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Genetics of Arachnoid Cysts
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1 Introduction

Arachnoid cysts (ACs) are cerebrospinal fluid-
filled sacs that are enclosed by the arachnoid
membrane [103, 142]. ACs have a prevalence
[52] of 1.2% in the general population [138].
Men are more commonly affected than women
[138, 141]. ACs are found in multiple locations of
the brain and spinal cord; however, most are
found in the middle cranial fossa and the retro-
cerebellar fossa [2]. Other frequent locations are
the suprasellar and quadrigeminal cisterns, the
posterior fossa, and the convexity [2, 8]. Spinal
intradural ACs are rare [23]. When they do occur,
anterior spinal ACs of idiopathic origins are
found mostly in the cervical spine, and posterior
spinal ACs are found mostly in the thoracic and
thoracolumbar spine [23].

ACs are primarily asymptomatic but can
present with clinical findings [141]. Intracranial
abnormalities associated with ACs are more
common than extracranial abnormalities [8].
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Intracranial abnormalities commonly associ-
ated with ACs include ventriculomegaly, corpus
callosum abnormality (agenesis or absence),
microcephaly, hydrocephalus, and mass effect
on adjacent structures [8, 143]. With many of
these associated abnormalities such as ventricu-
lomegaly, it is unclear whether the AC caused
the abnormality or if ACs are a consequence of
the abnormality [143]. Further, it is possible that
the abnormality is totally unrelated to the AC and
that the AC and the abnormality arose because
of a third external factor. Less frequently found
complications of ACs include chronic subdural
hematomas (CSDH) [141]. These are common in
younger patients and individuals who have had
recent head trauma [141]. Neurological symp-
toms of ACs are more commonly found in spi-
nal ACs and usually affect motor function [21].
These can include progressive paraparesis or
quadriparesis [21]. In the pediatric population,
spinal ACs usually present with motor deficits
[22]. Other nonspecific clinical features of all
ACs include headache, seizures, vomiting, paral-
ysis, and spasms [52].

In addition to the clinical findings attributed to
ACs, there are also syndromes associated with
ACs. These include glutaric aciduria type I (GA-
I) [75] and Proteus syndrome [4] among others.
Whether ACs are truly an integral part of these
syndromes or whether they are incidental find-
ings will be discussed.

The development of ACs is poorly understood,
but there have been genes that are proposed to
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have an impact on the formation of ACs. These
include the KAL1 gene on chromosome Xp22.3
[77] and CHD7 on 8q21.1 [77]. Some of these
genes such as the KAL1 gene are indirectly asso-
ciated with ACs due to the role they play in a syn-
drome (Kallmann syndrome) that is thought to be
linked to ACs [77]. This chapter will introduce
and discuss some of these common genes.

2 Method

Prior to the compilation of this chapter, we con-
ducted an extensive literature review using
PubMed. We looked at papers discussing the
pathogenesis of ACs, the genetics of ACs, and the
syndromes associated with ACs. The results were
then filtered to look at the systematic reviews and
the review articles. We also specifically explored
the link between ACs and hydrocephalus. The
reason for this is that there is more written about
the pathogenesis of hydrocephalus than that of
ACs and the two seem to be related via the
syndromes.

3 Pathophysiology of ACs

Multiple theories have been suggested in the past
regarding the congenital formation of ACs. One
theory is that the arachnoid membrane either
duplicates, splits, or tears and CSF is forced
through this defect by arterial pulsations [8]. The
manner in which these defects arise has not been
specified, and it is unclear if there are other fac-
tors, e.g., thinning of the membrane, that make
ACs more likely in some individuals [8].
Another hypothesis is that defects are present
in the arachnoid membrane and the cyst expands
due to one of two reasons. Either choroid plexus-
like tissue within the cyst produces CSF, or a ball
and valve mechanism allows CSF to flow into
and become trapped in the cyst [143]. Hamada
et al. showed that there was choroid plexus tissue
present in a 7-month-old patient whose cyst re-
enlarged after resection [46]. Singleton et al. also
found ectopic choroid plexus tissue in a 26-year-
old patient who had an AC in her cerebellopon-
tine angle [122]. Both of these case reports,

however, concede that the presence of choroid
plexus tissue within the AC is a rare finding. So,
in these cases, the ACs may still be incidental
findings [46, 122].

The causes of spinal intradural ACs can be
idiopathic, traumatic, posthemorrhagic, or post-
inflammatory [23]. However, the spinal intradu-
ral ACs may form in the same manner as other
ACs (ball-valve mechanism, etc.) but remain
asymptomatic. They only become symptomatic
and detectable when there is trauma or inflamma-
tion and thus leads to the impression that the cyst
arose because of trauma or inflammation [23].

Kouyialis et al.’s theory supports the posttrau-
matic and post-inflammatory causes of AC for-
mation [65]. Leptomeningeal inflammation can
cause adhesive arachnoiditis with impaired CSF
dynamics and loculation that can cause the cysts
to form [65]. Then a ball-valve mechanism can
cause the AC to increase in size until it becomes
symptomatic [65].

Dr. Evangelou, a Neurology Professor at the
University of Nottingham [1], and his team’s
findings support the Kuhlendahl theory for the
formation of ACs [23]. Kuhlendahl proposed that
a vent-like CSF flow obstruction caused by
arachnoid trabeculae in the spinal canal can be
asymptomatic for long periods of time. A patho-
logical process, e.g., inflammation or trauma, can
increase the flow of CSF into the previously
existing cyst leading to a pressure gradient devel-
opment [23]. The gradient would allow CSF to
flow into the cyst freely but not out and hence
result in enlargement of the cyst [23, 44].
Although obstruction is discussed, it is still
unclear exactly how to understand the mecha-
nisms that draw water into the cyst in light of Dr.
Grzybowski’s findings [37].

Grzybowski did work on in vitro models
and showed that the entire arachnoid mem-
brane absorbs CSF. This would provide a much
larger surface area for CSF absorption [37].
Further, Dr. Grzybowski found that the mem-
brane absorbs more CSF than the granulations
[61]. It was argued that the in vitro models
would not be accurate as cell adhesion would
not be present, but Dr. Grzybowski demon-
strated that the tight junctions are preserved in
the in vitro models [50].
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There is insufficient evidence to prove or dis-
prove these hypotheses. Furthermore, these theo-
ries explain how ACs expand, but do not explore
how the defect in the arachnoid membrane
formed. To explore this, we need to look at the
syndromes and genes associated with ACs.

One hypothesis for the formation of ACs is given
by Demir et al. [19]. They propose that the perimed-
ullary mesh (endomeninx), which is a precursor to
the pia and arachnoid mater, splits and duplicates
anomalously during week 15 of gestation which is
when CSF escapes into the layers of the mesh fol-
lowing rupture of the rhombic roof [19].

4 Syndromes Associated
with ACs
4.1 Glutaric Aciduria Type 1

(GA-1)

This is an autosomal recessive inborn error of
metabolism [75]. A deficiency in glutaryl-CoA
dehydrogenase enzyme results in motor symptoms
such as dystonia and psychomotor delay due to an
inability to catabolize lysine, hydroxylysine, and
tryptophan [75]. Macrocephaly, dystonia, and the
presence of bilateral temporal ACs are considered
diagnostic of GA-1 [72, 75, 115]. However, there
is no clear indication of whether the ACs are
directly linked to the syndrome as treating the
cysts did not relieve the symptoms [75]. The sever-
ity of the symptoms has been found to be directly
linked to the degree of enlargement of the fissures
in the bilateral frontotemporal region around the
Sylvian fissures [3, 57, 72]. There can be variation
in the presentation of clinical symptoms both
between and within families [26].

In a regional neurosurgical department, a total
of 147 patients with ACs were found in a popula-
tion of 890,000 [10, 15, 131, 134]. Of these, only
two patients presented with GA-1. So, there was
a 1.3% prevalence of ACs and GA-1 in the
population.

There is a lot of cerebral damage associated
with GA-1, and one explanation for this is that
there is a direct effect of glutaric acid (or another
related metabolite) on the neurons [75]. Another
explanation is that the symptoms are caused by

the deposition of L-carnitine in the cerebral tissue
[75]. Either way, the loss of neurons, especially
in the caudate and the putamen, results in reduced
levels of GABA in the brain and CSF [57, 75].

Hald et al. posed an explanation as to how ACs
might arise in patients with GA-1. The rapid fron-
totemporal atrophy would lead to changes in CSF
dynamics and cause fluid accumulation [45]. If
these changes took place during the folding of the
neural tube, then it can result in anomalous split-
ting of the arachnoid layers resulting in true ACs
[45]. Alabedeen et al. found that in GA-1 the loca-
tion of the ACs aligns with the areas of the brain
that are predisposed to atrophy (i.e., the fronto-
temporal region) [57]. This paper argued that the
arachnoid membrane might split due to loss of
brain tissue in the surrounding areas and not due
to the enzyme imbalances brought about by GA-1
[57]. Other papers in the literature support this
hypothesis [3, 72]. An alternative theory is that
the atrophy and chronic subdural effusion might
be caused by the 3-OHGA affecting endothelial
structures in the brain during development and
resulting in vascular dysfunction [26].

While the paper by Martinez-Lage et al. [45]
discusses how ACs are a part of the GA-1 syn-
drome, Serarslan et al. and other papers explore
how bitemporal ACs and macrocephaly can occur
in the absence of GA-1 [57, 118]. GA-1 is diag-
nosed by the detection of a high concentration of
glutaric acid in the urine and a low plasma creati-
nine level [118]. There were patients present with
bilateral ACs and no diagnosis of GA-1 [72, 118].
Thus, ACs can occur for many reasons, but they
are commonly associated with GA-1. If they are
found either on scans, especially alongside mac-
rocephaly and dystonia, doctors should consider
GA-1 as a differential diagnosis [45, 72, 118].
This is extremely important because even simple
surgical procedures can be dangerous in children
with GA-1 [72]. Surgery would induce a cata-
bolic state in the patient and result in worsening
of the metabolic disease.

4.2 Aicardi Syndrome

The syndrome is an X-linked dominant condition
characterized by infantile spasms, chorioretinal
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lacunae, and agenesis of the corpus callosum
(either complete or partial) [16, 42, 144, 149].
Here, it is worth noting that ACs are also strongly
associated with agenesis of the corpus callosum
[8, 143], so it is possible that AC formation is
linked to Aicardi syndrome. However, due to the
rarity of the syndrome itself, it is hard to con-
clude this.

Aicardi syndrome has an estimated incidence
of 1:105,000 live births in the United States as of
2009 [149], and the prevalence is thought to be
higher than reported with an estimated survival
rate of 62% at 27 years of age [149].

Yuksel et al. present the case of a female infant
with Aicardi syndrome and an AC [144]. They
state that these are rare additional findings of the
syndrome [144] and there has been a total of nine
other examples of Aicardi syndrome with ACs in
the literature. Barkovich et al’s case series
describes five patients who all presented with
Aicardi syndrome, but not a single one had an AC
[6]. Lee et al.’s findings were also similar to those
of Barkovich [68]. Thus, ACs are not always
associated with Aicardi syndrome and may be a
coincidental finding.

Interestingly, Mohammad et al. found a mid-
line AC in a male patient with the 47,XXY
karyotype and state that cysts in the interhemi-
spheric fissure are a common (but less empha-
sized) feature of Aicardi syndrome [149].
Another paper had similar findings [16]. So,
while cysts of any nature are common, it is
uncommon to find ACs specifically in patients
with Aicardi syndrome. This conclusion is, how-
ever, unverified as there is limited histological
information about the cysts [149].

Aicardi himself re-evaluated the syndrome
and stated that corpus callosum agenesis is not
the sole hallmark of the disease and is not
needed to diagnose the condition if other abnor-
malities such as cysts were present [55]. Further,
the presence of intracranial cysts may indicate
some other abnormalities and warrant further
investigation (e.g., a fetal MRI) [16]. The find-
ings are important to neurosurgeons consulting
parents whose fetus has been diagnosed with a
cyst due to the impact it would have on progno-
sis [16].

4.3 Sturge-Weber Syndrome
Sturge-Weber syndrome is a neurocutaneous syn-
drome characterized by a facial port-wine stain and
hemiparesis among other symptoms [24]. Epilepsy
is an essential feature for the diagnosis of this syn-
drome which encompasses vascular malformations
of the brain, skin, and eyes [24]. Of note, GA-1,
Proteus, and PHACE syndrome, which are well
associated with ACs, are also accompanied by vas-
cular dysfunction. Hence, it may be vascular dys-
function that is causing the formation of ACs.

We identified one paper that described Sturge-
Weber syndrome with an AC in a 2-year-old boy
[24]. Therefore, it could be that ACs are associ-
ated with the syndrome, but it is hard to tell
because the syndrome itself is so rare.

4.4 Trigeminal Neuralgia
Trigeminal neuralgia usually presents with par-
oxysmal lancinating pain in the distributions of
the trigeminal nerve and its branches [136]. It can
be idiopathic, or it can be caused by compression
of the nerve [136]. In the idiopathic cases, demy-
elination of the trigeminal nerve root has been
shown, and the ignition hypothesis proposes that
light touch can be interpreted as pain by the nerve
due to demyelination between nerve fibers that
carry pain and those that carry light touch [136].
Vascular compression is recognized as the most
common cause of trigeminal neuralgia, but there
have been multiple cases of ACs in various parts
of the brain also causing the syndrome [5, 27].
Several papers have reported trigeminal neural-
gia being caused by an AC compressing the nerve
[97, 136]. Kouyialis et al. report a 55-year-old
female patient who experienced pain recurrence
after vascular decompression for trigeminal neu-
ralgia [65]. They proposed that direct compression
of the nerve or arterial pulsation through a cyst
may have caused the pain [65]. Excision of the AC
relieved the patient’s symptoms, and so it was felt
that the cyst was the cause of the recurrence [65].
Other papers have also reported cases in which the
pain has been relieved either following the surgical
excision of ACs [39, 47, 107, 126, 135, 145] or
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following medical therapy [38, 40]. Medical relief
was most commonly employed when the AC was
in Meckel’s cave and eroding the greater wing of
the sphenoid bone [38, 40].

One paper presented a case where the patient
had trigeminal neuralgia and an AC in Meckel’s
cave. However, her symptoms improved despite
the cyst remaining unchanged in size and loca-
tion [9]. Thus, it is not only the location of the
AC, but its size that impacts its ability to com-
press the nerve and cause trigeminal neuralgia.

There is a very strong association between
ACs and trigeminal neuralgia. However, the AC
was not a symptom of the syndrome but a cause.

5 Other Syndromes Associated
with ACs

There are syndromes linked to ACs by one or two
cases. These are listed in Table 1.

Table 1 Other syndromes associated with arachnoid
cysts

Name of syndrome

Kallmann Syndrome [41, 42]
Oculo-ectodermal syndrome [43]
Empty Sella Syndrome [44, 45]

PHACE Syndrome[28]

Brown-Sequard syndrome [46-50]
Proteus Syndrome [25]

Chudley McCullough syndrome [51, 52]
Neurocutaneous melanosis [53]
Dandy-Walker Syndrome [54, 55]
Bobble-Head syndrome [56-59]

Usher Syndrome [29]
Encephalocraniocutaneous syndrome [60]

Kernohan-Woltman Notch Phenomenon [61]
Organoid Nervous syndrome [62]
Kosaki Overgrowth syndrome [62]

We did not explore these further as we feel
that they were incidental findings.

6 Genetics of ACs

There have been multiple genes that have been
thought to be associated with ACs. Many papers
in the literature discuss autosomal dominant
polycystic kidney disease (ADPKD) and ACs. In
ADPKD, cysts are found in the kidneys, pan-
creas, seminal vesicles, and arachnoid membrane
[48]. Arachnoid membrane cysts are present in
8% of affected individuals and are mostly asymp-
tomatic [48]. This is a large proportion given the
incidence of ACs in the general population is
1.2% [138]. Table 2 lists some of the main genes
involved in ADPKD.

It is unclear how the proteins are involved in
the genesis or sustenance of the AC or how these
defects in protein synthesis relate to CSF flow. In
the case of PKD1 and PKD2, it is thought that the
disruption to the protein’s signaling function
within the cell and in primary cilia leads to cells
growing and dividing abnormally, causing cysts
to develop [91, 92].

Kallmann syndrome is also linked to ACs. It is
hypothesized that the syndrome is caused by a
defect in the migration of GnRH-1 neurons due
to abnormal development of olfactory nerves and
bulbs and absence of adhesion proteins [77]. This
defect in the neurodevelopmental pathway might
contribute to the development of ACs. Table 3
lists some of the genes commonly found in this
syndrome and hence may be linked to AC
formation.

Table 2 Main genes involved in ADPKD

Septo-optic Dysplasia [63]
Sjogren syndrome [64]
Precocious puberty [65]

Kabuki Syndrome [30, 31]
Epidermal Naevus syndrome [66]

Oro-Facio-Digital syndrome Type 1[67]
Other syndromes [68-86]

Location of gene
Name of on chromosome | Function of the gene
gene [95] [95] [96-99]
PKD1 16p13.3 * Impact protein
PKD2 4q21-23 folding, assembly,
GANAB 11q12.3 trafficking and
DNAIBI1 |3q27.3 degradation
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Table 3 Genes found in Kallmann syndrome

Location of gene on

Name of gene [8] chromosome [8] Function of gene [8]

KAL1 Xp22.3 * Encodes for an extracellular glycoprotein called
anosmin-1 that promotes migration of GnRH secreting
neurons from the olfactory bulbs to the hypothalamus

e X-linked transmitted and found in 10% of patients

CCDC141 2q31.2 * Similar role to KALI in regulation of GnRH

Fibroblast growth factor 8ql1.2-12 * Accounts for 10% of all cases of Kallmann syndrome

receptor-1 (FGFR1 or KAL2)

Prokinetic receptor-2 20p12.3 * Account for a further 20% - 30% of all cases of

(PROKR2) Kallmann syndrome

Prokinetin-2 (PROk2) 13p21.2

Chromodomain helicase DNA | 8q12.2

binding protein 7 (CHD7)

Fibroblast growth factor 8 10q24

(FGFS)

Long-term  epilepsy-associated  tumors paper found 9 (out of 33,096) genes that were dif-

(LEAT) have also been associated with the for-
mation of ACs [124]. LEAT includes
gangliogliomas (GG), dysembryoplastic neuro-
epithelial tumors (DNT), papillary glioneuronal
tumors (PGNT), and adenoid cystic carcinomas
[124]. Table 4 lists some of the genes commonly
associated with LEAT entities.

While mutations in any of these genes could
affect the proliferation of cells, it is uncertain
how these mutations ultimately lead to the devel-
opment of ACs.

Oculopharyngeal dystrophy is another condi-
tion to which ACs are linked [73]. This syndrome
is caused by repeat expansions in the PABP2 gene
(Chr.14q11 in humans) [73] which produces a pro-
tein needed for polyadenylation [90]. It is hypoth-
esized that the extra alanine produced by the
mutation clump up within muscles leading to loss
of muscle function [90]. How this relates to AC
formation is still unclear, and it is likely that this
gene may not be related to AC formation [90].

One paper conducted a particularly interesting
study that looked at the differences in gene
expression between the normal arachnoid
membrane and the cyst membrane [87]. This

ferent. These are listed in Table 5.

Of these genes ASGR1, SHROOM3, A2BP1,
ATP10D, and TRIML1 may be the genes involved
in AC formation. Other mutations could be coin-
cidental findings.

Another paper reported on intracranial ACs
that showed an X-linked dominant inheritance
pattern [24]. There were four family members
who all presented with large, bilateral, symmetric
middle fossa ACs [24]. They were all found to
have a maternally inherited 720-kb duplication of
the Xp22.2 chromosome that was not present in
any of the unaffected family members [24]. This
chromosome region includes the genes listed in
Table 6.

Loss of function of MID1 and ARHGAP6
were found due to breakpoints in the duplication
[24]. Here, it seems that genes needed for appro-
priate disposal (or recycling) of proteins were
important in the formation of ACs. The other two
genes in the region may not be related to the for-
mation of ACs.

Tuberous sclerosis complex (TCS) is a condi-
tion caused by mutations in the TSCI1 (on
Chr.9q34 in humans) and TSC2 (on Chr.16p13.3 in
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Table 4 Genes commonly associated with LEAT entities

Name of the gene
[100]

Location of the gene on
chromosome [100]

Function of gene

BRAF V600E

7q34

Linked to GGs with CD34 expression [100]

Involved in protein trafficking as part of the RAS/MAPK
signaling pathway that controls cell proliferation,
differentiation, migration and apoptosis [101]

FGFR1

8p11.23

Linked to DNTs [100]

Makes a protein that is involved in proliferation and
maturation of cells, wound healing and blood vessel
formation [102]

Major role in the formation, survival and movement of
nerve cells in several areas of the brain, particularly those
secreting GnRH [102]

PRKCA

17q24.2

Linked to PGNTs [100]

Involved in cell growth [104]

FGFR2

10926.13

Mutations have been recognized in common LEAT entities
[100]

Makes a protein that is involved in proliferation and
maturation of cells, wound healing and blood vessel
formation [103]

Involved in bone growth [103]

MYB/L1

8ql13.1

Mutations have been recognized in common LEAT entities
[100]

 Associated with the formation of adenoid cyst carcinoma

[105]

Table 5 Differences in gene expression between the normal arachnoid membrane and the cyst membrane

Location of the gene on

Name of the gene [109] chromosome [109] Function of gene

ASGR1 17p13.1 * Produces a transmembrane protein involved in
transport of molecules in and out of the cell [110]

DPEP2 16q22.1 ¢ Involved in many pathways including the inflammatory
pathway [111]

SOX9 17924 * Involved in skeletal development and sex
determination [112]

SHROOM3 4qg21.1 ¢ Involved in neural tube closure [113]

A2BP1 16p13.3 * Important in neuronal development and can lead to
benign epilepsy with centrotemporal spikes [114]

ATP10D 4pl12 * Needed for cellular transport of GlcCer from the outer
to the inner leaflet of the plasma membrane [115]

TRIML1 4q35.2 * Function is as of yet unclear[116]

NMU 4ql12 ¢ Needed for muscle contraction in the GI tract [117]

BENDS 1p33 e Acts as a transcriptional repressor [118]
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Table 6 Genes in the duplicated region of chromosome
Xp22.2

Location of the
gene on
chromosome
[14]

Xp22.2

Name of the
gene [14]
MID1

Function of gene

 Involved in the
recycling of PP2A,
ITGA4 and STK36
proteins by tagging
them with ubiquitin
[120]

HCCS e Needed for ATP
production and the
apoptosis of cells
[121]

AMELX * Needed for enamel
formation on the
teeth [122]

ARHGAP6 e Involved in cell
motility and
changes of cell
morphology [123]

humans) genes that lead to over-activation of the
mTOR pathway [11]. Patients with these muta-
tions have also been found to have ACs along with
other clinical manifestations, and it seems that
TSC2 mutations are more commonly associated
with ACs than TSC1 in these individuals [11].
Both these genes are involved in cell growth and
cell size control [95].

Papers have found a correlation between skull
base meningiomas and middle cranial fossa ACs
[128]. The specificity of the location of the condi-
tion indicates that local factors such as alterations
in intracranial pressure, vascular occlusion, and
localized release of bone growth factors might
explain the pathology. IGF-1 (Chr.12q23.2),
IGF-2 (Chr.11p15.5), and PDGF (Chr.22q13.1)
are all involved in bone formation and growth
(cell proliferation) [128].

ACs have been associated with syndromes
such as spastic paraplegia which is caused by a
mutation in the SPG4 gene [73]. The SPG4 gene
(now called the SPAST gene) found on
Chr.2p21-22 in humans has a role in the function-
ing of microtubules that allow transport of sub-
stances in and out of cells and in cell division
[94]. This gene is particularly abundant in neu-
rons [94].

Sporadic SEDAC is thought to be caused by
haplo-insufficiency of the HOXD4 gene [106].
HOXD4 is found on Chr.2q31-37 [106] and is
important in determining the position of develop-
ing limb buds during embryological growth [32].

Patients with Edward’s syndrome have also
been found to have ACs [8]. Karyotypes include
47,XY,+18 and 47,X?,+18 [8]. The first karyo-
type also had severe developmental delay, and the
second died neonatally [8].

Both a KAT6A de novo mutation (variant p.
P528S, coding DNA ¢.1582 C > T—likely patho-
genic variant) and an inherited USP9X X-linked
mutation (variant p.E903G, coding DNA ¢.2708
A > G—variant of uncertain significance) pre-
sented with posterior fossa ACs (PFAC) [41].
KAT6A (Chr.8pl11.21) is needed to encode pro-
teins and is important in various parts of the body
[104], and USP9X (Chr.Xpl1.4) is important in
chromosome alignment and segregation during
centromere alignment in cell division [108].

The RERE gene (Chr.1p36.23) was found to
have heterozygous missense mutations
(c.2576C > T) in a 7-year-old and 6-year-old
female human cousins. These patients also had
intracranial ACs [137]. The RERE gene codes for
a regulatory protein and is essential for the devel-
opment of the brain, eyes, inner ear, heart, and
kidneys [93]. The WNTI1 gene on Chr.12q13.12
was also found in a patient with ACs [60]. This
gene plays a role in the development of the
embryonic brain and CNS [33]. Mutations in
these genes may cause agenesis of brain struc-
tures, but there is not enough evidence to link this
to the formation of ACs.

It has been found that lateral meningocele
syndrome (LMS) is due to specific pathogenic
variants in the last exon of the NOTCH3 gene
(Chr.19p13.12) [12]. A paper discussed a patient
who presented with this mutation and intradural
and extradural ACs alongside other clinical pre-
sentations [12]. The NOTCH3 gene is important
for the function and survival of vascular smooth
muscle [89]. It is also thought to be necessary to
maintain the blood vessels in the brain [89].

As discussed in the introduction, GA-1 is a
metabolic disorder caused by a mutation in the
GCDH gene at Chr.19p13 [127]. GA-1 has been
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commonly associated with ACs in the literature
[127]. The GCDH gene is needed for the break-
down of amino acids lysine, hydroxylysine, and
tryptophan [88].

The PAPB2 gene on Chr.14 was linked to
genetic myopathy, oculopharyngeal muscular
dystrophy (OPMD), and ACs in a family [56].
This gene might play a role in the formation of
ACs, but we cannot be sure how this association
occurs.

Autosomal recessive missense Rotatin
(RTTN) mutations at Chr.18q22.2 have been
associated with ACs [13]. In one case study, a
brain MRI showed extensive dysgyria associated
with nodular heterotopia, large interhemispheric
ACs, and corpus callosum hypoplasia [13]. The
RTTN gene is needed for left-right specification
and plays a role in the maintenance of normal
ciliary structure [34]. We are unsure how this
relates to AC formation, and further study is
needed to understand the association between
mutations in this gene and ACs.

Primary ciliary dyskinesia-related MCIDAS
gene mutation is associated with AC formation
[116]. The reduced generation of multiple motile
cilia (RGMC) and mutation in the multicilin
(MCIDAS) gene on Chr.5q11.2 have been linked
to a high incidence of hydrocephalus, ACs, and
CPH in MCIDAS-associated RGMC [116]. The
gene is also required for centriole biogenesis
[35]. Thus, like a few other genes mentioned, this
gene is required for cilia formation and function.
However, we are unsure how this relates to AC
formation or expansion.

A rare heterozygous variant in the NID1 gene
on Chr.1q42.3 was associated with autosomal
dominant Dandy-Walker malformation and occip-
ital cephalocele (ADDWOC) [81]. The paper
describes a three-generation family in which indi-
viduals presented with ACs in the proband and the
proband’s maternal grandfather, an occipital ceph-
alocele in the proband and his brother, and a small
bony defect in the proband’s mother [81]. This
gene is related to pathways such as MET that pro-
mote cell motility and degradation of the extracel-
lular matrix [36]. However, there is no clear
indication as to how this is associated with ACs.

A patient with a Col4Al gene mutation
(Chr.13g34) was also found to have an AC [18].
Col4Al is needed to make one component of
type IV collagen [85]. Type IV collagen is one of
the main components of the basement mem-
branes in almost all the tissue in the body includ-
ing the blood vessels [85]. The basement
membrane also plays a role in cell migration,
proliferation, differentiation, and survival [85].
Mutations in this gene can lead to defects in the
basement membrane of blood vessels and lead to
impaired movement of electrolytes that may
cause CSF flow to change. Igarashi et al. hypoth-
esize that since ACs and vascular smooth mus-
cles originate from mesenchymal cells that
surround the neural tube, which also produce
collagen for the extracellular matrix in cerebral
vessels, both the vascular and mesenchymal
structures may be forming at the same time [52].
Thus, the histogenesis of arachnoid and arterial
layers may be involved at the same time [52],
and defects in either or both may lead to the for-
mation of ACs.

Microdeletions on chromosomes, specifically
Chr.22q13.31q13.33 in one case report and
Chr.22q13 and Chr.22q11 in another case report,
were found along with ACs [43]. Both patients
were human females and had other clinical fea-
tures commonly associated with Phelan-
McDermid syndrome (PMS) [43].

There are many other genes that are linked to
ACs either through syndromes or via one or two
cases in the literature. Table 7 summarizes these
genes and their association with ACs.

In summary, genes associated with ACs can be
grouped into four categories as shown in Fig. 1.

Given the lack of specific gene mutations
associated with ACs, it is difficult to pinpoint
which mutations are more impactful than others,
and further research is needed to conclude if
these genes are in fact related to the formation of
ACs.

Some of these genes have been associated
with hydrocephalus formation. For example, the
primary ciliary dyskinesia-related MCIDAS gene
mutation has been known to be found in patients
with both ACs and hydrocephalus [35, 116].
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Table 7 Other genes associated with AC formation

Location on

Gene chromosome | Function Association with arachnoid cysts
ZIC2 [124] 13q32.2 * Produces a transcription factor * A 9-month-old female patient
[124] essential for the development of presented with mild microcephaly,
the forebrain [125] semilobar HPE and an AC alongside
this mutation [124]
e Mutations may be linked to * Agenesis of the corpus callosum is
agenesis of the corpus callosum strongly linked to the presentation of
[125] ACs [125]
SOX2 [140] 3q26.33 e Critical in the formation of many | * Found to be associated with an AC,
[140] different tissues and organs microcornea, retrobulbar
during embryonic development, colobomatous orbital cyst and
especially the eyes [146] penoscrotal hypospadias in one paper
[140]
e It also acts as a transcription
factor for other genes [146]
Oligophrenin-1 | Xq12 [142] e This gene is a Rho-GTPase e One paper discussed a family with a
(OPHN1) [142] activating protein [142] mild developmental delay, behavioral
disturbances, facial dysmorphism, pes
planus, nystagmus, strabismus,
epilepsy, and occipital AC alongside a
mutation in this gene [142]
¢ Involved in intracellular signal
transduction which affects cell
migration and cell morphogenesis
[147]
Frataxin [144] 9q21.11 e Frataxin is found in the A paper discusses 2 patients with a
[144] mitochondria and its role is not GAA repeat expansions mutation in
well understood but it is thought this gene who also have ACs [144]
to be needed to assemble clusters
of iron and sulfur molecules
needed for the function of many
proteins and for energy
production within the cell [148]

» This GAA repeat expansions mutation
in this gene is also lined to Friedreich
ataxia (FRDA) and cerebral lesions
and demyelinating neuropathy [144]

SLC12A2 [130] |5q23 [130] e Codes for the NKCC1 protein  This gene is significantly upregulated
which is needed for the Na*/ in ACs [130]
K*/2CL-cotransporter [130]
e It is important for fluid transport * Upregulation may explain why CSF
[130] dynamics can be abnormal (and lead
to AC expansion due to CSF
accumulation) [130]
ATP1A3 [141] 19q13.2 * Needed to make one part of a * This mutation was found alongside a
[141] protein known as Na*/K* ATPase right temporal AC [141]

(sodium pump) [146]
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Table 7 (continued)

Gene

Location on
chromosome

Function

Association with arachnoid cysts

* Na*/K* ATPase is involved in the
uptake of neurotransmitters [146].
This may directly relate to CSF flow
dynamics and an imbalance in this
may lead to AC expansion via CSF
accumulation in the cyst

FOXC2 [109]

16q24.1
[109]

e Critical for development of the
lungs, eyes, kidneys and the
urinary tract [109]

Needed for formation of veins
[109]

GPSM2 [109]

1p13.1[109]

¢ Involved in cell division,
particularly in the metaphase
spindle orientation [119]

A homozygous mutation of this gene
was present in a pair of dizygotic twins
who both presented with an
interhemispheric AC [109]

PDGFRB [132] |5q32[132] * Important for signal transduction
and signaling pathway activation
[133]

* These signaling pathways are * 19-year-old Caucasian female patient
needed for cell proliferation, presented with a cervical spine AC
movement and survival [133] along with many other CNS and

cardiac abnormalities. Exome
sequencing trio analysis identified a de
novo previously reported pathogenic
variant in this gene ¢.1696T>C (p.
[Trp566Arg]) [132]
Type of Gene
Control Cell Control Cell Control Proteln Involved in the
Proliferation Membrane Production, Formation of
: Traficking Transport and
and Cell Size ) Blood Vessels
Apparatus Function
May play an important role
May explain abnormal in fluid transport given the
Can lead to yﬂuig transport known interaction between
uncontrolled mecahnisms that - the venous drainage system
cell growth allow cysts to expand of the body and the

Fig. 1 Summary of types of genes associated with ACs

ventricular system
(containing CSF) in the brain
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7 Hydrocephalus

“Hydrocephalus (HC) is classically defined as
dynamic imbalance between the production and
absorption of cerebrospinal fluid (CSF), leading
to enlarged ventricles” [70]. Hydrocephalus is
often found in midline and posterior fossa ACs
[76]. It is also possible to observe ventriculomeg-
aly in interhemispheric lesions, but it is rare to
see hydrocephalus in middle fossa lesions [76].
Since ACs can be found in all areas of the brain
with arachnoid mater and hydrocephalus is not
found in all of these areas, it indicates that ACs
may not be the sole cause of hydrocephalus.

There has been speculation that some ACs are
due to disturbed CSF dynamics and that ACs may
be a localized form of hydrocephalus [76]. It may
be that ACs are the cause of hydrocephalus or it
could be that hydrocephalus causes ACs.
However, Martinez-Lage et al. state that “CSF
dynamics seem to play a major role in the devel-
opment of both [arachnoid] cysts and hydroceph-
alus” [76].

A paper by Topsakal et al. describes a 67-year-
old female patient who presented with symptoms
of normal pressure hydrocephalus, lower cranial
nerve pareses, and pyramidal and cerebellar signs
associated with respiratory disturbances [130].
She was found to have a quadrigeminal AC that
was compressing the aqueduct and other brain
structures [130]. Removing the cyst surgically
resolved some of her symptoms including the
hydrocephalus [130]. Thus, in this case, it seems
that the AC was the cause of the patient’s symp-
toms including the hydrocephalus.

Basaran et al. discuss a patient with persistent
subarachnoid bleeds, hydrocephalus, and ACs
[7]. Treating the hydrocephalus did not treat the
patient’s symptoms of headaches and diplopia,
but treating the ACs did resolve the symptoms
[7]. Here it is difficult to distinguish if the hydro-
cephalus was caused by the AC, but it does show
that the AC was not caused by the hydrocephalus
since treating the hydrocephalus did not treat the
AC. In addition, this article illustrates once again
that hydrocephalus, and ACs do occur together
very frequently.

There are other papers that support the notion
that ACs cause hydrocephalus in patients, most
frequently by obstructing and putting pressure on
the key ventricular structures of the brain [78,
109, 112, 139].

However, a paper by Pradilla et al. found that
only 9% of their 20 patients that presented with
ACs had hydrocephalus [111]. So, it seems that
hydrocephalus is not always found with ACs and
discredits the idea that ACs cause hydrocephalus.
Another paper also found that out of ten patients
with ACs, only three had hydrocephalus [25]. But
here it can be argued that the location, size, and
extent of compression caused by the AC might
play a role in the development of hydrocephalus
[78, 109, 112, 139].

There are also articles that focus on the pres-
ence of hydrocephalus and ACs and the role they
play in the development of syringomyelia and
Chiari malformation type 1 (CM-1) [20, 74, 129].
These papers do not help answer the question as to
whether ACs cause hydrocephalus or vice versa,
but they do indicate that the two occur together
very frequently and may play a role in the forma-
tion of other secondary symptoms (such as CM-1).

Perna et al. describe 12 patients with ACs,
CM-1, syringomyelia, and hydrocephalus [20].
Given the rarity of CM-1 [20], the fact that 12
cases were found with this combination of clini-
cal symptoms provides some backing to the the-
ory that there might be a third external factor
causing the development of both hydrocephalus
and ACs. Martinez-Lage et al. found a patient
with this same presentation but concluded that
the CM-1 and syringomyelia were caused by the
hydrocephalus and AC because ventricular
decompression and removal of the AC resolved
the CM-1 and syringomyelia [74]. They also con-
cur that, usually, the syringomyelia is caused by
the obstruction of CSF flow by the AC [74].

ACs and hydrocephalus are closely associated
with each other. Table 8 depicts some genes that
are thought to be associated with both hydro-
cephalus and ACs. However, it is still unclear if
one causes the other or if they are both the conse-
quence of a third external factor such as a com-
mon gene mutation or syndrome.


https://www.sciencedirect.com/topics/neuroscience/hydrocephalus
https://www.sciencedirect.com/topics/medicine-and-dentistry/cerebrospinal-fluid
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Table 8 Genes associated with both hydrocephalus and arachnoid cysts

Name of gene Location on Other mutant phenotypes
[149] chromosome Function [149] [149]
TMEMG67 8q22.1 * Migration of centrioles to apical Meckel Syndrome Type 3
membrane Joubert Syndrome Type 6
* Primary cilium formation
FGFR2 10q26.13  Cell growth, division, maturation, and Apert Syndrome
differentiation Pfeiffer Syndrome
* Angiogenesis, wound healing
GPSM2 1p13.1 * Organization Nonsyndromic hearing
loss
Chudly-McCullough
Syndrome
* Development of normal hearing
ZIC2 13g32.3 e Instructions for making forebrain Dandy-Walker
development proteins malformation
Neural Tube Defects
e Transcription factor for left-right axis
formation
8 Conclusion

From the above, we can see that there are some
syndromes that have a significantly higher
association with ACs than others. There are
also genes that appear to be linked to AC for-
mation. One common feature of these genes is
that most of them seem to be involved in pro-
tein production, function, and (like in hydro-
cephalus) protein transport. Moreover, there is
much coinciding between genes and syndromes
of hydrocephalus and ACs, so there may be
common features between hydrocephalus and
ACs such as their mechanism of formation and
expansion. Most ACs seem to be sporadic (non-
syndromic), but there are instances in which
they occur commonly along with other clinical
presentations. The presence of agenesis of the
corpus callosum (which is very strongly asso-
ciated with the presence of ACs) should alert
clinicians to look for structural malformations
that can be present. Conclusively, the mecha-
nism of formation of ACs and pathophysiologic
mechanisms involved in their expansion are
poorly understood. Further research is required
to understand the mechanisms presented and
discussed within this chapter.
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