
melanosis, seizures

Somatic
mutations

Kinsler et al. 2013

Otopalatodigital syndrome,
type II

304120 FLNA Craniofacial
dysmorphisms

X-linked Robertson et al. 2003

Coffin-Lowry syndrome 303600 RPS6KA3 Intellectual disability,
skeletal
malformations

X-linked Delaunoy et al. 2006

PI3K-AKT-mTOR pathway

Megalencephaly-
polymicrogyria-
polydactyly-hydrocephalus
syndrome 1

603387 PIK3R2 Polymicrogyria,
polydactyly

AD Rivière et al. 2012

Megalencephaly-
polymicrogyria-
polydactyly-hydrocephalus
syndrome 2

615937 AKT3 Polymicrogyria,
polydactyly

AD Rivière et al. 2012

Megalencephaly-
polymicrogyria-
polydactyly-hydrocephalus
syndrome 3

615938 CCND2 Polymicrogyria,
polydactyly

AD Mirzaa et al. 2014

(Continued )
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Table 1 (Continued )

Disorder OMIM ID
Genetic

locus
Major clinical

features
Mode of

inheritance Reference(s)

Megalencephaly-capillary
malformation-
polymicrogyria syndrome
somatic

602501 PIK3CA Polymicrogyria,
syndactyly

n/a Rivière et al. 2012

Macrocephaly/
megalencephaly
syndrome,
autosomal recessive

248000 TBC1D7 Macrocephaly AR Capo-Chichi et al. 2013

Planar cell polarity and neural tube defects

Susceptibility to neural tube
defects

182940 VANGL1 Neural tube defects,
craniorachischisis

AD Kibar et al. 2001

Neural tube defects 182940 VANGL2 Neural tube defects,
myelomeningocele

AD Kibar et al. 2011

Susceptibility to spina bifida 182940 CCL2 Spina bifida AD Chambers et al. 1998

Neural tube defects 182940 FUZ Neural tube defects AD Seo et al. 2011

Hajdu-Cheney syndrome 102500 NOTCH2 Skeletal anomalies AD Simpson et al. 2011

Nonsyndromic autosomal
recessive hydrocephalus, 2

615219 MPDZ Hydrocephalus AR Al-Dosari et al. 2013

Adams-Oliver syndrome 1 100300 ARHGAP31 Developmental delay,
aplasia cutis
congenital, limb
defects, vascular
anomalies

AD Wild et al. 1997

Chudley-McCullough
syndrome

604213 GPSM2 Sensorineural deafness,
brain anomalies

AR Walsh et al. 2010

Lysosomal storage disorders

Mucopolysaccharidosis
type VI

253200 ARSB Short stature,
hepatosplenomegaly,
cardiac abnormalities,
facial dysmorphisms

AR Wicker et al. 1991

Gaucher disease, type IIIC 231005 GBA Cardiac and
neurological
anomalies

AR Chabás et al. 1995

Growth factors

Apert syndrome 101200 FGFR2 Craniosynostosis AD Wilkie et al. 1995

Achondroplasia 100800 FGFR3 Dwarfism AD Rousseau et al. 1994, Shiang
et al. 1994

Shprintzen-Goldberg
syndrome

182212 SKI Skeletal, neurological,
cardiovascular, and
connective tissue
anomalies

AD Doyle et al. 2012

Loeys-Dietz syndrome 1 609192 TGFBR1 Aortic aneurysm
syndrome

AD Loeys et al. 2005

(Continued )
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Table 1 (Continued )

Disorder OMIM ID
Genetic

locus
Major clinical

features
Mode of

inheritance Reference(s)
Transcription factors

DiGeorge syndrome 188400 TBX1 Hypocalcemia, cardiac
defects

AD Yagi et al. 2003

Cousin syndrome 260660 TBX15 Dwarfism, facial
dysmorphisms,
skeletal anomalies

AR Lausch et al. 2008

Ayme-Gripp syndrome 601088 MAF Congenital cataracts,
sensorineural hearing
loss, intellectual
disability, seizures,
facial dysmorphisms

AD Niceta et al. 2015

Abbreviations: AD, autosomal dominant; AR, autosomal recessive; MASA syndrome, mental retardation, aphasia, shuffling gait, and adducted thumbs
syndrome; CRASH syndrome, corpus callosum hypoplasia, retardation, adducted thumbs, spastic paraplegia, and hydrocephalus syndrome;
Wnt, wingless/integrated.

bundling and pathfinding, long-term potentiation, neuronal cell survival and migration, and
synaptogenesis (Adle-Biassette et al. 2013). Mutations in L1CAM cause an almost invariably neu-
rological phenotype, characterized by several brain malformations that obstruct CSF flow, most
commonly at the level of the aqueduct (Finckh et al. 2000). Nevertheless, L1CAM is not uniquely
expressed in the nervous system, with transcripts lacking exons 2 and 27 having been identified in
other sites such as the intestinal crypt cells (Thor et al. 1987), the male urogenital tract (Kujat et al.
1995), leukocytes (Kowitz et al. 1992), and kidney tubule epithelia (Debiec et al. 1998). To date, the
precise mechanism(s) through which L1CAM defects lead to ventricular dilatation remain poorly
understood, with only putative hypotheses existing. As such, mutations in L1CAM can (a) mediate
the decrease in white matter elasticity, increasing CSF pressure and ventricular vulnerability, and
(b) cause abnormal development of the midline structure and narrowing of the CSF pathway.

Analyses of multiple, large, hydrocephalus-patient series for L1CAM mutations concluded
that the likelihood of identifying an L1CAM mutation in a patient with hydrocephalus increases in
(a) the setting of a positive family history, (b) the presence of more than three L1CAM cardinal
signs (hydrocephalus, adducted thumbs, spastic paraplegia, intellectual disability, or agenesis or
hypoplasia of the corpus callosum), and (c) the absence of L1CAM atypical signs (cleft palate, brain
hemorrhage, metabolic disorder, or heart malformation). No single finding, or combination of
findings, can confirm or exclude the diagnosis. As such, genetic analysis of L1CAM is suggested
in males with isolated or idiopathic hydrocephalus and is advised for patients who, in addition to
hydrocephalus, have a positive family history of adducted thumbs (Tully & Dobyns 2014).

WINGLESS/INTEGRATED (WNT) SIGNALING PATHWAY

The first bona fide nonsyndromic hydrocephalus gene was identified through homozygosity map-
ping in a consanguineous pedigree from Algeria with two affected fetuses. Among the 25 positional
candidate genes, priority was assigned to those expressed in the brain. Sequencing revealed a ho-
mozygous splice-affecting mutation that results in deletion of 290 bp and premature termination
in CCDC88C (Ekici et al. 2010). CCDC88C encodes the segment polarity protein disheveled ho-
molog (DVL)-binding protein DAPLE and acts as a negative regulator of the noncanonical Wnt
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signaling pathway through its homooligomer interaction with the PDZ domain of Dishevelled
(Ishida-Takagishi et al. 2012, Oshita et al. 2003). Subsequently, Drielsma et al. (2012) reported a
second familial case with two affected individuals, both of whom had a homozygous truncating mu-
tation in CCDC88C. Of note, mouse mutants for components of the noncanonical Wnt signaling
pathway, such as the hGFAP-Cre;Dvl1−/−;2flox/flox;3+/− mouse, can also manifest hydrocephalus,
lending functional support and intimating a link between this pathway and CSF movement. It was
hypothesized that hydrocephalus owing to DAPLE defects occurs through interaction of multiple
paracrine signaling pathways that ultimately induce subtle planar cell polarity defects and aberrant
CSF flow through defective cilia orientation (Ohata et al. 2014).

VESICLE TRAFFICKING

Pettigrew syndrome was thought originally to be allelic to L1 syndrome (Fried 1972) but was
recognized later as a distinct clinical entity that differs from L1CAM-associated hydrocephalus in
that patients with Pettigrew syndrome present with intellectual disability, choreoathetosis, Dandy-
Walker malformation(s), and diagnostic calcium or iron depositions in the basal ganglia (Cacciagli
et al. 2014, Strain et al. 1997). Linkage in a four-generation pedigree mapped a 6-Mb critical
interval on Xq22; within this interval, AP1S2 was found to harbor mutations in three families with

←−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
Figure 2
Schematic of select pathways disrupted in hydrocephalus. Several pathways with overlapping functions have been implicated in the
pathophysiology of hydrocephalus. (a) The Wnt signaling pathway was highlighted through the identification of mutations in
CCDC88C/DAPLE in patients with nonsyndromic autosomal recessive hydrocephalus. (b) The importance of tight junction integrity
and planar cell polarity have been documented through the study of both nonsyndromic (MPDZ-caused) and syndromic forms of
hydrocephalus. (c) The role of primary and ependymal cilia in the maintenance and regularity of CSF flow has been highlighted in
numerous observations. Cilia not only are involved in the production of CSF flow, but through their synchronous beating, they
generate a steady directional CSF flow that is required to maintain the patency of the aqueduct during brain development. (d ) Lesions
in the growth factor signaling pathways that signal to the PI3K-AKT-mTOR pathway have also been implicated in the formation of
hydrocephalus through the spectrum of syndromic disease forms. (e) L1CAM is a bona fide nonsyndromic X-linked hydrocephalus gene
that harbors mutations in 10% of males reported to present hydrocephalus and has highlighted the importance of the integrity of
neuronal adhesion. ( f ) The dystroglycanopathies that arise owing to defects in proteins that add sugar groups to the dystroglycans are a
group of disorders in which hydrocephalus is often the first clinical sign to be recognized. The genetic defects leading to this
devastating group of disorders are thought to abolish the proper interaction and anchoring of the cell to the extracellular matrix and
disrupt tissue organization and homeostasis. Proteins known to give rise to hydrocephalus when defective are indicated with a black
asterisk. Links to references can be found by clicking on the protein names that are highlighted in cyan; proteins with multiple links
have circled numbers that are linked to each reference. This figure was prepared using Servier Medical Art (http://www.servier.com/
Powerpoint-image-bank). Abbreviations: 5-HT1A, 5-hydroxytryptamine 1A; AMPAR, α-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid receptor; AKT, protein kinase B; AT1-R, angiotensin II receptor type 1; BBS, Bardet-Biedl syndrome;
CC2D2A, coiled-coil and C2 domain containing 2A; CCDC88C, coiled-coil domain-containing protein 88C; CELSR2, cadherin EGF
LAG seven-pass G-type receptor 2; CEP83, centrosomal protein 83kDa; CSF, cerebrospinal fluid; CSP, chemosensory protein; DG,
dystroglycan; DNAH5, dynein axonemal heavy chain 5; Dvl, disheveled segment polarity protein; FGFR, fibroblast growth factor
receptor; FKRP, fukutin-related protein; FKTN, fukutin; FZD7R, frizzled class receptor 7; GDP, guanosine 5′-diphosphate; GEF,
guanine nucleotide exchange factor; GLI3, Gli-Kruppel family member 3; IFT, intraflagellar transport; JBTS, Joubert-Boltshauser
syndrome; JNK, c-JUN N-terminal kinase; KIF7, kinesin family member 7; LARGE, acetylglucosaminyltransferase-like protein; LEF,
lymphoid enhancer-binding factor; L1CAM, L1 cell adhesion molecule; mGluR, metabotropic glutamate receptor; MKS, Meckel-
Gruber syndrome; MPDZ, multiple PDZ domain protein; NCAM, neuronal cell adhesion molecule; NMDAR, N-methyl-D-aspartate
receptor; nNOS, neuronal nitric oxide synthase; NPHP, nephronophthisis; PI3K, phosphoinositide 3-kinase; POMGnT1, protein
O-mannose β-1,2-N-acetylglucosaminyltransferase; POMT1, protein O-mannosyltransferase 1; PSD95, postsynaptic density protein
95; PTK7, protein tyrosine kinase 7; RHOA, Ras homolog family member A; ROCK, Rho-associated protein kinase; SCRIB, scribbled
planar cell polarity protein; SMURF, SMAD specific E3 ubiquitin protein ligase; SNARE, synaptosome-related; SRC, proto-oncogene
protein tyrosine kinase; TCF, transcription factor; TMEM67, transmembrane protein 67; VANGL1, vang-like 1 (van gogh,
Drosophila); Wnt5α, wingless/integrated subunit 5α ; ZIC2, zinc finger protein 2.
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Pettigrew syndrome (Tarpey et al. 2009). Subsequent studies expanded the mutational spectrum of
AP1S2 (Cacciagli et al. 2014). AP1S2 encodes the sigma 2 subunit of the AP1 adaptin protein, one
of the major regulators of lysosomal protein sorting that is known to pack in vesicles and transport
proteins between the trans Golgi network and the endosomes (Reusch et al. 2002). Tully & Dobyns
(2014) recommended that males presenting with hydrocephalus, intellectual disability, and iron
or calcium depositions be tested for mutations in AP1S2.

The role of vesicular trafficking in ventricular homeostasis has been demonstrated further in
murine studies. Lethal giant larvae, drosophila, homolog of, 1 (Lgl1) hemizygous null mutant
mice die shortly after birth owing to severe hydrocephalus (Klezovitch et al. 2004). The defective
protein in this model encodes a protein that promotes trafficking of membrane precursor vesicles
whose fusion with the plasmalemma is crucial for axonal growth (Wang et al. 2011). Further, one
of the first spontaneous mouse mutants reported to display severe hydrocephalus, the hyh mouse,
bears a missense mutation in the soluble N-ethylmaleimide-sensitive factor (NSF) attachment
protein α (αSNAP), a component of the apical vesicle transport machinery that is responsible for
vesicular docking, mediating the membrane fusion of vesicles that shuttle between the trans Golgi
network and the apical membrane (Chae et al. 2004). Studies of the hyh model have hypothesized
further that aberrant trafficking regulates cell fate with premature withdrawal from the cell cycle
of neuronal progenitors, leading to increasing numbers of early-born, deep-layer cerebral cortical
neurons and depletion of the cortical progenitor pool (Chae et al. 2004).

DYSTROGLYCAN-ASSOCIATED HYDROCEPHALUS
(WALKER-WARBURG SYNDROME)

The dystroglycanopathies are a heterogeneous group of autosomal recessive disorders character-
ized by defective glycosylation of α-dystroglycan (Godfrey et al. 2007). The clinical phenotypes
invariably involve muscular dystrophy and can range in severity from the almost-always-lethal
Walker-Warburg syndrome and muscle-eye-brain disease to the less severe limb-girdle muscular
dystrophy with no associated brain or eye involvement (Brockington et al. 2001b, van Reeuwijk
et al. 2005). In dystroglycanopathies, hydrocephalus often develops as early as the sixth month of
gestation, driven typically by aqueductal obstruction (Dobyns et al. 1989). Other neurological fea-
tures involve a cobblestone cortex with abnormal white matter in cerebral hemispheres, brainstem
abnormalities, cerebellar cysts, and eye malformations (Dobyns et al. 1989). Several genes that
cause different subtypes of this group of disorders have been identified. All encode known or pre-
dicted glycosyltransferases and are thought to mediate the addition of carbohydrate residues onto
the α-dystroglycan backbone, either via the process of O-mannosylation [i.e., POMT1, POMT2,
protein O-mannose β-1,2-N-acetylglucosaminyltransferase (POMGnT1)] (Akasaka-Manya et al.
2004, Manya et al. 2003, Yoshida et al. 2001) or via other not yet fully characterized mecha-
nisms [fukutin (FKTN), fukutin-related protein (FKRP), acetylglucosaminyltransferase-like pro-
tein (LARGE)] (Brockington et al. 2005, de Paula et al. 2003, Xiong et al. 2006). The dystro-
glycans are expressed in several cell types, mediating the myelination and nodal architecture of
peripheral nerves (Saito et al. 2003), epithelial morphogenesis (Durbeej et al. 2001), cell adhesion
(Matsumura et al. 1997), synaptogenesis (Montanaro et al. 1998), and signaling through several
pathways that include protein kinase B (AKT), Ras, and epidermal growth factor (EGF) receptor
signaling (Langenbach & Rando 2002, Poulton & Deng 2006, Spence et al. 2004). When appro-
priately glycosylated, dystroglycans provide a direct link between the cytoplasmic cytoskeleton
and the extracellular matrix. Defects in the interaction between dystroglycan-ligand and neuronal
overmigration cause aberrations in the integrity of basement membranes in the brain, suggesting
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that these functions may be some of the underlying mechanisms that give rise to hydrocephalus
(Satz et al. 2008).

CILIOPATHIES AND HYDROCEPHALUS

Studies performed in animal models first and subsequently in humans have established an intimate
link between ciliary defects and the formation of hydrocephalus. Among the first models developed
was the H-Tx rat model that develops congenital hydrocephalus owing to ciliary defects (Kiefer
et al. 1998). Evidence from subsequent mouse models has shown that hydrocephalus can arise
from defects in either motile or primary cilia (Sotak & Gleeson 2012). For example, a dynein,
axonemal heavy-chain 5 (Dnahc5) null mouse model displays both hydrocephalus and random
left-right axis specification, as well as chronic respiratory infections. The same is true for several
additional models, such as sperm-associated antigen 6 (Spag6); hydrocephalus-inducing, mouse,
homolog of (hydin); primary cilia dyskinesia protein 1 (Pcdp1); and hepatocyte nuclear factor-
3/forkhead homologue 4 (Hfh4), all of which carry null mutations in genes and proteins essential
for motile cilia assembly and function (Chen et al. 1998, Ibañez-Tallon et al. 2004, Lee et al.
2008, Sapiro et al. 2002). Finally, a recent study that generated and analyzed 4,650 knockout
mouse lines through a high-throughput mutagenesis and phenotyping process identified 12 novel
mutants with autosomal recessive hydrocephalus (Vogel et al. 2012). The mutation underlying
the hydrocephalic phenotype was determined in eight of these lines; strikingly, all eight affected
proteins were shown to be required for motile ciliogenesis and function (Vogel et al. 2012).

Ependymal cilia line the ventricles and interventricular connections. Through their syn-
chronous beating, they generate a directional flow of CSF, termed ependymal flow (Ibañez-Tallon
et al. 2004). A steady ependymal flow is required to maintain the patency of the aqueduct during
brain development; the absence of this flow results in secondary aqueduct stenosis during early
postnatal brain development and, subsequently, in hydrocephalus. Nevertheless, cilia not only
regulate the directional flow of CSF but are also involved in the regulation of CSF production.
The latter offers a rational explanation as to why murine models with defects in nonmotile primary
cilia are also associated with the development of ventriculomegaly. Exemplars of primary cilia–
mediated hydrocephalus involve the E2F transcription factor 5 (E2f5) model, in which increased
secretory activity of the choroid plexus causes communicating congenital hydrocephalus, and the
Tg737orpk model, in which CSF overproduction leads to the development of hydrocephalus prior
to the formation of motile cilia (Banizs et al. 2005, Lindeman et al. 1998). In humans, at least
20 genes encoding proteins that are required for either the biosynthesis or proper function of
the cilium have been reported to be associated with syndromic hydrocephalus (Table 1). Select
examples involve the Kartagener syndrome, defined by the presence of situs inversus, primary
ciliary dyskinesia, sperm motility defects, and hydrocephalus; mutations in kinesin family member
7 (KIF7) that cause hydrolethalus syndrome, which presents with hydrocephalus, exencephaly,
polydactyly, club feet, cerebellar malformations, heart and lung defects, and cleft palate; and
Joubert and Meckel-Gruber syndromes, both of which are associated with congenital hydro-
cephalus in humans (Badano et al. 2006, Putoux et al. 2011, Sotak & Gleeson 2012).

NEURAL TUBE DEFECTS AND PLANAR CELL POLARITY

Neural tube defects (NTDs) are common, severe congenital malformations that involve the fail-
ure of neural tube closure (Mitchell 2005). Several disorders fall under the umbrella of NTDs,
including spina bifida, anencephaly, Dandy-Walker malformation, Chiari malformations, and os-
teopetrosis. The majority of patients with NTDs have hydrocephalus (Copp & Greene 2010).
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Mechanistically, hydrocephalus is thought to occur by occluding CSF flow through tethering,
which pulls the cerebellum into the foramen magnum as the vertebral column lengthens. Causally,
given that NTDs are multifactorial, with contribution from both genetic and environmental fac-
tors, hydrocephalus induced by underlying NTD pathology may also be of multifactorial origin
(Greene & Copp 2014). Among the nongenetic factors are teratogenic agents such as valproic
acid, the fungal product fumonisin, maternal obesity and diabetes, and the historical link with
low blood levels of the B vitamin folate (Correa et al. 2003, Missmer et al. 2006, Smithells et al.
1976, Wlodarczyk et al. 2012). To date, the identification of the NTD-associated fuzzy planar cell
polarity protein (FUZ), vang-like1 (van gogh, Drosophila) (VANGL1), and vang-like2 (VANGL2)
genes has implicated the planar cell polarity pathway as one of the biological processes underly-
ing this group of disorders (Kibar et al. 2011, Murdoch et al. 2001, Seo et al. 2011). Recently,
a tight junction protein that regulates planar cell polarity, MPDZ (also known as MUPP1 for
multi-PDZ domain protein-1), was reported to cause autosomal recessive nonsyndromic commu-
nicating hydrocephalus in two unrelated consanguineous families (Al-Dosari et al. 2013, Assémat
et al. 2013). Although no reports of additional cases with mutations in MPDZ exist, mutations in
MPDZ do not seem to be associated with NTD-like phenotypes (Al-Dosari et al. 2013). The same
is true for other planar cell polarity genes, such as cadherin EGF LAG seven-pass G-type recep-
tor 2 (CELSR2), that are not associated with NTDs and yet cause hydrocephalus (Al-Dosari et al.
2013, Tissir et al. 2010) through a mechanism that involves ependymal cilia dysfunction (Sotak &
Gleeson 2012). Although the precise mechanisms through which disruption of the planar cell
polarity pathway results in the clinical manifestation of hydrocephalus are not fully elucidated,
defects in this pathway are broadly detrimental to ventricular formation.

RASOPATHIES

The RASopathies are a clinically defined group of syndromes caused by germline mutations in
genes that encode components or regulators of the Ras/mitogen-activated protein kinase (MAPK)
pathway. Ras proteins are small guanosine GTPases that function as a signaling hub within the
cell, regulating the cell cycle and cellular growth, differentiation, and senescence (Rauen 2013).
Neurofibromatosis type 1, Noonan syndrome, Costello syndrome, and cardio-facio-cutaneous
(CFC) syndrome are among the disorders that belong under the umbrella of RASopathies and
are associated with hydrocephalus (Rauen 2013). The hydrocephalus reported in the context of
these syndromes is thought to be multifactorial and to either be a direct manifestation caused by
the genetic defect or be a secondary symptom. Despite the phenotypic mimicry observed among
RASopathy disease entities owing to the common underlying Ras/MAPK pathway dysregulation,
the mechanisms underlying a phenotype common across disorders such as hydrocephalus differ.
For example, hydrocephalus in patients diagnosed with neurofibromatosis type 1 is likely due to
a combination of brain overgrowth and obstructive hamartomas that develop in the ventricular
system (Dinçer et al. 2011). Patients with Noonan syndrome have likewise been described with
hydrocephalus, in addition to and possibly secondary to hindbrain herniation(s) and cervical intra-
cord cysts, which could obstruct CSF flow at either the brain or spinal cord level (Heye & Dunne
1995). Researchers have documented cerebellar overgrowth, which is likely to lead to obstruction
and CSF flow abnormalities, in Costello syndrome (Gripp et al. 2010). Finally, in CFC syndrome
instances of cervical stenosis, torticollis and Chiari malformation(s) are thought to account for a
fraction of cases with hydrocephalus (Reinker et al. 2011). Of note, CFC, Noonan, and Costello
syndromes are also associated with structural heart disease; Tully & Dobyns (2014) have hypoth-
esized that elevated venous pressures may create a pressure gradient that impedes absorption of
CSF into the systemic circulation.
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PI3K-AKT-MTOR PATHWAY

The PI3K-AKT-mTOR pathway has been increasingly recognized as an underlying cause of
a spectrum of megalencephaly-associated syndromes (Mirzaa et al. 2012). Mutations in four
genes of the PI3K-AKT-mTOR pathway have been reported to cause different syndromes: the
MPPH syndrome that encompasses a constellation of symptoms including primary (congen-
ital or early postnatal) megalencephaly, polymicrogyria, syndactyly with or without postaxial
polydactyly, and ventriculomegaly that may progress to hydrocephalus with asymmetry espe-
cially of the lateral ventricles (Garavelli et al. 2007, Mirzaa et al. 2004, Pisano et al. 2008), as
well as the MCAP (megalencephaly-capillary malformation) syndrome that involves cutaneous
vascular malformations in addition to the MPPH symptoms (Garavelli et al. 2005). De novo
germline activating mutations in RAC-gamma serine/threonine-protein kinase (AKT3), cyclin D2
(CCND2), phosphoinositide-3-kinase regulatory subunit 2 (PIK3R2), and phosphatidylinositol-
4,5-biphosphate 3-kinase catalytic subunit alpha (PIK3CA), four core PI3K-AKT-mTOR path-
way genes, have been associated with MPPH (Lee et al. 2012, Mirzaa et al. 2014, Nakamura et al.
2014, Rivière et al. 2012). De novo activating mutations in several components of the PI3K-AKT-
mTOR pathway upstream of CCND2 lead to overlapping megalencephaly syndromes associated
with hydrocephalus in nearly half of reported individuals. Nevertheless, the underlying mecha-
nism(s) for this observation remains to be explored. Recently, one putative mechanism proposed
the aberrant stabilization of CCND2 in neuronal precursors within the developing cerebral cor-
tex, which results in an expansion of the radial glial cells and intermediate progenitor cells (IPCs)
(Mirzaa et al. 2014). IPCs allow for geometric expansion of cellular output from the subventricular
zone and are thus important drivers of brain size (Nonaka-Kinoshita et al. 2013). Studies in mice
electroporated with mutant CCND2 showed that these proliferating progenitor populations are
overproduced, whereas only a small fraction of progenitors exit the cell cycle, thereby suggesting
an excess of proliferation that manifests as megalencephaly (Mirzaa et al. 2014). Megalencephaly
can induce cortical malformation polymicrogyria and cerebellar overgrowth, leading to posterior
fossa crowding and cerebellar tonsillar ectopia or herniation, which causes an obstruction of CSF
flow (Mirzaa et al. 2012).

GROWTH FACTOR SIGNALING

Syndromes associated with skeletal anomalies such as craniosynostosis in Apert syndrome and
dwarfism in achondroplasia have been linked to progressive hydrocephalus (Fukumitsu et al.
2000, Ohmiya et al. 2001). The mutations in these syndromes affect proteins that participate in
the growth factor signaling pathways, including fibroblast growth factor (FGF) and transforming
growth factor beta (TGFB) signaling, crucial for cell proliferation, differentiation, survival, and
motility. In addition to the identification of patients with mutations in FGF receptor 2 (FGFR2),
FGFR3, and TGFB receptor 1 (TGFBR1) who have hydrocephalus as a comorbidity, a contributory
role of growth factor defects in the development of ventriculomegaly has also been supported by
the finding that growth factor concentration appears to be increased in the CSF of hydrocephalic
patients (Killer et al. 2010, Loeys et al. 2005, Rousseau et al. 1994, Wilkie et al. 1995). Animal
models have corroborated this association further. First, administration of Fgf2 to embryonic
mouse brains induced the formation of hydrocephalus through aberrant neuronal differentiation
in the postnatal cerebral cortex (Ohmiya et al. 2001). Later, stable models lent further evidence for
this association; transgenic mice that overexpress Tgfb1 in their astrocytes develop hydrocephalus,
as does the THX rat, in which increased levels of Tgfb3 contribute to the manifestation of the
phenotype (Li et al. 2005).
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Two mechanisms have been proposed to explain these observations. The first is that the skeletal
and predominantly cranial changes induced by defects in the growth factor signaling cascade ob-
struct CSF flow and reduce absorption into the systemic circulation by increasing venous pressure
(Bristol et al. 2004). The second proposed mechanism involves the excessive brain overgrowth
that can lead to hydrocephalus by compounding other brain structures that then induce CSF
flow blockage, similar to PI3K-AKT-mTOR pathway–associated megalencephaly (Hevner 2005,
Khonsari et al. 2012).

CONCLUSIONS AND FUTURE PROSPECTS

Hydrocephalus is a complex condition influenced by both genetic and environmental factors. The
complexity of this disorder is highlighted further by the fact that it can occur either in isolation
(congenital or pure hydrocephalus) or in conjunction with other genetic anomalies. The concern
of whether hydrocephalus is a phenomenon observed as a cause or as a consequence challenges
our ability to dissect the pathways responsible for altering normal CSF flow and inducing ven-
triculomegaly. The advent of novel sequencing technologies has contributed to the significant
progress made in the identification of genes associated with both idiopathic and syndromic forms
of this condition. Nevertheless, only four bona fide pure hydrocephalus genes have been identi-
fied to date. These genes do not seem to belong to a sole biological pathway but rather highlight
different cellular processes involving neural cell adhesion, planar cell polarity, the Wnt signaling
pathway, or vesicle transport within the cell, hampering our ability to comprehend the mechanisms
underlying this disorder.

To understand the molecular mechanisms of ventriculomegaly better, researchers have gener-
ated several congenital hydrocephalus animal models. Strikingly, the majority of genes identified
to be causative of hydrocephalus in mice encode ciliary proteins, highlighting the relevance of the
cilium in the context of the disorder through a postulated mechanism in which the synchronous
beating of the cilia dictates CSF flow across the ventricular system, and if defects arise in the
flow, then ventriculomegaly occurs (Banizs et al. 2005, Vogel et al. 2012). Another conclusion
drawn from the animal models is that the inheritance and penetrance of hydrocephalus is likely
orchestrated by more than one gene and the presence of genetic modifiers, with specific congenic
strains being more susceptible to the development of the condition than others. For instance, the
C57BL/6 strain is now understood to be a background susceptible to the development of congeni-
tal hydrocephalus. Supporting this conclusion, studies on mouse models of L1cam (Adle-Biassette
et al. 2013) have shown that L1cam-deficient mice develop hydrocephalus only after backcrossing
to the C57BL/6 strain, with the mutation becoming embryonic lethal after several generations
(Itoh et al. 2004). Similarly, Naglu mice (the murine model for Sanfilippo syndrome type B) display
the disease hallmark features, including hydrocephalus only in the C57BL/6 strain (Gografe et al.
2003). Finally, both nm1054- and fyn- deficient mice develop hydrocephalus in the C57BL/6J
background; hydrocephalus is either mild or absent in the 129S6/SvEvTac or a mixed background
(Goto et al. 2008, Lee et al. 2008). These findings support the notion that hydrocephalus is the
likely product of genetic interactions whose relationships are as yet unclear. We speculate that
such architecture will also likely be true in humans, in whom variable penetrance and expressivity
of hydrocephalus is the well-documented norm rather than the exception.

The observation that lesions in several crucial biological pathways can give rise to ven-
triculomegaly challenges our ability to focus on the role of alleles within a discrete niche of
genetic loci that are likely to interact. An alternative is to utilize combinatorially the plethora
of tools developed thus far. Toward this end, establishing a complete genetic profile of sporadic
individuals sampled in the context of cohort studies through higher throughput technologies
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such as whole-exome or whole-genome sequencing seems necessary, suggesting that the view of
disorders as pure monogenic entities represents an underestimation of the genetic architecture
of these phenotypes. This approach is more likely to uncover the primary drivers leading to
hydrocephalus and offers the opportunity to mine the same data set multiple times to discover
genetic determinants that are likely to either attenuate or exacerbate disease expressivity among
patients with the same primary genetic lesion. Aggregation of genetic and clinical data will
facilitate the discovery of such modifying alleles, which will in turn offer opportunities for
targeted therapies. The usefulness of adequate sampling coupled with the combinatorial use of
diverse research methodologies was highlighted recently in a study that identified Jagged-1 as
a protective locus that can mask fully the symptoms of Duchenne muscular dystrophy (Vieira
et al. 2015). Aggregating detailed clinical information from multigenerational pedigrees and
large cohorts of idiopathic cases and coupling this information with a complete genetic and
ideally transcriptional profile is not only paramount to identifying novel hydrocephalus-causing
or -associated genes but also the only way through which (a) a more insightful comprehension
of the affected processes, (b) a better understanding of the basis of this disorder, (c) improved
prognosis, and (d ) an efficient path toward designing new therapeutic paradigms can be achieved.
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Dinçer A, Yener U, Özek MM. 2011. Hydrocephalus in patients with neurofibromatosis type 1: MR imaging
findings and the outcome of endoscopic third ventriculostomy. AJNR. Am. J. Neuroradiol. 32:643–46

Dobyns WB, Pagon RA, Armstrong D, Curry CJ, Greenberg F, et al. 1989. Diagnostic criteria for Walker-
Warburg syndrome. Am. J. Med. Genet. 32:195–210

Doyle AJ, Doyle JJ, Bessling SL, Maragh S, Lindsay ME, et al. 2012. Mutations in the TGF-β repressor SKI
cause Shprintzen-Goldberg syndrome with aortic aneurysm. Nat. Genet. 44:1249–54

Drielsma A, Jalas C, Simonis N, Désir J, Simanovsky N, et al. 2012. Two novel CCDC88C mutations confirm
the role of DAPLE in autosomal recessive congenital hydrocephalus. J. Med. Genet. 49:708–12

Durbeej M, Talts JF, Henry MD, Yurchenco PD, Campbell KP, Ekblom P. 2001. Dystroglycan binding to
laminin α1LG4 module influences epithelial morphogenesis of salivary gland and lung in vitro. Differ.;
Res. Biol. Divers. 69:121–34

Edvardson S, Shaag A, Zenvirt S, Erlich Y, Hannon GJ, et al. 2010. Joubert syndrome 2 ( JBTS2) in Ashkenazi
Jews is associated with a TMEM216 mutation. Am. J. Hum. Genet. 86:93–97

Ekici AB, Hilfinger D, Jatzwauk M, Thiel CT, Wenzel D, et al. 2010. Disturbed Wnt signalling due to a muta-
tion in CCDC88C causes an autosomal recessive non-syndromic hydrocephalus with medial diverticulum.
Mol. Syndromol. 1:99–112

Failler M, Gee HY, Krug P, Joo K, Halbritter J, et al. 2014. Mutations of CEP83 cause infantile nephronoph-
thisis and intellectual disability. Am. J. Hum. Genet. 94:905–14

Ferrante MI, Giorgio G, Feather SA, Bulfone A, Wright V, et al. 2001. Identification of the gene for oral-
facial-digital type I syndrome. Am. J. Hum. Genet. 68:569–76

Finckh U, Schroder J, Ressler B, Veske A, Gal A. 2000. Spectrum and detection rate of L1CAM mutations in
isolated and familial cases with clinically suspected L1-disease. Am. J. Hum. Genet. 92:40–46

Fried K. 1972. X-linked mental retardation and/or hydrocephalus. Clin. Genet. 3:258–63
Fukumitsu H, Ohmiya M, Nitta A, Furukawa S, Mima T, Mori K. 2000. Aberrant expression of neurotrophic

factors in the ventricular progenitor cells of infant congenitally hydrocephalic rats. Child’s Nerv. Syst.
16:516–21

Garavelli L, Guareschi E, Errico S, Simoni A, Bergonzini P, et al. 2007. Megalencephaly and perisyl-
vian polymicrogyria with postaxial polydactyly and hydrocephalus (MPPH): report of a new case.
Neuropediatrics 38:200–3

Garavelli L, Leask K, Zanacca C, Pedori S, Albertini G, et al. 2005. MRI and neurological findings in
macrocephaly-cutis marmorata telangiectatica congenita syndrome: report of ten cases and review of
the literature. Genet. Couns. 16:117–28

Gebbia M, Ferrero GB, Pilia G, Bassi MT, Aylsworth A, et al. 1997. X-linked situs abnormalities result from
mutations in ZIC3. Nat. Genet. 17:305–8

Geis T, Marquard K, Rodl T, Reihle C, Schirmer S, et al. 2013. Homozygous dystroglycan mutation associ-
ated with a novel muscle-eye-brain disease-like phenotype with multicystic leucodystrophy. Neurogenetics
14:205–13

Godfrey C, Clement E, Mein R, Brockington M, Smith J, et al. 2007. Refining genotype phenotype correlations
in muscular dystrophies with defective glycosylation of dystroglycan. Brain: J. Neurol. 130:2725–35

Gografe SI, Garbuzova-Davis S, Willing AE, Haas K, Chamizo W, Sanberg PR. 2003. Mouse model of
Sanfilippo syndrome type B: relation of phenotypic features to background strain. Comp. Med. 53:622–32

Goto J, Tezuka T, Nakazawa T, Sagara H, Yamamoto T. 2008. Loss of Fyn tyrosine kinase on the C57BL/6 ge-
netic background causes hydrocephalus with defects in oligodendrocyte development. Mol. Cell. Neurosci.
38:203–12

www.annualreviews.org • The Genetic Basis of Hydrocephalus 429



NE39CH19-Katsanis ARI 24 May 2016 16:57

Greene ND, Copp AJ. 2014. Neural tube defects. Annu. Rev. Neurosci. 37:221–42
Gripp KW, Hopkins E, Doyle D, Dobyns WB. 2010. High incidence of progressive postnatal cerebellar

enlargement in Costello syndrome: brain overgrowth associated with HRAS mutations as the likely cause
of structural brain and spinal cord abnormalities. Am. J. Med. Genet. Part A 152A:1161–68

Hakim S, Adams RD. 1965. The special clinical problem of symptomatic hydrocephalus with normal cere-
brospinal fluid pressure. Observations on cerebrospinal fluid hydrodynamics. J. Neurol. Sci. 2:307–27

Halbritter J, Bizet AA, Schmidts M, Porath JD, Braun DA, et al. 2013. Defects in the IFT-B component
IFT172 cause Jeune and Mainzer-Saldino syndromes in humans. Am. J. Hum. Genet. 93:915–25

Hevner RF. 2005. The cerebral cortex malformation in thanatophoric dysplasia: neuropathology and patho-
genesis. Acta Neuropathol. 110:208–21

Heye N, Dunne JW. 1995. Noonan’s syndrome with hydrocephalus, hindbrain herniation, and upper cervical
intracord cyst. J. Neurol. Neurosurg. Psychiatry 59:338–39

Hogue J, Lee C, Jelin A, Strecker MN, Cox VA, Slavotinek AM. 2013. Homozygosity for a FBN1 missense
mutation causes a severe Marfan syndrome phenotype. Clin. Genet. 84:392–93
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