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Abstract

Primary cilium is a ubiquitous, tiny organelle on the apex of the mammalian cells. Non-motile
(primary) ciliopathies are diseases caused by the dysfunction of the primary cilium and they
are characterized by diverse clinical and genetic heterogeneity. To date, nearly 200 genes
have been shown to be associated with primary ciliopathies. Among them, tectonic genes are
the important causative genes of ciliopathies. Tectonic proteins including TCTN1, TCTN2, and
TCTNS3 are important component proteins residing at the transition zone of cilia. Indeed, many
ciliopathies have been reported to involve tectonics mutations, highlighting a pivotal role
for tectonic proteins in ciliary functions. However, the specific functions of tectonic proteins
remain largely enigmatic. Herein, we discuss the recent advances on the localization and
structure of tectonic proteins and the functions of tectonic proteins. The increasing line of
evidences demonstrates that tectonic proteins are required for ciliogenesis and regulate ciliary
membrane composition. More importantly, Tectonic proteins play a vital role in the regulation
of the Sonic Hedgehog (Shh) pathway; Tectonic deficient mice show the Shh pathway-related
developmental defects. Tectonic proteins share similar functions including neural patterning
and Gli3 processing but also each has a unique and indispensable role in the ciliogenesis and
signaling pathways. At the same time, the mutations of tectonic genes are the causes of a
serial of primary ciliopathies including Meckel-Gruber syndrome, Oral-facial-digital syndrome,
and Joubert syndrome. Therefore, full understanding of functions of tectonic proteins will help
to crack ciliopathies and improve life quality of patients by future gene therapy.
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Introduction

Non-motile ciliopathies is a group of diseases that arise from the dysfunction of a
tiny and immotile structure called primary cilium, including polycystic renal diseases,
Joubert syndrome, Oro-facial-digital syndrome, Meckel syndrome, Bardet-Biedl syndrome,
Acrocallosal syndrome, Hydrolethalus syndrome, Pallister-Hall syndrome, and Greig
Cephalopolysyndactyly syndromes [1]. As the primary cilia present on almost each
mammalian cell, non-motile ciliopathies involve multiple systems and organs and thus exhibit
appreciable clinical heterogeneities. Although more than 100 genes that are associated with
ciliopathies have been identified [2], mutations in one certain gene can induce one or more
phenotypes in multiple systems. Therefore, the complexity of the non-motile ciliopathies
renders diagnoses and treatments extremely daunting. In the past few decades, due to the
great significance of cilia in multiple organs and systems, non-motile ciliopathies gained
more attentions. Here, we will briefly review the structure of cilia and then focus on the
functions of cilia structural proteins--tectonics and tectonics-related ciliopathies.

Primary cilia

Cilium is a microtubule-based, antenna-like structure on the apical surface of cells
during GO/G1 phase [3]. Under the electron microscope, each cilium ‘hub’ can be divided
into the basal body, the transition zone, and the axoneme (Fig. 1). The basal body resides at
the bottom of the cilia, which is originally formed by the mother centriole and migrates to the
apical surface of the cell after certain transformations [4-6]. The basal body is composed of 9
circularly arranged triplets and distal appendages that connect with the cellular membrane
[7, 8]. The triplets contain three kinds of fibers: A, B, and C fibers. A and B fibers are made up
of 13 and 10 tubulins respectively, grow and extend to form part of axonemes, while C fiber is
short fiber and limited at the transition zone [9, 10]. The transition zone connects the distal

Fig. 1. Schematic
structure  of cilia.
Cilia originate from
a basal body, which
is composed of nine
triplet centrioles and
distal appendages.
Distal appendages (also
known as transition
fibers) are tied to the
ciliary membrane.
Transition zone bridges
the basal body and the
axonemes and connects
to the membrane via
the Y-linkers. Axonemes
mainly  consist  of
doublet microtubules.
Usually, in primary cilia,
which are immotile,
they present a ‘9+0’
pattern, which means
there are 9 doublet
microtubules. While motile cilia have 9 doublet microtubules and 2 singlet microtubules, thus representing

the ‘9+2’ pattern. The dynein arms and radial spokes are responsible for the motility.
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end of basal body and the proximal region of the axonemes by using the Y-linkers from the
axoneme to the ciliary membrane. The axoneme possesses 9 peripheral doublets with or
without 2 central singletons. Typically, motile cilia usually have a ‘9+2’ microtubule pattern
with the presence of radial spokes, dynein arms and nexin links; however, non-motile cilia
have a ‘9+0’ microtubule pattern without two central microtubules and dynein arms that
are responsible for mobility in motile cilia [11]. Nevertheless, there are some exceptions, for
examples, nodal cilia with a ‘9+0’ microtubule pattern are motile because they have dynein
arms [12]; On the contrary, Kinocilia have a ‘9+2’ microtubule pattern, but they are the non-
motile cilia [13, 14].

Motile cilia and non-motile cilia (primary cilia) have different functions. On the surface
of the airway, motile cilia facilitate the fluid movement in the airway, for instance, on the
surface of the fallopian tubes, motile cilia move ovum from the ovary to the uterus [15].
However, primary cilia have no movement functions, but they, meanwhile, are able to receive
signals from the outside and transduct signals in almost each mammalian cell [16]. Several
developmental pathways, such as the Sonic hedgehog (Shh), Wnt, fibroblast growth factor,
platelet-derived growth factor receptor a, Notch, and Hippo pathways, depend heavily on the
functions of primary cilia for signaling transduction [17-19]. Therefore, the dysfunction of
certain proteins in cilia causes the altered functions of cilia and influences the transduction
of these signaling pathways, resulting in different ciliopathies. Due to the ubiquitous
existence and the indispensable role for various signaling transduction, primary cilia have
been considered to have critical roles and are involved in the pathogenesis of the non-motile
ciliopathies [2]. In this review, we focus on the main functions of tectonic proteins in primary
cilia and tectonic proteins-related ciliopathies.

Location and structure of Tectonic proteins

Tectonic (TCTN) family is a group of proteins residing at the transition zone of a cilium,
including TCTN1, TCTNZ2, and TCTN3. TCTN1 is the first tectonic protein to be found to play
an important role in the neural tube patterning by mediating the Hedgehog pathway [20].
Subsequently, other tectonic family members such as TCTN2 and TCTN3 were uncovered by
genomic database searching [20]. Many studies also demonstrated that TCTN1, TCTN2 and
TCNT3 act as the regulators of the Hedgehog signaling pathway [20-22]. So far, 24 cases of
non-motile ciliopathies have been reported to be relevant with mutations in tectonic genes
[21-29]. Therefore, the discovery of Tectonic family has expanded the spectrum of the non-
motile ciliopathy genes and provided an opportunity for people to gain better understanding
of the underlying molecular pathogenesis of ciliary defects. However, the roles of this protein
family in non-motile ciliopathies remain elusive.

All tectonic proteins locate to the transition zone as shown in Fig. 1, while TCTN2 and
TCTN3 also reside at the cilium proper [24]. TCTN2 occupies the outer compartment of the
transition zone and the widest space compared to the other transition zone proteins [30].
A study showed that TCTN2, TMEM67, MKS1 and RPGRIPIL are at the same axial level in
the transition zone compared with the average axial distance from other transition zone
proteins to Centrin 2, which is a BBsome protein [30]. Additionally, the subdiffration imaging
of TCTN2 indicated its subdivision of the intensity peaks into the cilium proper; which is
consistent with the previous experiments done by Garcia-Gonzalo [24]. Unfortunately,
data about the specific location of TCTN1 and TCTN3 within transition zone haven’t been
reported yet.

Human TCTN1 gene spans 35.4kb in a region of human chromosome 12. Except
for a N-terminal signaling peptide, the functions of other domains of TCTN1 protein
are still unknown [20]. Human TCTNZ gene locates to 12q24.31 and encodes a 77-kDa
protein incorporating a signal peptide at the first 25 amino acids and a carboxyl-terminal
transmembrane domain that is anticipated to be a secreted and membrane protein [23].
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Human TCTN3 gene extends 30.7kb on human chromosome 10. More information about
three tectonic genes and proteins in Human and mice is summarized in Table 1.

Tectonic proteins regulate ciliary membrane composition

Tectonic proteins are showed to regulate the protein composition of the ciliary membrane
[24, 31]. Some proteins that locate to the primary cilia such as adenylyl cyclase 3 (AC3) and
polycystic kidney disease 2 (PKD2) are lost or reduced in Tctn1/- and Tctn2/- mice or mutant
mouse embryonic fibroblasts (MEFs) [24]. Smoothened (Smo), a seven-trans-membrane
protein involving in the SHH signaling pathway, shows markedly reduction in the cilia of
Tctn1/, Tctn27/-, or mutant MEFs [24]. In addition, those mutant MEFs also display reduced
ciliary localization of ADP-ribosylation factor-like protein 13B (Arl13b)[24]. As for TCTN3,
AC3, Smo, and Arl13b are barely detected in the cilia of mutant MEFs [31]. Taken together,
three TCTN proteins are essential for the successful transportation of proteins into the cilia.

Tectonic proteins are required for ciliogenesis

Tectonic proteins are also required in the ciliogenesis in a tissue-dependent manner [21,
24,31]. Thisis partly explained by the fact that three TCTN proteins are of vital importance for
the effective trafficking of those proteins that must be imported into the cilia and are required
for the development of the cilia [32, 33]. In Tctn1, Tctn2 and Tctn3 mutant mouse embryos,
the number of the cilia is significantly reduced in different tissues, suggesting that tectonic
proteins are required for the ciliogenesis in a tissue-dependent manner [21, 24, 31]. Cilia are
lost in nodes and neural tubes in Tctn1/-and Tctn2/- mouse embryos, but cilia are present
in notochord, early gut epithelium, perineural mesenchyme, and limb bud mesenchyme in
Tctn1/- embryos; while in Tctn2/- mice, limb bud mesenchyme displays decreased number of
cilia and perineural mesenchymal cells lack cilia [21, 24]. Tctn3-/- embryos show significantly
reduced numbers of cilia in the neural epithelia of the neural tube and mesencephalic
vesicle, perineural tube,
and notochord [31]. The

Table 1. Basic information of the three tectonic genes and proteins
results above suggest

. . Gene /Protein Charactors Species TCTN1 TCTN2 TCTN3
that the tectonic proteins Human 12q24.11 12q2431 10q24.1
Chromosome M 5 5 19
are fundamental for ouse
. . . ) H 354 37.3 30.7
the ciliogenesis in a  Gene Size (kb) Mowse 41 27 27
tlssue-depend-ent way Exon Human 19 18 14
(summarized in Table 2).
In addition; MEFS Wlth Molecular weight(kDa) 63 77 50/66
mutant TCTN proteins DUF1619 . . .
s Protei H
alSO eXhlblt decreaSEd roem Carboxy-terminal transmembrane domain sman - + +
number of cilia or 1soform 9 2 2

Table 2. Various phenotypes in animal models of tectonic mutants

Mutants Embryonllcally cilia CNS s Cardiovascular Alimentary Extremities
lethality system system
Lost in nodes and neural tubes,
TCTN1 present in notochord, early gut Holoprosencephaly, . . Hindlimb
mutant Present epithelium, perineural mesenchyme heterotaxia Microphthalmia N/A N/A polydactyly
and limb bud mesenchyme
Lost in nodes, neural tubes and
perineural mesenchymal cells, . PR o
A ooyl SO gy Vsl Raed it
mesenchyme( on a mixed 129/B16 ’ P poly Yy
background)
Slgn.lflca.ntl.y reduced in the neural Some with the heart Polydactyly,
TCTN3 Present epithelia in the neural tube and Holoprosencephal Microphthalmia  that turn in a right N/A edema on the
mutant mesencephalic vesicle, perineural P phaly P 8 back of the upper

tube and notochord orientation body

401


http://dx.doi.org/10.1159%2F000494017

Cellular Physiology Cell Physiol Biochem 2018;50:398-409
DOL:

. . - 10.1150/000404017 © 2018 The Author(s). Published by S. Karger AG, Basel
and B|0Chem|stry Published online: 4 October 2018  |www.karger.com/cpb

Gong et al.: The Role of Tectonic Proteins in Ciliopathies

completely loss of cilia [21, 24, 31]. Therefore, these evidences demonstrate that tectonic
proteins are required for ciliogenesis.

Tectonic proteins play a vital role in the regulation of the Sonic Hedgehog (Shh)
pathway

Tectonic Knockout mice show the Shh pathway-related developmental defects

The Sonic Hedgehog (Shh) signaling pathway is one of the most important pathways in
the brain development [34-40]. Different members of tectonic proteins display distinct roles
in regulating the Shh pathway because the Shh pathway-related developmental abnormalies
are found in mice with tectonics deletion. Tctn1 null mice present holoprosencephaly,
heterotaxia, microphthalmia, and hindlimb polydactyly that resemble the phenotypes of
mice with Shh signaling defects [20, 41]. Except for these characteristics in Tctn1”/- mice,
additional phenotypes including cleft palate, ventricular septal defects and right-sided
stomach are present in Tctn2”/- mice [21]. Tctn3/ mice display edema on the back of the
upper body, right-oriented heart [31]as well as holoprosencephaly, microphthalmia [42]
and polydactyly that have been reported to have a strong association with the altered Shh
signaling pathway [43, 44].

The downstream signals of the Shh pathway are changed in Tectonic mutant mice

Some molecular markers regulated by the Shh signaling are altered in the mutant mouse
embryos, which further supports the statement that TCTN proteins are crucial in mediating
the Shh pathway [20, 21, 31]. Loss of floor plate and V3 interneurons in the Tctn1/- and
Tctn2/- mice marked the reduction of FoxA2 and Nkx2.2 expression respectively in the Shh
signaling pathway [20, 21]. Islet1/2-positive motor neurons are found to have a significant
reduction in Tctn1/- and Tctn2/- mice. Pax6, a molecule suppressed by the Shh signal, is
widely distributed in both Tctn1/- and Tctn2/-mice [20, 21]. However, Tctn3 null mice exhibit
normal Pax6, Pax7, and Hb9 expression levels, although FoxA2 level is not detected in Tctn3
/- embryos [31]. Taken together, we assume that TCTN proteins display distinct roles in
the Shh signaling pathway. In addition, the significant reduction of Glil and Ptch, common
transcriptional targets of the Shh signaling, is found in the three mutant embryos or cells,
indicating that TCTN proteins share some common effects on the Shh signaling [20-22, 31].

Tectonic proteins conservatively regulate the Gli3 processing

Gli3 is another important transcriptional target of the Shh signaling [31]. Tectonic
proteins are functionally conserved in the Gli3 processing. When Tctnl is absent, the
cleaved repressor form Gli3R increases; whileTctn2/- embryos exhibit increased number
of full-length Gli3[21]. Similarly, TCTN3 mutated fibroblasts exhibit decreased amounts of
full-length unprocessed GLI3 protein [22]. The different effects of tectonic proteins on Gli3
processing indicate that tectonic family members have some overlapping and complementary
roles in the Shh signaling. Therefore, evidences indicate that TCTN1, TCTN2, and TCTN3
share obvious similarities in their conserved functions such as neural patterning and Gli3
processing [31].

How tectonic proteins directly regulate the Shh signal pathway remains unknown

TCTN1 is considered to be epistatic to Ptch, Rab23, and Smo [20]. Ptch is a 12-trans-
membrane protein receptor. When Ptch binds to Shh protein in the cell membrane, the
Shh pathway is activated [45]. Thus, mutant TCTN1 blocks the binding of Ptch1 receptor
to Shh protein and leads to the inactivation of the Shh pathway. Under most circumstances,
free Ptch1 receptor constrains Smo receptor that is a seven-transmembrane protein. Once
Shh protein binds with Ptch1, a biological complex is formed and then undocks the ciliary
membrane, which further promotes the activation of the Smo protein. With the activation of
Smo receptor, the phosphorylation of Gli transcription factor is ceased, rendering the intact
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Gli protein to combine with Sufu (suppressor of fused), a repressor of Shh pathway. Two
proteins form a complex, translocate to the tip of the cilia and disassociate with each other.
The Gli proteins act as a transcriptional factor upon entering the nucleus, and promote the
transcription of some essential genes encoding the proteins in the Shh signaling pathway,
thus leading to the development of the neural tube [46]. Therefore, mutant TCTN1 can
hinder the activation of Smo protein and inhibit the entry of Gli protein into the nucleus
and the transcriptions of the Shh pathway-related proteins. More evidences show that the
significant reduction of Ptch and Gli1 occurs in all tectonic mutant embryonic mice and MEFs
[20-22], which indicates tectonic proteins act at the upstream of Ptch and Gli1.

Tectonics mutations-related diseases

Non-motile ciliopathies are a group of diseases arising from the dysfunction of primary
cilia including Meckel-Gruber syndrome, Joubert syndrome, Bardet-Biedl syndrome,
polycystic kidney disease, Oro-facial-digital syndrome, retinitis pigmentosa, and Senior-
Lgken syndrome, Jeune asphyxiating thoracic dystrophy, and Leber congenital amaurosis
[1, 47-49]. These ciliopathies have many characteristic features for the loss of one or more
key signaling pathways. For the Shh signaling pathway-related non-motile ciliopathies,
Meckel-Gruber syndrome, Joubert syndrome, Oro-facial-digital syndrome, and Bardet-
Biedl syndrome are common. The increasing line of evidences indicates that the mutations
of tectonic genes are important causes of the Shh pathway-related ciliopathies [21-29],
highlighting a vital role for tectonic proteins in developmental process. Ciliopathies with
tectonics mutations are discussed in more details below.

Meckel-Gruber syndrome

Meckel-Gruber syndrome, also known as dysencephaliasplanchnocystica, Gruber
syndrome or Meckel syndrome, was named after the first description of this disease by
German anatomist Johann Friedrich Meckel in 1822. In 1934, George Gruber reported
several cases with similar phenotypes and named it ‘dysencephaliasplanchnocystica’ [50].
Meckel-Gruber syndrome is one kind of extremely severe and rare hereditary ciliopathy in an
autosomal recessive pattern. Its incidence ranges from 1/13, 250 to 1/140, 000 live births in
the world [51]. Meckel-Gruber syndrome can be easily diagnosed by its classic triad: central
nervous system malformation, polydactyly and cystic renal diseases. So far, the mutations
in multiple genes have been reported to cause Meckel-Gruber syndrome including B9D1,
B9D2, CEP290, CC2D2A, KIF14, NPHP3, RPGRIP1L, TCTN2, TMEM67, TMEM107, TMEM216,
TMEMZ231 genes, indicating the genetic heterogeneity of Meckel-Gruber syndrome [52]. In
2011, TCTNZ2 was identified as a novel MKS locus in two patients with Arab origin [23]. This
suggests that TCTN2 can mediate the functional defects of cilia in Meckel-Gruber syndrome;
however, how TCTN2 mutant protein interacts with down-stream proteins and causes
Meckel-Gruber syndrome is still unknown.

Oral-facial-digital syndrome

Oral-facial-digital (OFD) syndromeisagroup of rare heterogeneous disorders manifested
as anomalies in oral cavity, face and digits. To date, more than 14 subtypes of Oral-facial-
digital syndrome have been described [53-56]. Most of the OFD syndrome is transmitted in
a autosomal recessive inheritance pattern except the OFD type VIII as a X-linked dominant
disease [54]. OFD is characterized by tibial malformation, epicanthus, micrognathia, cystic
kidney, and occipital encephalocele [22]. Those phenotypes are highly overlapped with other
ciliary disorders, like Joubert syndrome.

403


http://dx.doi.org/10.1159%2F000494017

Cellular Physiology Cell Physiol Biochem 2018;50:398-409
DOL:

© 2018 The Author(s). Published by S. Karger AG, Basel

and B|0Chem|stry Published online: 4 October 2018  |www.karger.com/cpb

Gong et al.: The Role of Tectonic Proteins in Ciliopathies

So far, 8 causative genes have been identified for OFD syndrome [57, 58]. Among these
genes, TCTN3 is also reported to be a causative gene of OFD syndrome. By performing the
genome-wide homozygosity mapping and exome sequencing, a novel mutation was localized
inthe exon 11 of TCTN3 gene (¢.1222C>T, p.Glu408*) in a male fetus with OFD syndrome type
IV[22]. The patient presented cystic kidneys, severe skeletal dysplasia, facial dysmorphism
with a lobulated tongue, and occipital encephalocele; In addition to those phenotypes, this
patient also had a molar tooth sign in magnetic resonance imaging that is often observed
in patients with Joubert syndrome [22]. These overlapping symptoms suggest that TCTN3
protein may execute essential multiple functions during ciliogenesis [22]. In addition, a 650-
653 deletion in exon 5 of TCTN3 and a missense mutation (c.940G>A, p.Gly314Arg) in TCTN3
were found to cause OFD syndrome type IV [22]. Interestingly, a more recent study showed
that a mutation (c.342-2A>G, p.Gly115Lysfs*8) in TCTN1 was responsible for the phenotypes
of Varadi syndrome, which is known as OFD syndrome type VI [57]. These suggest that
any disruption in the functional module of cilia by TCTN1 or TCTN3 mutation can result in
ciliopathies that share overlapping phenotypes.

Joubert syndrome

Joubert syndrome was first reported in 1968 by a French neurologist, Marie Joubert
[59]. Joubert syndrome is a rare, autosomal recessive or X-linked recessive developmental
disorder that includes cerebral vermis hypoplasia, hypotonia, ataxia, development delay, and
cognitive impairment symptoms [60]. The hallmark of this disorder is known as a molar tooth
sign in magnetic resonance imaging due to aplastic vermis, deep posterior interpeduncular
fossa, and thickened superior cerebellar peduncles [60, 61]. Joubert syndrome related
disorders are a group of disorders with pathognomonic and neuroradiological features
similar to Joubert syndrome and involve various organ dysfunction, mainly in brains, eyes
and kidneys [61]. These disorders have been classified under the spectrum of ciliopathies.
According to a recent study, about 55%~60% patients with Joubert syndrome are caused
by the known gene mutations [62]. To date, there are about 30 genes to be associated with
Joubert syndrome or Joubert syndrome related disorders (NPHP1, AHI1, ARMC9, CEP290,
RPGRIP1L, TMEM67, CC2D2A, ARL13B, INPPSE, OFD1, TMEM216, CEP41, TMEM237,
TCTN2, KIAA0556, KIF7, TCTN1, TMEM138, MKS1, C50RF42, TMEM231, TCTN3, CSPP1,
PDEG6D, IFT172, ZNF423, TTC21B, B9D1, B9D2, and C2CD3) by target sequencing [63-65],
indicating genetic heterogeneity of Joubert syndrome to a large extent.

Interestingly, three tectonic genes were among the gene spectrum that cause Joubert
syndrome. Several families with Joubert syndrome were reported to have TCTN1 mutations.
In 2012, A TCTN1 mutation (c.342-2A>G, p.G115KfsX8) was identified in three patients with
similar phenotypes like prominent head, upturned nose, anteverted nostrils, strabismus,
oculomotor apraxia, hypotonia, intellectual disability, and typical molar tooth sign [25]. By
using homozygosity mapping approaches, a splice-acceptor mutation in TCTN1 (IVS1-2a>g)
was found in two sisters affected with JBTS[24]. Two heterozygous pathogenic mutations
in the TCTN1 gene (c.262G > A [p.D88N] and c.1718_1721delTTTG[p.V573Dfs*?]) were
reported in a female child with Joubert syndrome [26]. In addition, another compound
heterozygous mutation of TCTN1 c.342_2A>C (a spicing mutation) and ¢.898C>T (p.Arg300*)
was reported in one male fetus showing typical molar tooth sign [66].

TCTN2 mutations (IVS10-1G>A, ¢.C1873T, and c.77InsG) were identified in seven
patients with Joubert syndrome in two families from the Middle East region and India
[21]. A compound heterozygous TCTN2 mutation (c.1117G>A [p.G373R] and c.76delG|[p.
D26TfsX26] ) contributed to Joubert syndrome in a Caucasian male child who died at 13
months [27]. Ahomozygous TCTN2 mutation (c.1235-1G>A) was identified in a male patient
with postaxial hexadactyly, hypotonia, nystagmus, hyperopia, ataxic gait and typical MTS on
MRI[28].
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Similarly, TCTN3 mutations are also the causes of Joubert syndrome. Thomas et al.
identified a novel homozygous mutation (c.940G>A) in exon 8 of the TCTN3 gene in two
siblings with Joubert syndrome from Turkish family, which led to a Gly314-to-Arg (G314R)
substitution [22]. One male patient from a consanguineous Persian family was reported to
have a splice-site sequence variant (c.853-1G>T) in exon 7 of TCTN3 by a multi-gene panel
next-generation sequencing; he had a postaxial polydactyly of left foot, ataxic gait, intellectual
problems, autism-like behaviors, and typical molar tooth sign.

TCTN1, TCTN2, and TCTN3 proteins interact with each other and with other proteins
involved in the pathogenesis of Meckel-Gruber syndrome like Tmem216, Tmem67, Cep290,
and B9d1 in the transition zone between the basal body and the ciliary axoneme of primary
cilia [28]. Therefore, Joubert syndrome has a high degree of overlapping clinical features
with many other ciliopathies including Meckel-Gruber syndrome, which suggests their
molecular basis involved in the pathogenesis of ciliopathies may have some congruity in
some ways. Compared with Joubert syndrome by other genes, frequent symptoms such
as nephronophthisis, liver fibrosis, retinal dystrophy or coloboma have not been reported
in patients caused by tectonic gene mutations; however, intellectual disability is more
often observed in tectonic gene mutation-caused Joubert syndrome [28]. In tectonic gene-
causative Joubert syndrome, the defects of TCTN2 and TCTN3 lead to more severe symptoms
than the defects of TCTN1 in patients with Joubert syndrome [28].

Conclusions and perspectives

Up to now, nearly 200 genes have been reported to be associated with ciliopathies
[2]. Only about 50% of the genes accounting for various types of ciliopathies shows a high
degree of overlapping clinical features and results from a few causative genes, which poses
an increasing challenge for physicians to make the right diagnosis. As important members
of spectrum of ciliopathy genes, the discovery of tectonic genes provides an opportunity to
better understand the underlying molecular pathogenesis of ciliopathies. Tectonic proteins
including TCTN1, TCTN2 and TCTN3, locate in the transition zone, where mainly NPHP and
MKS/JBTS complexes harbor. Therefore, mutant tectonic proteins disrupt the functions of
MKS/JBTS complexes and cause Meckel-Gruber syndrome, Joubert syndrome, as well as Oral-
facial-digital syndrome. TCTN2, TCTN3, MKS1, B9D1, AHI1, NPHP1, NPHP4, and CC2D2A
have been proved to interact with TCTN1, while TMEM67, TMEM216 and CEP290 can be
the interactors of TCTN1 under some conditions [20, 21, 24, 41]. Among all those molecules,

Fig. 2. The protein
interaction network of
tectonic proteins. The
transition zone harbors
NPHP complexes and
MKS complexes. AHI 1
protein belongs to the
inversion compartment
as the color indicated,
and CEP290 are shown
to be part of the NPHP
complex as well as
MKS complex. TCTN1
interacts with proteins
including AHI 1, NPHP4,
NPHP1, CEP290, B9D1,
TMEM216, MKS1, CC2D2A, TMEM67, TCTN2, TCTN3. Three members in the tectonic family interact with
each other. Except that, TCTN2 and TCTN3 act as interacting proteins of MKS1.
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TCTN2 and TCTN3 show strongest interactions with TCTN1, which is in accordance with
the fact of being in one protein family [24]. In addition, TCTN2 and TCTN3 also have
interactions with MKS1 as shown in Fig. 2 [21, 41]. All three tectonic proteins have been
proved to play an essential role in regulating ciliary membrane composition, ciliogenesis,
neural patterning, and the Shh signaling pathway. Tectonic proteins share similar functions
including neural patterning and Gli3 processing, subtle differences still can be detected.
Firstly, three transgenic mice have various phenotypes that may be explained by the distinct
developmental mechanisms in terms of three proteins. Secondly, unlike TCTN1 and TCTN2,
TCTN3 has a unique and indispensable role in the ciliogenesis and Hh signaling pathway.
Importantly, it is unknown how tectonic proteins interact with MKS/JBTS complex proteins
and promote the Shh signaling pathway. If the secret veil of tectonic proteins in cilia and
in the Shh signaling map is disclosed, it will be a big leap forward on the way to tackle the
ciliopathies and improve life quality of patients by future gene therapy.
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