
Calaxin is required for cilia-driven
determination of vertebrate laterality

’˜ŽÒ•i‰p•j Keita Sasaki, Kogiku SHIBA, Akihiro Nakamura,
Natsuko Kawano, Yuhkoh Satouh, Hiroshi
Yamaguchi, Motohiro Morikawa, Daisuke Shibata,
Ryuji Yanase, Kei Jokura, Mami Nomura, Mami
Miyado, Shuji Takada, Hironori Ueno, Shigenori
Nonaka, Tadashi BABA, Masahito Ikawa, Masahide
Kikkawa, Kenji Miyado, Kazuo Inaba

journal or
publication title

Communications Biology

volume 2
number 226
year 2019-06
Œ —˜ (C) The Author(s) 2019

This article is licensed under a Creative
Commons Attribution 4.0 International License,
which permits use, sharing, adaptation,
distribution and reproduction in any medium or
format, as long as you give appropriate credit
to the original author(s) and the source,
provide a link to the Creative Commons
license, and indicate if changes were made.
The images or other third party material in
this article are included in the article•fs
Creative Commons license, unless indicated
otherwise in a credit line to the material. If
material is not included in the article•fs
Creative Commons license and your intended use
is not permitted by statutory regulation or
exceeds the permitted use, you will need to
obtain permission directly from the copyright
holder. To view a copy of this license, visit
http://creativecommons.org/ licenses/by/4.0/.

URL http://hdl.handle.net/2241/00157753
doi: 10.1038/s42003-019-0462-y

Creative Commons : •\Ž¦
http://creativecommons.org/licenses/by/3.0/deed.ja



ARTICLE

Calaxin is required for cilia-driven determination
of vertebrate laterality
Keita Sasaki1,12, Kogiku Shiba1,12, Akihiro Nakamura1,2,12, Natsuko Kawano3, Yuhkoh Satouh 4,

Hiroshi Yamaguchi 5, Motohiro Morikawa5, Daisuke Shibata1, Ryuji Yanase1, Kei Jokura1, Mami Nomura1,

Mami Miyado6, Shuji Takada7, Hironori Ueno8, Shigenori Nonaka 9,10, Tadashi Baba11, Masahito Ikawa 4,

Masahide Kikkawa 5, Kenji Miyado2 & Kazuo Inaba 1

Calaxin is a Ca2+-binding dynein-associated protein that regulates flagellar and ciliary

movement. In ascidians, calaxin plays essential roles in chemotaxis of sperm. However,

nothing has been known for the function of calaxin in vertebrates. Here we show that the

mice with a null mutation in Efcab1, which encodes calaxin, display typical phenotypes of

primary ciliary dyskinesia, including hydrocephalus, situs inversus, and abnormal motility of

trachea cilia and sperm flagella. Strikingly, both males and females are viable and fertile,

indicating that calaxin is not essential for fertilization in mice. The 9+ 2 axonemal structures

of epithelial multicilia and sperm flagella are normal, but the formation of 9+ 0 nodal cilia is

significantly disrupted. Knockout of calaxin in zebrafish also causes situs inversus due to the

irregular ciliary beating of Kupffer’s vesicle cilia, although the 9+ 2 axonemal structure

appears to remain normal.
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Motile cilia and flagella are organelles that have been
conserved through evolution1–3. They possess internal
cytoskeletal structures, axonemes, that are composed of

nine outer doublet microtubules and two central singlet micro-
tubules (9 + 2 structure)4,5. Two types of projection extend from
each microtubule doublet, the outer and inner dynein arm (ODA
and IDA), both of which are large, multi-subunit complexes
consisting of heavy, intermediate, and light chains. Dynein heavy
chains (HCs) are motor subunits that hydrolyze ATP to convert
chemical energy into mechanical energy for microtubule move-
ment. The intermediate and light chains (ICs and LCs) assemble
and regulate the motor subunits.

Genetic defects of the dynein components cause primary ciliary
dyskinesia (PCD), a human ciliopathy disease6–8. PCD is char-
acterized by defects in the motility of cilia and flagella in a variety
of cells, including sperm, and in tissues of the trachea, ependyma,
and embryonic node. By utilizing both mice and zebrafish as
model systems, it is possible to acquire important insights into the
phenotypes and mechanism of PCD9–11.

PCD is most often caused by defects in a subunit of the ODA,
including HCs (DNAH5 and DNAH11), ICs (DNAI1, DNAI2
and TXNDC3/NME8), LCs (DNAL1 and TECTE3), components
of the docking complex (CCDC114, TTC25), and ODA-
associated proteins (CCDC151, CCDC103, and ARMC4)12–22.
These mutations result in the complete or partial absence of the
ODA, leading to PCD23. An exception to this is patients with
mutations in DNAH11 (previously termed, Left-Right Dynein,
LRD)24. Like PCD patients with mutations in other ODA-coding
genes, those with DNAH11 mutations have respiratory defects,
situs abnormalities and are infertile. However, their ciliary
structures are normal with normal ODAs24,25.

The motility of cilia and flagella is modulated in response to
several extracellular stimuli26–28. The most critical intracellular
factor mediating these changes is Ca2+. Calaxin is a neuronal
calcium sensor protein first described in the sperm of the ascidian
Ciona intestinalis29–31. It directly binds to the β-type heavy chain
(orthologous to Chlamydomonas γ heavy chain3) of the ODA in a
Ca2+-dependent manner and regulates the propagation of the
asymmetric flagellar wave. It is also necessary for changes in
swimming direction during sperm chemotaxis30 (Fig. 1a). In sea
urchin embryos, calaxin is a critical regulator for the coordinated
movements of monocilia and is a prerequisite for the establish-
ment of ciliary orientation32 (Fig. 1a), which is generally thought
to be determined by the planar cell polarity. Calaxin is a Ca2+

sensor that has evolved in the opisthokont (animal + fungi)
lineage3; however, it has not been widely studied, particularly in
vertebrates.

The initial aim of this study was to elucidate the role of calaxin
in vertebrate male fertility, particularly how sperm chemotaxis
contributes to the success of vertebrate internal fertilization. We
generated knockout mice lacking the gene encoding calaxin,
Efcab1. Both male and female Efcab1−/− mice were unexpectedly
fertile. However, many Efcab1−/− mice showed hydrocephalus
and visceral inversion, both of which are typical features of
ciliopathy, without apparent changes in 9 + 2 axonemal struc-
tures. Intriguingly, calaxin knockout caused a drastic loss of nodal
cilia, whereas other cilia and flagella were normally formed.

Results
Calaxin knockout mice exhibit PCD but are fertile. To elucidate
the physiological function of calaxin in vertebrates, we generated
a knockout mouse in which exon 4 of Efcab1, the gene encoding
calaxin, was genetically disrupted by homologous recombination
(Supplementary Fig. 1a–c). No calaxin expression was observed in
the sperm, trachea or ependyma of Efcab1−/− mice either at

mRNA (Supplementary Fig. 1c) or at protein level (Fig. 1b, c,
Supplementary Fig. 1d). Notable phenotypes of postnatal
Efcab1−/− mice were hydrocephalus and situs inversus in 35%
and 49% of offspring, respectively (Fig. 1d, e), with both phe-
notypes present in 16% of offspring (Fig. 1f).

In Ciona, calaxin is essential for chemotaxis of the sperm to the
egg; however, both male and female Efcab1−/− mice were fertile,
although litter sizes when either or both parents were Efcab1−/−

were significantly lower compared with litters from wild-type
parents (Fig. 1g). The litter size from Efcab1−/− males and
females was 1~2, whereas that from wild-type mice was 7~8.
However, Efcab1−/− sperm showed the same in vitro fertilization
rate as wild-type sperm (Fig. 1h). The number of Efcab1−/−

embryos was almost the same as that of wild-type embryos at
embryonic day 8 (E8) but after E14 the number of Efcab1−/−

embryos declined (Fig. 1i). Efcab1−/− male and female
offspring were born at non-Mendelian frequency with a
deficit of Efcab1−/− mice (Supplementary Table 1), indicating
homozygotic embryonic lethality. Efcab1−/− mice showed both
cardiac hypertrophy (Fig. 1j) and enlargement of brain ventricles
(Fig. 1d, k). Hydrocephalus emerges after birth and is not always
lethal33; therefore, the cause of embryonic lethality is most likely
to result from cardiac defects that often accompany PCD34.
Surviving Efcab1−/− mice showed a similar survival rate to wild-
type mice (more than 10 weeks) (Fig. 1l). A bacterial artificial
chromosome containing the entire Efcab1 gene (Supplementary
Fig. 2a, b) rescued the expression of calaxin protein (Supple-
mentary Fig. 2c) and the PCD phenotypes of Efcab1−/− mice
(Supplementary Fig. 2d), clearly indicating the distinct roles of
calaxin in ciliary function.

Cilia of Efcab1−/− mice have morphologically normal 9 + 2
axonemes. Normal sperm flagella were observed by differential
interference contrast (DIC) light microscopy (Fig. 1c) and scan-
ning electron microscopy (Fig. 2a) in Efcab1−/− male mice
(Figs. 1c, 2a); similarly no abnormality was observed in the
multicilia of tracheal or ependymal epithelia by scanning electron
microscopy (Fig. 2b, c). Transmission electron microscopy of
sperm flagella, trachea cilia and ependymal cilia revealed that the
ODAs were mostly intact in Efcab1−/− mice (Fig. 2d–f); in rare
cases a few ODAs were absent from some doublet microtubules
(Supplementary Fig. 3).

Efcab1−/− flagella and cilia show reduced motility and fluid
flows. Efcab1−/− mice were fertile, with Efcab1−/− sperm
showing the same degree of in vitro fertility as wild-type sperm
(Fig. 1h), indicating that calaxin and its regulation of sperm
motility are not essential for successful fertilization. To examine
the detailed role of calaxin in the regulation of flagellar motility,
we analyzed the flagellar waveform and its propagation in
Efcab1−/− sperm. The swimming velocities of Efcab1+/+ and
Efcab1+/− sperm were 109.2 ± 16.4 and 103.1 ± 15.7 µm/s,
whereas that of Efcab1−/− sperm was significantly decreased
(74.9 ± 12.5 µm/s) (Fig. 3a). This decrease most likely resulted
from abnormal wave propagation; Efcab1−/− sperm showed
transient arrest of pro-hook bend propagation (Fig. 3b; Supple-
mentary Movies 1 and 2). Nonetheless, Efcab1−/− sperm were
fertile.

Tracheal cilia of Efcab1−/− mice also exhibited active motility
(Supplementary Movies 3 and 4). However, analysis of fluid flow
in trachea using fluorescent beads revealed that the flow velocity
in Efcab1−/− mice was decreased to almost half that of wild-type
mice (Fig. 3c, d; Supplementary Movies 5 and 6). High-speed
filming of the trajectories of fluorescent beads attached to the tips
of cilia showed that the frequency of ciliary beating was
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significantly decreased in Efcab1−/− mice (Fig. 3e; Supplementary
Movies 7 and 8). The velocity of the recovery stroke in Efcab1−/−

cilia was drastically slower than that in Efcab1+/− cilia.
As with the case of trachea cilia, ependymal cilia of Efcab1−/−

mice also showed active motility (Fig. 3f; Supplementary Movies 9
and 10). Analysis of the fluid flow being driven by ependymal
cilia showed that the flow velocity was slightly decreased in

Efcab1−/− mice compared with that in wild-type cilia (Fig. 3g;
Supplementary Movie 11 and 12). This was most likely due to the
cilia having a narrower range of effective stroke (Fig. 3h), as
observed in the calaxin-knockdown embryos of sea urchins32.

Calaxin knockout causes a distinct defect in nodal cilia for-
mation. The leftward fluid flow at the ventral surface of the
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embryonic node is critical for left-right asymmetry determination.
This flow is generated by the rotary movement of monocilia.
Bending of each cilium was clearly observed during the rotation
(Supplementary Movie 13). To investigate the cause of situs inversus
in Efcab1−/− mice, we observed the nodal cilia. Compared with
wild type embryos at E7.5, the nodal cilia of Efcab1−/− embryos
were strikingly sparse or completely absent in some cases and
longer microvilli were more prominent on the cell surface (Fig. 4a).
The number of motile cilia on the node was less than 15% of the
wild-type number (Fig. 4b; Supplementary Movie 14). The fluid
flow generated by nodal cilia was clearly leftward in wild-type mice,
whereas that in Efcab1−/− mice was not detectable or became
random in direction (Fig. 4c, d; Supplementary Movie 15 and 16).
Fluorescent microbeads at the Efcab1−/− node showed a certain but
random flow (Fig. 4d) and the velocity was significantly lower than
that at the wild-type node (Fig. 4e).

Next, we recorded and analyzed the trajectories of nodal cilia
tips. The nodal cilia of wild-type mice showed rotary movement
(Fig. 4f); however, Efcab1−/− nodal cilia moved in an irregular,
not rotary manner and often in planar trajectories (Fig. 4g). To
check if this aberrant ciliary motility and fluid flow resulted in
situs inversus, we examined the gene expression of Nodal and
Lefty, both of which are expressed in the left plate mesoderm
(LPM) and are key genes in the determination of left–right
asymmetry35. Both genes were expressed in the LPM of wild-type
E8.0 embryos but in Efcab1−/− embryos both genes were
expressed on both sides (Fig. 4h).

Since two populations of cilia are known in mouse node, we
examined the localization of Efcab1 by immunofluorescent
staining. In wild-type embryos, the cilia in the central region of
node were recognized with anti-Efcab1 antibody but no
significant staining was observed in cilia of the peripheral region
(Fig. 4i). As demonstrated by scanning electron microscopy
(Fig. 4a, b), we could not detect cilia of the central node region in

Efcab1−/− mice. However, significant numbers of cilia were
observed in the peripheral region of these mice (Fig. 4i).

Calaxin-deficient zebrafish show situs inversus but normal cilia
formation in Kupffer’s vesicle. To investigate the conservation of
vertebrate calaxin function in the determination of body laterality,
we carried out CRISPR/Cas9-mediated knockout of efcab1 in zeb-
rafish. We identified an 11 bp-insertion in exon 2 of efcab1,
including an in-frame stop codon (Fig. 5a–c), which resulted in the
loss of Efcab1 protein expression (Fig. 5d, Supplementary Fig. 4). In
zebrafish, cilia-directed flow in Kupffer’s vesicle (KV) has a critical
role in establishing the left-right body axis36. In contrast to the
drastic loss of nodal cilia formation in Efcab1−/− mouse embryos,
efcab1−/− zebrafish showed normal formation of KV cilia (Fig. 5e);
no significant difference was observed in the number of cilia
between wild-type and efcab1−/− fish (Fig. 5f). However, many of
the KV cilia in efcab1−/− zebrafish beat with an irregular cycle
(Fig. 5g, h) in contrast to the smooth rotary movement in wild-type
fish (Supplementary Movie 17). Detailed observation of ciliary
movement revealed KV cilia of knockout fish to have abnormal
helical movements with less ciliary bending (Supplementary
Movie 18). These irregular movements were almost completely
rescued by injection of efcab1 mRNA (Fig. 5g–i; Supplementary
Movie 19). The abnormal ciliary movements in efcab1−/− fish
induced laterality defects in embryos. In wild-type embryos, the
heart ventricle loops toward the right and the atrium loops toward
the left. However, in almost half of the efcab1−/− embryos the
direction of the heart loop was reversed. The reversed loop was
rescued by injection of efcab1 mRNA (Fig. 5j, k).

Discussion
Knockout of mouse calaxin, a Ca2+ sensor for ODAs, caused
several defects commonly seen in PCD. Despite apparent normal
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