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Abstract
Premature truncations in the CC2D2A gene can cause familial brain diseases 
including Autosomal recessive mental retardation (ARMR) and Meckel Syndrome 
(MKS). The observed mutations resulted in deletion of the C2 domain or amino 
acid sequence change in the C2 domain. The C2 domain of CC2D2A has not been 
functionally characterized to date. Although C2 domains are often involved in Ca2+-
dependent membrane interactions, we found that C-terminal deletions occurring in 
ARMR and MKS patients do not affect the localization of CC2D2A protein in HEK293 
cells or mouse hippocampal neurons. As predicted by the absence of Ca2+-binding 
aspartates in the C2 domain motif sequence, full length CC2D2A did not translocate 
to the plasma membrane in response to neuronal activation. Likewise, isolated C2 
domain did not bind membranes in a Ca2+-dependent manner. We also observed 
degradation of the truncated variants of CC2D2A. Together these results suggest 
that the C2 domain of CC2D2A contributes to brain development by non-canonical 
interactions of the C2 domain, which remain to be identified.

Introduction
Cilia are microtubule-based organelles formed by hair-like cellular extensions that 
serve a wide range of essential cellular functions1,2, including motility and sensing 
of environment. Motile cilia are present in large numbers on cell surface and are 
mainly responsible for generating flow by beating in a synchronous manner3,4. Pri-
mary cilia are typically immotile, and many are highly adapted to serve specialized 
sensory functions5. Primary cilia usually occur with only one cilium per cell and are 
present in neurons in almost every region of the brain6 and in a variety of cell types 
within the central nervous system, including the subventricular zone of the lateral 
ventricles7,8, granule cell precursors in the external granular layer of the cerebellum9 
and radial astrocytes in the subgranular zone of the adult hippocampus10. Since 
these brain areas are involved in adult neurogenesis, it is believed that primary cilia 
are important for neurogenesis during early development10,11. Three neurological 
disorders - Joubert syndrome, autosomal recessive mental retardation and Meckel 
Syndrome, all caused in some cases by mutations in the CC2D2A gene - have been 
described as brain-related ciliopathies. Ciliopathy is a disorder characterized by de-
fects in the structure and function of the primary cilium12. To date, more than 40 
mutations have been found in cilia-related proteins, which caused either abnormal 
cilia formation or function, and affect different organs, including brain, kidney, liver, 
eyes, and respiratory system13. 
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CC2D2A in brain ciliopathies
Brain ciliopathies share phenotypic features, implicated genes and molecular caus-
es (Table 1). One of the genes mutated in brain-related ciliopathies is CC2D2A (also 
known as MKS6). The name stands for coiled-coil and C2 domain containing 2A 
protein with molecular weight of about 180 kDa. It was found in at least 13 different 
isoforms with up to 38 exons14. Little is known about the function of CC2D2A. Nev-
ertheless, as its name suggests, CC2D2A contains two coiled-coil domains and one 
C2 domain 15. Coiled-coil domains consist of alpha-helices wrapped around each 
other resulting in long rigid oligomers of helices. This conformation produces ex-
tended exposed surfaces which function as protein-protein interaction domains16. 
The C2 domain of CC2D2A is located towards the C-terminus of the protein. CC2D2A 
is expressed in many adult tissues, with high levels in the retina, pancreas, kidney, 
lung, liver and fetal brain, and low levels of expression in the spleen, small intestine, 
heart and brain14,17. Interestingly, CC2D2A expression is substantially higher in fetal 
brain compared to adult brain, suggesting an important role of CC2D2A in the brain 
during development17. 

Table 1. Genes contributing to the clinical features of brain-related genetic disorders JBTS, 
ARMR and MKS. CC2D2A mutations have been found in all three brain-related ciliopathies.

Ciliopathy Neurological deficits Other deficits Gene/protein

ARMR 

Autosomal Recessive 
Mental Retardation

Cognitive impairment Retinal dystrophy
CC2D1A18, PRSS1219, 
CRBN, GRIK220, 
CC2D2A14

JBTS 

Joubert Syndrome

Cognitive impairment

Cerebellar malforma-
tion

Encephalocele

Cystic kidney

Polydactyly

Retinal dystrophy

AHI121, NPHP122, 
CEP29023, MKS324, 
RPGRIP1L25, ARL13B26, 
CC2D2A17, INPP5E27

MKS 

Meckel Syndrome

Encephalocele

Hydrocephalus

Cystic kidney

Polydactyly

MKS1-MKS528,29, 
CC2D2A30, CEP29031, 
B9D132

As shown in Figure 1, the mutations found in patients with Joubert syndrome 
(JTBS), non-syndromic Autosomal Recessive Mental Retardation (ARMR) with ret-
initis pigmentosa and Meckel syndrome  (MKS) encode premature truncation of 
the CC2D2A protein at different amino acid positions, or (for JBTS) a change amino 
acid sequence within the C2 domain. A mutation in CC2D2A gene found in a family 
affected by mental retardation and retinitis pigmentosa produced skipping of exon 
19, which resulted in a frameshift and a truncated protein lacking the C2 domain14. 
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Mutations in CC2D2A gene were identified in several Finnish families affected with 
Meckel Syndrome, with a C→T substitution at the end of exon 16, leading to the 
creation of a new donor splice site that resulted in a stop codon at amino acid 
61630. MKS is a lethal autosomal recessive disorder characterized by renal and he-
patic cysts, CNS malformations, polydactyly and occasionally hydrocephalus5. It is 
believed that CC2D2A might be involved in ciliogenesis, since fibroblasts of MKS 
affected individuals (expressing CC2D2A without the C2 domain) did not harbour 
any primary cilia30. Three different mutations in CC2D2A were found in four families 
with Joubert Syndrome17: two homozygous mutations at 3364C→T and 4582C→T 
in the C2 domain; and one homozygous nonsense mutation at 2848C→T, before the 
C2 domain. JBTS is an autosomal recessive disorder characterized by hypotonia, cys-
tic renal disease, polydactyly, retinal dystrophy, mid-hindbrain malformation and in-
tellectual disability12,13. This suggests that the C2 domain of CC2D2A has an import-
ant functional role. In the present work we focused on ARMR and MKS mutations.

C2 domain of CC2D2A
The CC2D2A-related brain disorders described above are characterized by a 
truncated protein lacking the N-terminal segment. The only information available 
about this region is that is contains a C2 domain, indicating that the C2 domain is 
important for the overall function of CC2D2A. C2 domain is a conserved protein 
motif originally identified in calcium-dependent isoforms of protein kinase C. Most 
C2 domains exhibit calcium-dependent phospholipid binding, which is essential 
for their function. The C2 domain of CC2D2A has not been characterized, and its 
existence was established from sequence homology. 
Downstream of the C2 domain, CC2D2A contains an uncharacterized stretch of over 
400 amino acid residues (Figure 1). By analysing the CC2D2A protein sequence, 
we found that the part of CC2D2A to the N-terminus of its C2 domain also shows 
sequence similarity with the C2 domain motif, presenting the closest homology 
with dysferlin C2C domain (E-value of 0.003). The first C2 domain of CC2D2A (which 

Figure 1. Domain structure of CC2D2A gene and locations of mutations in CC2D2A found 
in human patients with MKS, ARMR, and Joubert syndrome. All the mutations abolish 
expression of the C2 domain of CC2D2A. Three different mutation sites have been described 
for Joubert syndrome. Sequence analysis predicted a possible second C2 domain in CC2D2A, 
immediately downstream of the first C2 domain.

MKS
ARMR

JBS

Coiled coilCoiled coil C2 domain C2 domain?
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we call C2A) is located at amino acid residues 1075-1258, while according to our 
prediction the second (C2B) domain would be located between amino acid residues 
1480-1620 (NP_001073991).
CC2D2A is believed to function in  intracellular calcium signalling, due to the pres-
ence of a C2 domain30. There is evidence suggesting that calcium sensing can be 
important in ciliary function. Calcium plays a crucial role in establishing left-right 
asymmetry during embryonic development, one of the pathological manifestations 
of ciliopathies30. It has been proposed that bending of cilia towards one side leads 
to a release of calcium on the other side, which initiates the establishment of body 
asymmetry2. To characterize the function of the C2 domain of CC2D2A, we tested 
whether it exhibits calcium-dependent phospholipid binding. We also tested calci-
um-dependent phospholipid binding of a second potential C2 domain.

CC2D2A in primary cilia
Since mutations in CC2D2A have been associated with ciliopathies, CC2D2A is be-
lieved to be a ciliary protein. Nevertheless, several studies have described different 
observations concerning the cellular localization of CC2D2A. A recent study demon-
strated the expression of CC2D2A at the ciliary gate (basal body and transition zone) 
of C. elegans sensory neurons15. It has also been shown that CC2D2A colocalizes 
with CEP290 at the basal body of retinal pigment epithelial cells and directly inter-
acts with it via its N-terminus17. On the other hand, CC2D2A appeared to have a 
diffuse cytoplasmic localization in Cos7 cells14. This study analyzed whether CC2D2A 
is expressed at the primary cilium of hippocampal neurons. 
We investigated the effect C2 domain deletion on CC2D2A localization by studying 
the cellular expression of full-length CC2D2A, as well as the truncated CC2D2A ver-
sions found in ARMR and MKS patients. 

Results
Localization of CC2D2A in HEK293 cells 
To directly compare the cellular distribution of full length and truncated versions of 
CC2D2A, we co-expressed mCherry-tagged full-length CC2D2A (CC2D2AFL-Cherry) 
and EGFP-tagged mutants in HEK293 cells. The mutants were truncated at the same 
points as in ARMR and Meckel syndrome (CC2D2AARMR-EGFP, amino acids 1-727 and 
CC2D2AMKS-EGFP, amino acids 1-587, see Figure 1). All constructs presented the 
same cellular distribution, characterized by a diffuse cytoplasmic localization (Fig. 
2). CC2D2AARMR construct also showed some intracellular accumulations (Fig. 2B). 
In general the fluorescent signal from the ARMR and Meckel truncation constructs 
was lower than that of full-length construct.
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To check if the fusion constructs were properly expressed, we transfected HEK293 
cells with each construct separately. Some of the cells were used for imaging (Fig. 
3), while others were lysed and analysed by Western blot, probing with antibody 
against Cherry or GFP (Fig. 3). CC2D2AFL-Cherry was expressed in HEK293 cells as a 
stable fusion protein of the expected molecular mass, whereas neither CC2D2AARMR–
EGFP nor CC2D2AMKS–EGFP displayed the predicted molecular mass. This was not 
due to the low specificity of the GFP antibody, but possibly to the fact that truncated 
protein variants were unstable and the detected fluorescence signal was produced 
by degradation products (and in case of CC2D2AARMR-EGFP also higher molecular 
mass fragment, possibly ubiquitin-modified CC2D2A that was not yet degraded at 
the moment of cell lysis, Fig. 3B).

Figure 2. Co-localization of full length CC2D2A with ARMR or Meckel versions in Hek293 
cells. A. CC2D2AFL-Cherry B. CC2D2AARMR-EGFP C. Merged image D. CC2D2AFL-Cherry E. 
CC2D2AMKS-EGFP F. Merged image. Scale bar 5 µm.

C

FE

A B

D

180 kDA
111 kD

B
97 kD

C

Figure 3. Cellular localization of the FL CC2D2A protein and the truncated CC2D2A 
constructs in HEK293 cells. A. CC2D2AFL-Cherry B. CC2D2AARMR-EGFP C. CC2D2AMKS-EGFP. 
Next to each image - protein levels detected by Western blot using anti-Cherry (A) or anti-
EGFP antibodies (B and C). 
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Calcium-induced translocation of CC2D2A in HEK293 cells
To analyze whether the C2 domain of CC2D2A is involved in calcium-dependent 
lipid binding, calcium elevation was induced by the application of the calcium 
ionophore A23187 to the extracellular medium of HEK293 cells33. CC2D2AFL-Cherry 
did not translocate to the plasma membrane within 15 min after the application of 
calcium and calcium ionophore (Fig. 4A). As a positive control for the stimulation 
condition, DOC2A-EGFP was expressed in the same cell (Fig. 4B). DOC2A is a soluble 
calcium sensor that contains two C2 domains. It has been shown that DOC2A-EGFP 
translocates to the membrane in less than 60s following calcium influx33.

Calcium and lipid binding properties of the C2 domains of CC2D2A 
We made use of recombinant C2 domains to test in vitro calcium-dependent mem-
brane binding of CC2D2A C2 domains. We hypothesised the existence of a sec-
ond C2 domain in CC2D2A, which we called C2B. Amino acid sequence alignment 
showed that it is closely related to the C2C domain of dysferlin. However, the aspar-
tate residues known to be necessary for calcium-dependent phospholipid binding 
were not conserved in the C2B domain of CC2D2A, and only partially in C2A (Fig. 5).

Figure 4. Subcellular localization of CC2D2A does not change after calcium influx in Hek293 
cells. A. CC2D2AFL-Cherry B. DOC2A-EGFP. C. CC2D2AFL-Cherry and DOC2A-EGFP. Images 
were taken 15 min after application of calcium ionophore. Scale bar 10 µm.

CA B
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To look in detail at the C2 domains of CC2D2A, and verify our hypothesis of the 
existence of a second C2 domain in CC2D2A, we produced GST-fused C2 domains in 
E.Coli, and investi gated their calcium-dependent phospholipid binding properti es. 
We made use of the opti cal method to quanti fy liposome aggregati on in soluti on 
upon additi on of C2 domains due to liposome cross-linking34, where an increase in 
absorbance at 350 nm indicates the level of C2 domain lipid binding. It is known 
that DOC2B C2 domains bind phospholipid membranes in a calcium-dependent 
manner35, and we used it as a positi ve control for our experiment. Most C2 domains 
bind to anionic phospholipids such as phosphati ylserine (PS) and phosphati dyl-ino-
sitol (4,5)-bisphosphate (PIP2), of which we used physiological concentrati ons, in 
combinati on with neutral phosphati dylcholine (PC). Equal quanti ti es of protein 
were used in all experiments. GST fused C2 domains produce dimers that mimic 
the double C2 domain functi on, like that of DOC2B C2AB domains36. Table 2 shows 
the average absorbance increase aft er additi on of the GST-C2A, GST-C2B domain of 
CC2D2A or the C2AB domain of DOC2B. 

Table 2. Liposome aggregati on of C2A and C2B domain of CC2D2A

Lipid compositi on / 
Calcium concentati on

CC2D2A GST-C2A CC2D2A GST-C2B DOC2B C2AB

1mM 2mM 1mM 2mM 1mM 2mM 

75%PC, 25%PS -0,02 -0,01 n/a n/a 0,83 0,94

75%PC, 20%PS, 5%PIP2 0,00 -0,00 -0,01 0,01 0,80 0,82

95%PC, 5%PIP2 0,01 0,01 0,01 n/a 0,46 0,10

Folch -0,01 n/a -0,00 n/a 1,04 n/a

Figure 5. Amino acid sequence alignment of C2A, C2B domain of CC2D2A and C2C domain 
of dysferlin, C2A and C2B domains of Doc2B and Synaptotagmin-1. Black lett ers - non sim-
ilar residues, blue – conservati ve, green – block of similar, red – weakly similar. Blue boxes 
denote the conserved asparti c acid residues that bind calcium ions: only 2of 5 are conserved 
in the CC2D2A C2A domain, and one is substi tuted with an arginine. Alignment was per-
formed using Vector Nti  AlignX.

chapter 4.indd   88 26-7-2015   10:40:18



4

89

Whereas DOC2B C2AB domains showed a big increase in absorbance for all lipo-
some compositions, neither CC2D2A C2A nor C2B showed change in absorbance. 
We concluded that neither C2A nor a possible C2B domain of CC2D2A presented 
any calcium-dependent phospholipid binding. This was not surprising, considering 
the absence of the majority of conserved aspartate residues present in all calci-
um-binding C2 domains. This was also in line with the results obtained in the HEK 
cells and neurons, where the fluorescently tagged CC2D2A did not localize to mem-
branes in resting or activated state, nor at high intracellular calcium. 

Localization of full length CC2D2A with truncated versions of CC2D2A in hippocam-
pal neurons 
To study cellular localization of wild-type and mutant CC2D2A in neurons, 
we overexpressed CC2D2AFL-Cherry, CC2D2AARMR-EGFP or CC2D2AMKS-EGFP in 
hippocampal neurons. As in Hek293 cells, all three constructs had diffuse cytoplasmic 
localization throughout the neurons (Fig. 6). Co-expression of CC2D2AFL-Cherry with 
either CC2D2AARMR-EGFP or CC2D2AMKS-EGFP revealed the same expression pattern 
in hippocampal neurons (Fig. 6C, F).

C

F

A B

D E

Figure 6. Co-localization of full length CC2D2A protein with ARMR or Meckel versions in 
hippocampal neurons (DIV14). A. CC2D2AFL-Cherry B. CC2D2AARMR-EGFP C. Merged image 
D. CC2D2AFL-Cherry E. CC2D2AMKS-EGFP F. Merged image. Scale bar 20 µm.
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Localization of CC2D2A in resting and activated hippocampal neurons 
To analyze whether CC2D2A is expressed at the primary cilium of hippocampal 
neurons, neurons were transfected at DIV3 and fixed at DIV14. Fixed neurons 
were stained for the ciliary marker adenylyl cyclase type III (ACIII). A recent study 
demonstrated that about 68% of hippocampal neurons are ACIII-positive37. Neither 
CC2D2AFL-Cherry, CC2D2AARMR-Cherry, nor CC2D2AMKS-Cherry localized to the 
primary cilium of hippocampal neurons (Fig 7A-I). We considered the possibility 
that CC2D2A was only localized to the primary cilium of neurons when they are 
activated. Therefore, we induced neuronal activation by stimulating hippocampal 
neurons at DIV14 with 80 mM KCl for 1 min, immediately before fixing the cells. 
Nevertheless, none of the constructs localized to the primary cilium of stimulated 
neurons (Fig. 7J-S). The stimulation did not alter the distribution of fluorescently 
labelled CC2D2A.

In conclusion, we found no evidence of CC2D2A expression at the primary cilium in 
hippocampal neurons, at rest or in activated state.

Figure 7 (opposite page). Expression of CC2D2A at the primary cilium of hippocampal 
neurons in resting state (A-I), and upon activation with high potassium (J-R). Hippocampal 
neurons at rest: A. CC2D2AFL-Cherry B. Ciliary marker ACIII C. Merged image D. CC2D2AARMR-
Cherry E. Ciliary marker ACIII F. Merged image G. CC2D2AMKS-Cherry H. Ciliary marker ACIII I. 
Merged image Activated hippocampal neurons: J. CC2D2AFL-Cherry K. Ciliary marker ACIII L. 
Merged image M. CC2D2AARMR-Cherry N. Ciliary marker ACIII O. Merged image P. CC2D2AMKS-
Cherry Q. Ciliary marker ACIII R. Merged image. Scale bar 10 µm.
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Discussion

In the present study we showed that overexpression of CC2D2A produced a diffuse 
cytoplasmic localization pattern in HEK293 cells and hippocampal neurons. CC2D2A 
did not localize to primary cilia in hippocampal neurons at either resting or active 
state. It did not change its localization in HEK293 cells at normal or elevated 
intracellular calcium levels. Mutations in CC2D2A leading to an abolished C2 
domain did not affect its localization. However, we found that truncated forms of 
CC2D2A (ARMR and Meckel variants) were unstable, as we did not detect bands of 
predicted molecular weight on the Western blot of cell lysates. This suggests that 
the presence of the C-terminal part of CC2D2A is critical for its stability or correct 
folding, and truncated CC2D2A is degraded in cells.

In vitro study of the recombinant C2 domains of CC2D2A did not shown any calcium-
dependent lipid binding. Overall, this indicates that the C2 domain of CC2D2A is not 
a calcium-dependent lipid binding domain. Consistently, CC2D2A did not translocate 
towards the plasma membrane in response to calcium elevation in either HEK293 
cells or neurons. The GST-tagged C2 domains were stable, as there was no evidence 
of degradation of the protein fragments visualised by gel electrophoresis. 

It was suggested that CC2D2A is involved in ciliogenesis, as demonstrated in 
fibroblasts of MKS patients30. Although CC2D2A was found in association with 
cilia in some studies15, it did not accumulate at cilia from hippocampal neurons 
in our study. It is possible that mutations in CC2D2A interfere with formation of 
cilia, and CC2D2A only localizes to cilia at early stages, and not when a cilium is 
fully formed (which we detected by using cilia marker ACIII). CC2D2A was found 
to form a complex with Tectonic1 (Tcn1), a regulator of Shh signalling which is 
essential for ciliogenesis38. A recent study demonstrated how knock-down of 
CC2D2A resulted in defected ciliogenesis and ciliary membrane composition38. 
This led to randomized left-right axes, holoprosencephaly and microphthalmia, 
characteristics of ciliopathies. Another option is that CC2D2A is not expressed at 
the primary cilium of neurons, but at primary cilia in microglia (oligodendrocytes, 
Schwann cells or astrocytes). Glial cells serve many functions, for instance radial glia 
cells guide migrating neurons and direct outgrowth of axons. During development 
and adulthood, neurogenic precursor cells (radial glia and many astrocytes in the 
subventricular zone and subgranular zone) harbor a primary cilium10,39. Cultured 
astrocytes were observed to present a  primary cilium as well37. 

Full length or truncated versions of CC2D2A did not show any change in localization 
to either neuronal activity or calcium elevation in HEK293 cells. This suggests that 
C2 domain of CC2D2A is activated by other factors rather than calcium. Possibly, 
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these are protein interactions. It is also possible that the deficits provoked by 
CC2D2A mutations are due not to C2 domain function, but another domain within 
the deleted C-terminal region. Determining protein interacting partners of CC2D2A 
and the truncated N-terminal part will allow understanding the mechanism behind 
this phenomenon. 

Taken together, our results suggest that the critical role of CC2D2A in neuronal de-
velopment does not involve calcium-dependent membrane binding activity that is 
typical for C2 domains. This is in line with the poor conservation of the aspartic acid 
residues that constitute part of the C2 domain signature. It is likely that mutations 
truncating CC2D2A can cause its degradation. All three brain disorders caused by 
mutations in CC2D2A had autosomal recessive pattern of inheritance, which often 
involves loss of function of the coded protein. It remains important to understand 
what function CC2D2A performs in cells and in cilia, and what role its C2 domain 
plays in this function, especially in view of the fact that Joubert syndrome gene 
variation produced only missense mutation in C2 domain without truncating the 
protein. Future research should aim to identify molecules that interact with the 
N-terminal portion of CC2D2A to achieve a better understanding of CC2D2A func-
tion and its role in brain diseases.

Materials and methods

Construction of expression vectors
To drive the expression of FL, ARMR and Meckel, all three constructs were cloned 
into enhanced green fluorescent protein (EGFP) or monomeric Cherry vectors 
(Clontech). Sequences of C-terminally truncated CC2D2A are based on the sequenc-
es from ARMR and MKS patients14,30. Full length (FL) CC2D2A consisted of 4686 bp 
(1562 aa), truncated ARMR of 2184 bp (728 aa) and Meckel of 1760 bp (587 aa). 
Both truncations resulted in deletion of the C2 domain. FL, ARMR and Meckel con-
structs were amplified by PCR using DNA polymerase Phusion Hotstart (Finnzymes) 
and primers (ARMR 5’-AAAccgcggCAGCCAAAATGAATCCCA-3’ and 5’-TTTcccgggT-
TACTGAAGTGTTAAACTCTCCGGCCA-3’; Meckel 5’-AAAccgcggAGCCAAAATGA-ATC-
CCA-3’ and 5’-TTTcccgggTTCCTCCAGGCCTTCCACTGTTG-3’), and from total human 
cDNA. The forward primers introduced a SacII restriction site, whereas the reverse 
primers introduced a XmaI restriction site. The FL CC2D2A fragment was ligated into 
pCherry-C1 using the corresponding sites, ARMR into pEGFP-N1 and pCherry-C1, 
MKS fragment into pEGFP-N1 and pCherry-N3. All clones were verified by sequence 
analysis. 
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Cell culture
HEK293 cells were cultured on glass coverslips at 37°C in the presence of 5% (v/v) 
CO2 in Dulbecco’s modified Eagles medium GlutaMAX (Invitrogen). One day after 
seeding into 12-well plates, cells were transfected with 4 μg DNA using calcium 
phosphate precipitation overnight. Medium was refreshed 18 hours after transfec-
tion. At DIV4, cells were fixed using 3.7% formaldehyde in PBS for imaging or lysed 
for immunoblotting.

Mouse hippocampal neurons were cultured on glass coverslips on a supporting lay-
er of rat glia in Neurobasal medium (Invitrogen) supplemented with 10 B27, 18 mM 
Hepes pH 7.4, 0.5 mM GlutaMAX, and penicillin/streptomycin (all from Invitrogen). 
Neuronal cell cultures were transfected with the fluorescently tagged CC2D2A con-
structs using calcium phosphate precipitation at DIV3, and fixed using 3.7% formal-
dehyde in PBS at DIV7 or DIV14. 

Western blotting 
HEK293 cells were lysed in 2x loading buffer and 10% β-mercaptoethanol on ice, 
and boiled for 5 minutes. Cell lysate proteins were separated by electrophoresis on 
8% Tris-glycine gel run at 100V. Proteins were then transferred onto polyvinylidene 
difluoride membrane (PVDF, Bio-rad) by blotting at 350 mA for 2h at 4°C. Mem-
branes were blocked in 5% milk (Merck) and 0.1% albumin (Invitrogen) in TBST (20 
mM Tris, 137 mM NaCl and 0.1% Tween 20) and incubated with mouse monoclo-
nal anti-Cherry antibody (Clontech, 1:1000) or rabbit polyclonal anti-EGFP antibody 
(Abcam, 1:2000) for 2h at 4°C in TBST. After 3 washes in TBST, membranes were 
incubated with alkaline phosphatase conjugated goat anti-mouse or goat anti-rab-
bit secondary antibody for 1 hour at 4°C (Dako, 1:10000). Finally, the membranes 
were washed in TBST and incubated for 5 min with enhanced chemifluorescence 
substrate, followed by imaging on a FLA5000 image reader (Fujifilm). 

Lipid binding by recombinant C2 domains
C2 domains of CC2D2A (amino acid residues 1075-1258 for C2A, 1480-1620 for 
C2B) were cloned into pGEX vector, DOC2B (amino acid residues 115-412) clone in 
pGEX vector was available. These clones were heat-shock transformed into E. Coli 
BL21 DE3 strain for expression. Cultures in medium supplemented with ampicillin 
were grown to OD600 0.6-0.8, and gene expression was induced with 0.5mM IPTG 
at 37°C for 4 hours. Bacterial lysates were collected by centrifugation and dissolved 
in resuspension buffer (500 mM NaCl, 50 mM HEPES pH 7.4, 5 mM β-mercaptoeth-
anol, protease inhibitors (Sigma complete, without EDTA), flash-frozen in liquid ni-
trogen, and stored at -80°C. Subsequently the bacterial cells were disrupted by son-
ication, and proteins were solublized by incubating the lysates at 4°C for 30 mins in 
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the presence of 1% Triton-X100. GST-fusion protein was purified using glutathione 
agarose beads (Sigma). GST-C2A and GST-C2B domains of CC2D2A were eluted from 
beads using reduced glutathione, while C2AB domains of Doc2B were cleaved from 
the GST tag using thrombin. 

Liposomes were prepared by mixing chloroform stock solutions of lipids in the 
following proportions: 81% DOPC, 19% DOPS (molar ratio). Lipids were acquired 
from Avanti Polar Lipids as solutions in chloroform, 18:1 (Δ9-Cis) PC (DOPC): 1,2-di-
oleoyl-sn-glycero-3-phosphocholine, 18:1 PS (DOPS): 1,2-dioleoyl-sn-glycero-3-
phospho-L-serine sodium salt. Folch lipids (brain extract type I Folch fraction I from 
bovine brain) was acquired from Sigma as chlorophorm solution. Lipid mix was 
dried under nitrogen stream, reconstituted in the reaction buffer (25mM Hepes pH 
7.4, 100 mM NaCl), and sonicated to produce small unilamellar liposomes. These 
were purified from the residual multilamellar liposomes by centrifugation at 10000 
rpm for 30 minutes, and used for liposome aggregation assays.

Confocal imaging of fixed cells

Fixed hippocampal neurons were permeabilized with 0.5% Triton X-100 in PBS, 
blocked with 2% goat serum and 0.1% Triton in PBS and stained for adenylyl cyclase 
type III (ACIII rabbit polyclonal antibody, Santa Cruz Biotechnology, 1:250). The cov-
erslips were washed three times with PBS and incubated with donkey anti-rabbit 
IgG Alexa 488 (Invitrogen, 1:1000). After three more washes in PBS, we embedded 
the cell cultures in Dabco-Mowiol. Confocal imaging was performed with a LSM-510 
confocal microscope and a 40x Plan-Neofluar lens (Carl Zeiss).

Live confocal imaging of ionophore-stimulated HEK293 cells
HEK293 cells were transfected with 3 µg FL-mCherry and 2.5 µg DOC2A-EGFP (as 
positive control33) per well (in a 12-well plate), and 3 days after transfection the cells 
were analyzed on LSM 510 confocal microscope equipped with 40x Plan-Neofluar 
lens (Carl Zeiss BV, Weesp, the Netherlands). The cells were incubated at 22°C in a 
basal solution containing 25 mM HEPES (pH 7.4), 90 mM NaCl, 60 mM KCl, 3 mM 
CaCl2, 1.4 mM MgCl2 and 10 mM glucose. Calcium elevation was induced by ex-
tracellular application of 10 µM of the calcium ionophore A23187 (Sigma) in basal 
solution. For dual channel imaging of EGFP and mRFP, sequential frames were re-
corded with 488-nm and 543-nm laser excitation.

Acknowledgements
We thank Desiree Schut, Joost Hoetjes, Robbert Zalm and Jurjen Broeke for techni-
cal assistance.

chapter 4.indd   95 26-7-2015   10:40:23



4

96

References

1 Baker, K. & Beales, P. L. Making sense of cilia in disease: the human ciliopa-
thies. Am J Med Genet C Semin Med Genet 151C, 281-295 (2009).

2 Fliegauf, M., Benzing, T. & Omran, H. When cilia go bad: cilia defects and 
ciliopathies. Nat Rev Mol Cell Biol 8, 880-893 (2007).

3 Eggenschwiler, J. T. & Anderson, K. V. Cilia and developmental signaling. 
Annu Rev Cell Dev Biol 23, 345-373 (2007).

4 Green, J. A. & Mykytyn, K. Neuronal ciliary signaling in homeostasis and 
disease. Cell Mol Life Sci 67, 3287-3297 (2010).

5 Bisgrove, B. W. & Yost, H. J. The roles of cilia in developmental disorders and 
disease. Development 133, 4131-4143 (2006).

6 Louvi, A. & Grove, E. A. Cilia in the CNS: the quiet organelle claims center 
stage. Neuron 69, 1046-1060, (2011).

7 Doetsch, F., Garcia-Verdugo, J. M. & Alvarez-Buylla, A. Regeneration of a 
germinal layer in the adult mammalian brain. Proc Natl Acad Sci U S A 96, 
11619-11624 (1999).

8 Spassky, N. et al. Adult ependymal cells are postmitotic and are derived 
from radial glial cells during embryogenesis. J Neurosci 25, 10-18 (2005).

9 Del Cerro, M. P. & Snider, R. S. Studies on the developing cerebellum. II. The 
ultrastructure of the external granular layer. J Comp Neurol 144, 131-164 
(1972).

10 Breunig, J. J. et al. Primary cilia regulate hippocampal neurogenesis by 
mediating sonic hedgehog signaling. Proc Natl Acad Sci U S A 105, 13127-
13132 (2008).

11 Ghashghaei, H. T., Lai, C. & Anton, E. S. Neuronal migration in the adult 
brain: are we there yet? Nat Rev Neurosci 8, 141-151 (2007).

12 Waters, A. M. & Beales, P. L. Ciliopathies: an expanding disease spectrum. 
Pediatr Nephrol (2010).

13 Doherty, D. Joubert syndrome: insights into brain development, cilium biol-
ogy, and complex disease. Semin Pediatr Neurol 16, 143-154 (2009).

14 Noor, A. et al. CC2D2A, encoding a coiled-coil and C2 domain protein, caus-
es autosomal-recessive mental retardation with retinitis pigmentosa. Am J 
Hum Genet 82, 1011-1018 (2008).

15 Williams, C. L. et al. MKS and NPHP modules cooperate to establish bas-
al body/transition zone membrane associations and ciliary gate function 
during ciliogenesis. J Cell Biol 192, 1023-1041 (2011).

16 Lupas, A. N. & Gruber, M. The structure of alpha-helical coiled coils. Adv 
Protein Chem 70, 37-78, (2005).

17 Gorden, N. T. et al. CC2D2A is mutated in Joubert syndrome and interacts 
with the ciliopathy-associated basal body protein CEP290. Am J Hum Genet 
83, 559-571 (2008).

18 Basel-Vanagaite, L. et al. The CC2D1A, a member of a new gene family with 
C2 domains, is involved in autosomal recessive non-syndromic mental re-
tardation. J Med Genet 43, 203-210, (2006).

19 Molinari, F. et al. Truncating neurotrypsin mutation in autosomal recessive 

chapter 4.indd   96 26-7-2015   10:40:23



4

97

nonsyndromic mental retardation. Science (New York, N.Y 298, 1779-1781, 
(2002).

20 Motazacker, M. M. et al. A defect in the ionotropic glutamate receptor 6 
gene (GRIK2) is associated with autosomal recessive mental retardation. 
Am J Hum Genet 81, 792-798, (2007).

21 Utsch, B. et al. Identification of the first AHI1 gene mutations in neph-
ronophthisis-associated Joubert syndrome. Pediatr Nephrol 21, 32-35, 
doi:10.1007/s00467-005-2054-y (2006).

22 Parisi, M. A. et al. The NPHP1 gene deletion associated with juvenile neph-
ronophthisis is present in a subset of individuals with Joubert syndrome. 
Am J Hum Genet 75, 82-91, (2004).

23 Valente, E. M. et al. Mutations in CEP290, which encodes a centrosomal 
protein, cause pleiotropic forms of Joubert syndrome. Nat Genet 38, 623-
625, (2006).

24 Baala, L. et al. The Meckel-Gruber syndrome gene, MKS3, is mutated in Jou-
bert syndrome. Am J Hum Genet 80, 186-194, (2007).

25 Wolf, M. T. et al. Mutational analysis of the RPGRIP1L gene in patients with 
Joubert syndrome and nephronophthisis. Kidney Int 72, 1520-1526, (2007).

26 Cantagrel, V. et al. Mutations in the cilia gene ARL13B lead to the classical 
form of Joubert syndrome. Am J Hum Genet 83, 170-179, (2008).

27 Bielas, S. L. et al. Mutations in INPP5E, encoding inositol polyphos-
phate-5-phosphatase E, link phosphatidyl inositol signaling to the ciliopa-
thies. Nat Genet 41, 1032-1036, (2009).

28 Khaddour, R. et al. Spectrum of MKS1 and MKS3 mutations in Meckel syn-
drome: a genotype-phenotype correlation. Mutation in brief #960. Online. 
Hum Mutat 28, 523-524, (2007).

29 Valente, E. M. et al. Mutations in TMEM216 perturb ciliogenesis and cause 
Joubert, Meckel and related syndromes. Nat Genet 42, 619-625, (2010).

30 Tallila, J., Jakkula, E., Peltonen, L., Salonen, R. & Kestila, M. Identification of 
CC2D2A as a Meckel syndrome gene adds an important piece to the ciliop-
athy puzzle. Am J Hum Genet 82, 1361-1367 (2008).

31 Baala, L. et al. Pleiotropic effects of CEP290 (NPHP6) mutations extend to 
Meckel syndrome. Am J Hum Genet 81, 170-179, (2007).

32 Hopp, K. et al. B9D1 is revealed as a novel Meckel syndrome (MKS) gene by 
targeted exon-enriched next-generation sequencing and deletion analysis. 
Hum Mol Genet 20, 2524-2534, (2011).

33 Groffen, A. J., Friedrich, R., Brian, E. C., Ashery, U. & Verhage, M. DOC2A and 
DOC2B are sensors for neuronal activity with unique calcium-dependent 
and kinetic properties. J Neurochem 97, 818-833 (2006).

34 Connell, E., Scott, P. & Davletov, B. Real-time assay for monitoring mem-
brane association of lipid-binding domains. Analytical biochemistry 377, 
83-88 (2008).

35 Groffen, A. J. et al. Ca(2+)-induced recruitment of the secretory vesicle pro-
tein DOC2B to the target membrane. The Journal of biological chemistry 
279, 23740-23747 (2004).

36 Connell, E. et al. Cross-linking of phospholipid membranes is a conserved 

chapter 4.indd   97 26-7-2015   10:40:23



4

98

property of calcium-sensitive synaptotagmins. Journal of molecular biology 
380, 42-50 (2008).

37 Berbari, N. F., Bishop, G. A., Askwith, C. C., Lewis, J. S. & Mykytyn, K. Hippo-
campal neurons possess primary cilia in culture. J Neurosci Res 85, 1095-
1100 (2007).

38 Garcia-Gonzalo, F. R. et al. A transition zone complex regulates mammali-
an ciliogenesis and ciliary membrane composition. Nat Genet 43, 776-784, 
(2011).

39 Fuchs, J. L. & Schwark, H. D. Neuronal primary cilia: a review. Cell Biol Int 28, 
111-118 (2004).

chapter 4.indd   98 26-7-2015   10:40:23


