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Cilia, KIF3 molecular motor and nodal flow
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The establishment of left-right asymmetry during development
of vertebrate embryos depends on leftward flow in the nodal
cavity. The flow is produced by the rotational movement of the
posteriorly tilted nodal cilia. However, it remains poorly
understood how the nodal cilia are tilted posteriorly, and how
the directionality of the flow is translated into gene expression
patterns in the embryo. Recent studies have identified signaling
molecules involved in these processes. First, planar cell polarity
signaling has been shown to be involved in the posterior
positioning of the basal bodies of nodal cilia, which leads to the
posterior tilting of their rotation axes. Second, identification of
putative receptors and signaling molecules suggests a link
between the signaling molecules delivered by the nodal flow,
and downstream signaling in the cells surrounding the nodal
cavity and the lateral plate mesoderm.

Addresses

" Department of Cell Biology and Anatomy, Graduate School of
Medicine, University of Tokyo, Hongo, Tokyo 113-0033, Japan
2CEGMR, KAU, Jeddah, Saudi Arabia

Corresponding author: Hirokawa, Nobutaka (hirokawa@m.u-tokyo.ac.jp)

Current Opinion in Cell Biology 2012, 24:31-39

This review comes from a themed issue on
Cell structure and dynamics
Edited by Jason Swedlow and Gaudenz Danuser

Available online 28th January 2012

0955-0674/$ — see front matter
© 2012 Elsevier Ltd. All rights reserved.

DOI 10.1016/j.ceb.2012.01.002

Introduction

In humans, internal organs such as the heart, spleen and
pancreas reside on the left side of the body, whereas the
gall bladder and the majority of the liver are on the right.
This left-right (LR) asymmetry first becomes apparent
during heart loop orientation. However, LR asymmetry is
detectable during the earlier stage of somitogenesis by
the asymmetrical expression of several genes, such as
Lefry-1 (Lefth), Lefty-2 (Ebaf), Nodal, and Pitx2. In most
cases, the expression of these genes is observed on the left
side of the embryo [1-3]. However, the work by our lab
and others has indicated that LR asymmetry has its
origins at even earlier stages of development. The organs
of about half of the human patients affected by Karta-
gener’s syndrome are reversed in orientation. Affected
individuals also have immotile sperm and defective cilia
in their airways. Thus, this phenotype indicated that cilia
may control LR asymmetry [4], although which cilia are

involved and at which stages of development were
unknown until recently. Results of many studies have
suggested that the ‘node,” a transient midline structure
formed during gastrulation (Figure 1a and b), is important
for LR determination [1]. This node arises after the
dorsal-ventral (DV) and anterior—posterior (AP) axes have
been defined. On the ventral surface of the node there is a
ciliated pit (Figure 1a). The monocilia of node cells are
primary cilia that lack the central pair of microtubules.
Thus, node cells have a 9 + 0 microtubule arrangement,
rather than the 9 + 2 microtubules of conventional motile
cilia in normal ciliated cells. Therefore, based on their
ultrastructure and videomicroscopic observations, nodal
monocilia were once thought to lack motility [5]. How-
ever, our discovery that nodal monocilia move rapidly to
generate a leftward flow (nodal flow) of extraembryonic
fluid suggested new roles for nodal monocilia [3]. In this
review, we briefly summarize the discovery of nodal flow,
introduce recent advances and discuss the mechanisms by
which LR symmetry is broken by nodal monocilia
(Figure 1).

How the nodal flow was discovered

The nodal flow was discovered through molecular genetic
studies of the kinesin superfamily (KIFs) KIF3 motor.
KIFs mainly transport various cargoes such as membra-
nous organelles, protein complexes and mRNA along
microtubules within cells [6].

The KIF3 complex is composed of a heterodimer of
the motor proteins, KIF3A and KIF3B, and an associ-
ated protein, KAP3. Studies with K7f34 and Kif34 knock-
out mice revealed that roughly 50% of both Kif3a-
deficient and Kif3b-deficient mice showed reversed
heart loops, the first visible sign of LR asymmetry,
whereas the rest were normal. Our analyses suggested
that both KIF3A and KIF3B act at an earlier step than
Lefry-2, the most upstream gene in the LR-determi-
nation pathway (Figure 1b). Studies of the node then
unexpectedly revealed that nodal cilia were lacking in
Kif3™~ mutants.

Previously, the nodal cilia were believed to be immotile
in wild-type mice [5]. However, we surprisingly found
that they rotate vigorously at approximately 600 rpm.
Furthermore, these rotating cilia generate leftward flow
of fluid in the node cavity (nodal flow) [7°°,8,9]. In Kz'f\’f/*
mutant mice, the nodal flow was not generated because of
the lack of nodal cilia. Further studies by our group and
others demonstrated that the directionality of this nodal
flow is necessary and sufficient for the determination of
the LR axis [9,10].
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Initial symmetry breaking process in vertebrates.(a) Scanning electron micrographs of wild-type mouse nodes in the ventral view. Note that the node is
a small triangular concave structure located at the midline of early somite stage embryos. Arrows, monocilia. Bars, 5 um. Upper, anterior (A); lower,
posterior (P); left of the figure, right (R); right of the figure, left (L) in (a)-(c).(b) Readouts of nodal flow. According to the direction of the nodal flow, the
downstream side (the left half) of the floor plate expresses Lefty1 and left lateral plate mesoderm expresses Nodal, Lefty2 and Pitx2, possibly through
Ca elevation and nodal activation on the left periphery of the node.(c and d) Generation of leftward flow by tilted cilia rotation, represented by ventral
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Figure 2
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Planar cell polarity signaling and cilia positioning.

(a) Posterior positioning of the cilia represented by immunofluorescence microscopy. Red, cell margin; Green, cilia. Reproduced from [11]. Upper,
anterior (A); lower, posterior (P); left of the figure, right (R); left of the figure, right (L); throughout this figure. Bar, 10 um.

(b) Disorganization of the nodal flow in a mouse mutant for PCP genes. CT, control; KO, Vangl24/4; Vangl197¢! (reproduced from [23°*]). Bar, 20 wm.
(c) Schematic representation of PCP signaling in nodal pit cells. Vangl (Red) and Prickle (Green) in the anterior pole and Dishevelled (Dvl; Blue) in the
posterior pole may polarize the nodal pit cells along the anterior-posterior axis, resulting in posterior positioning of the monocilia (modified from [55°]).

PCP, cilia positioning and leftward flow
generation

One of the remaining key questions was how the direction
of the nodal flow is determined. Experimental and theor-
etical studies revealed a simple geometrical mechanism.
High temporal resolution observation of nodal cilia move-
ment (500 frames per second [fps]) demonstrated that the
rotating axis of the nodal cilia is posteriorly tilted, and
theories of fluid mechanics confirmed that this tilted
rotation produces directional flow (Figure 1c and d)
[11-16]. This result clearly explains how the LR axis is
determined #¢ 7ovo in a manner consistent with the
preexisting dorsoventral (DV) and anteroposterior (AP)
axes.

However, the mechanism by which the AP axis infor-
mation generates the posteriorly tilted arrangement of
nodal cilia is still unclear. We have noticed that the basal
body, the root of the cilia, is mostly located at the

posterior side of the node cell [11,12] (Figure 2a). The
convex curvature of the apical plasma membrane of the
node cells may explain that the posterior positioning of
the basal body will lead to posterior tilting of the cilia. In
earlier developmental stages, the nodal cilia are located
near the center of the node cell, where they can produce
only a weak vortex. The nodal cilia gradually move to the
posterior side and then produce strong leftward flow
[9,17°°]. This scenario is similar to the planar cell polarity
(PCP) pathways that govern the coordinated positioning
and orientation of bristles in Drosophila, and of sensory
cilia in vertebrate hair cells [18]. We thus proposed that
PCP is the putative mechanism that mediates the
posterior positioning and tilting of the nodal cilia [11],
and recent studies confirmed this hypothesis.

The initial study that confirmed the hypothesis investi-
gated the interaction between Inversin (Inv) and Dishev-
elled (Dvl) [19]. I#v mutant mice developed randomly

( Figure 1 Legend Continued ) (c, left) and lateral (c, right; d) views of the node. Owing to the expression of planar cell polarity (PCP) genes in the
respective anterior and posterior poles of the cells (red, blue, and green lines in the inset of ¢), the cilia are positioned on the posterior ends of the node
cells, resulting in the clockwise-rotating axes being tilted posteriorly. Accordingly, the surface shear resistance influences the left-to-right cilia sweep
more than the right-to-left sweep, to generate net leftward flow of the extracellular fluids. V, ventral; D, dorsal.(e) NVP hypothesis of signal propagation
in the node. FGF signaling in the cilia may activate sonic hedgehog (SHH) and retinoic acid (RA) signals that release nodal vesicular parcels (NVPs) from
the cell surface with the help of filopodia-like cellular protrusions. NVPs are transported to the left by the nodal flow and elevate intracellular Ca on the
left side, possibly through chemical activation of PKD1L1/PKD2 receptors on the sensory cilia on the left margin of the node.
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oriented nodal cilia that resulted in abnormal LR pattern-
ing [9,11]. Dvl is one of the core PCP components and is
localized near the basal body of cilia [20]. The link
between Dvl and LR determination was further
suggested by the study of Bicaudal C (BicC) mutant mice
[21°]. The posterior positioning of the nodal cilia and the
leftward nodal flow was disrupted in BicC mutant mice.
In the same study, BicC was shown to interact with Dvl
and was suggested to be involved in the regulation of Dvl-
mediated PCP signaling. More direct results were
reported last year. Dvl mutant mice were generated that
showed defective LR patterning and random positioning
of the basal body of nodal cilia [17°°]. It was also shown
that Dvl-GFP was enriched at the posterior edges of node
cells (Figure 2c).

Other PCP core proteins were also shown to be involved
in nodal cilia positioning. Van Gogh like (Vangl) and
Prickle were shown to localize to the anterior edges of
node cells [22°°] (Figure 2c). Knock out of Vangl in mice
disrupted the posterior positioning of the nodal cilia,
resulting in abnormal nodal flow (Figure 2b) and defec-
tive LR patterning [22°°,23°°]. Vangl2 knockdown in
Xenopus and zebrafish produced similar phenotypes
[22°°,24°°].

These recent studies strongly suggested that PCP path-
ways might play critical roles in the posterior positioning
of the nodal cilia. However, it remains unclear how the
PCP signaling pathway locates the basal body of the nodal
cilia. It is also unclear how AP axis information reflects the
localization of PCP core proteins.

FGF, Shh and Ca signaling in the node

What mechanism links leftward nodal flow and left-
specific expression of left-determination genes in the left
lateral plate mesoderm (LPM) to enable asymmetrical
development of the body? Although the precise mech-
anism of sensation remains controversial, two major read-
outs of the flow on the left margin of the node have been
described. These are the elevation of Nodal activity and
intracellular Ca (Figure 1b). These two mechanisms may
not be mutually exclusive, but rather may run in parallel
or work synergistically with each other.

Nodal is a secreted T'GFB morphogen that is expressed in
both sides of the perinodal region in chick, mouse,
Xenopus, zebrafish and rabbit [25]. Because the Nodal
co-receptor, Cryptic, is effective only in the LPM, and
because cell surface sulfated glycosaminoglycans are
indispensable for Nodal signaling [26], direct transport
of Nodal from the perinodal region to the LPM through
the extracellular space is likely to be one of the signal
propagation mechanisms. Furthermore, injection of
Nodal into the mesoderm layer, but not its simple
addition to the extraembryonic medium, affected the
left-determination pathway [26], suggesting that Nodal

was a morphogen that acts within the mesoderm layer but
not on the superficial endoderm layer. This will need
further confirmation at the cellular level.

Although a somewhat asymmetrical transcription pat-
tern of Nodal has been described in the chick [2], the
lateral difference in the mouse and Xezopus in particular
is considered to be too subtle and transient by itself to
fully explain the drastic asymmetry of the signaling [25].
The Nodal inhibitor, Coco, was recently found to be
downregulated specifically on the left side of the Xeno-
pus gastrocoel roof plate, which is an organ equivalent to
the node [27°]. Coco is homologous to mouse Cerberus-
lite-2 (Cerl2), chick Caronte and fish Charon. The down-
regulation of Coco is dependent on the nodal flow.
Genetic evidence suggests that Coco works essentially
through the Nodal pathway, although it may also inhibit
the Wnt and BMP signaling pathways. Thus, left-
specific downregulation of this Nodal inhibitor probably
enables Nodal to freely diffuse within the mesoderm
layer toward the LPM only on the left side. The
upstream mechanistic link between flow sensation
and downregulation of Coco transcription will be inves-
tigated in the future.

Ca elevation is considered to be another readout of the
nodal flow. In the mouse node [28°°,29°°] and zebrafish
Kupffer’s vesicle [30], intracellular Ca is observed to be
elevated on the left side of these flow-generating mid-
line organs. Consequently, CaMKII is specifically acti-
vated on the left side: this CaMKII activity was shown to
be essential for left-specific gene expression and correct
determination of the organ laterality by a morpholino
study in zebrafish [31°]. Interestingly, this elevation
correlates with the developmental stages in which the
nodal flow is expressed (2-3 somite stage in mouse) and
requires a normal nodal flow [28°°,29°°]. According to our
previous pharmacological study, the elevation of Ca
could be divided into two successive steps [29°°]
(Figure 3). The first step occurs on the left boundary
of the node (Figure 3a), as one or a few small foci of Ca
elevation. These focal Ca transients could be eliminated
in mouse embryos by acute suppression of FGF sig-
naling with dominant negative FGFR peptide or an
FGFR specific inhibitor. The Ca transients were res-
cued by supplementing the medium with SHH-N pep-
tide or retinoic acid (RA) (Figure 3¢ and d). Because the
FGF antagonists were added after the nodal flow was
established, the nodal flow was not disturbed by this
treatment (Figure 3b). Thus, this action of FGF was
considered to be distinct from its actions in the de-
velopment of the node itself via gastrulation [32,33]
or the development of cilia [34]. Furthermore, because
SHH-N or RA could rescue the Ca transients, the role of
FGF for this first step in Ca elevation may be indirect.
The action of FGF may be upstream or in parallel to the
action of SHH-N or RA.

Current Opinion in Cell Biology 2012, 24:31-39
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Figure 3
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Left-specific Ca elevation is dependent on FGF/SHH/RA signals.

(a) Two-cilia theory, illustrated in the ventral view of the node. Although the monocilia of nodal pit cells are mostly motile, those of nodal crown cells are
mostly immotile owing to the lack of left-right dynein (LRD). The readouts of the nodal flow will be propagated through the endoderm epithelium and
the mesoderm located underneath. A, anterior; P, posterior, L, left; R, right, throughout this figure.

(b) Nodal flow tracked by the bead location every second in the absence (left trace) or presence (right trace) of an FGF inhibitor. Note that transient
inhibition of FGF signaling does not apparently affect the nodal flow. (Modified from [29°°].) Bar, 10 um.

(c and d) Pharmacological ablation of Ca elevation on the left margin and in the periphery of the node (c), and its interpretation (d). (Modified from

[29°°].) Bars, 20 pm.

The second step of Ca elevation occurs in the lateral
region between the node and LPM, which may be down-
stream of the initial focal Ca elevation. This step could be
also eliminated by FGFR inhibition, but could not be
rescued by SHH-N [29°°]. This suggested that the propa-
gation of Ca elevation from the node to the LPM was
highly dependent on FGF signaling. Because FGFR1-3
were expressed on all cilia within and around the node
[29°°], the timing of LR signaling may be developmen-
tally regulated by transient concentrations of FGFs at the
node level. This Ca elevation could facilitate signaling
through transcriptional regulation and/or morphogen
transcytosis, which has been reported to be related with
Ca signaling [35], to activate the downstream left-specific
signaling cascades [31°].

Mechanosensation versus chemosensation
for Ca entry

The elevation of Ca appears to be dependent on the
peripheral cilia of the node because, first, the peripheral
cilia are less motile than the central cilia owing to lack of
left-right dynein (LRD), and second, the elevation of Ca
in LRD or PKD2 mutant animals is impaired [28°°]
(Figure 3a). The central concept of the so-called ‘two-
cilia theory,” that peripheral cilia are mostly sensory and
the central cilia are mostly motile, has become widely
accepted [36]. The peripheral cilia do not express LRD,
while all cilia express PKD2 [28°°].

However, it is still debated whether the flow sensation
mechanism of the peripheral cilia occurs via direct

www.sciencedirect.com
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mechanosensation of the hydrodynamic force [36] or
chemosensation of morphogens concentrated by the left-
ward fluid flow (‘nodal vesicular parcel’ [NVP] hypoth-
esis) [29°°].

The PKD1L1/PKD2 complex has been suggested to be a
good candidate for the ciliary receptor (Figure 4a) for two
reasons. First, PKD2 is a Ca channel responsible for
polycystic kidney [37], and second, fish or mice with
mutant PKDI1L1 exhibited right pulmonary isomerism
and randomized laterality of abdominal organs with
impaired Ca elevation and left-specific gene expressions

Figure 4

[38°°,39°°], similar to those for PKD2 [38°°,40-42]. In the
case of kidney epithelium, the related PKD1/PKD2
protein complex senses fluid flow in order to raise intra-
cellular Ca, which is important for normal kidney de-
velopment and to prevent polycystic kidney syndrome
[37]. PKD1 is not expressed in nodal cilia, and PKD1
mutant embryos do not exhibit laterality defects [43].
Instead, the PKDI1-like protein, PKDI1L1, forms a
complex with PKD2 on nodal cilia. Although mechanical
stimulation by the flow opens Ca channels in cilia
that express PKD1/PKD2 [37], it remains unclear
whether this PKD1L1/PKD2 channel is mechanosensory
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Putative chemosensory components in the node.(a) Comparison of PKD family cation channels. Inset, mutations in the PKD1L1/PKD2 complex that
caused laterality defects in the fish. (Modified from [39°°].)(b—d) Electron micrographs of nodal vesicular parcels (NVPs, blue arrows) in the mouse node
on day 7.5 postcoitum (dpc). Small electron-lucent particles are enclosed in a membrane sheath, which is occasionally associated with cellular
protrusions (yellow arrowheads). Pink arrows, possibly nascent NVPs. (c) Modified from [29°°]. Bars, 500 nm.
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or chemosensory [38°%,39°°]. The PKD complex in some
cilia could serve as the chemosensory channel. For
example, its family member PKD1L3/PKD2I.1 channel
was shown to act as a pH sensor in taste bud cells [44] and
in the central canal of the spinal cord [45].

In parallel to these findings, our group has used laser
scanning confocal microscopy and electron microscopy to
observe flowing materials of 0.3-5 pwm in diameter that
are secreted from the node cells of Dil-soaked embryos
(Figure 4b—d). We have named these materials ‘nodal
vesicular parcels’ (NVPs) [29°°]. NVPs are released from
slowly growing filopodia-like processes into the leftward
flowing extracellular fluid, conveyed to the left, and
fragmented and absorbed by the left margin of the node.
Interestingly, NVP secretion appeared to strictly follow
the pharmacological characteristics of the initial focal Ca
elevation (Figure 3c and d). Inhibition of FGFR signaling
eliminated NVP secretion, while addition of SHH-N or
RA reversed the secretion. LM-level and EM-level
immunohistochemistry suggested that SHH and RA were
localized to putative secreting vesicles. These findings
suggested that FGF/SHH/RA signaling facilitates the
secretion of NVPs, which are transported to the left side
to activate chemosensory receptors (possibly PKDI1L1/
PKD2 complex) and to elevate intracellular Ca.

Recently, many examples of long-range transport of mor-
phogens by extracellular particles and/or long cellular
processes have been described, which include Ca-
response-evoking putative NVP cargoes. First, SHH
accumulates at the surface of nodal crown cells specifi-
cally on the left [29°°]. Hedgehog proteins are carried by
lipoprotein particles [46,47]. A Hedgehog-dependent
pathway in the LPM is involved in LR asymmetry
[48], and a noncanonical Hedgehog signaling elevates
the Ca response in developing spinal cords [49]. Second,
Wnt3a is another candidate morphogen because it is
involved in LR asymmetry [50], is carried by lipoprotein
particles [51] and evokes Ca response in hippocampal
neurons [52]. Third, PKD proteins themselves can be
carried by exosomes [53]. These morphogens may some-
times be carried by cytoneme-like cellular processes over
a long distance [54]. Future biochemical research will be
awaited to identify the ligands of PKD receptors, which
are probably transported by the NVPs toward the left.

Conclusion

Following the initial discovery of the nodal flow, it has
been established that the leftward nodal flow generated
by the rotation of cilia that are posteriorly tilted on node
cells is the central process in LR determination. These
cilia are built by transport via the KIF3 motor complex.
Recent studies focusing on PCP components such as Dvl,
Vangl, and Prickle strongly suggested that the PCP path-
way may play critical roles in the posterior positioning of
the nodal cilia. However, it remains unclear how the PCP

Cilia and nodal flow Hirokawa, Tanaka and Okada 37

signaling pathway locates the basal body of the nodal cilia.
It is also unclear how AP axis information is reflected in
the localization of PCP proteins.

Recent evidence suggests that nodal flow creates LR
asymmetry by the leftward movement of membrane-
sheathed particles, called NVPs. NVPs may then activate
the noncanonical Hedgehog signaling pathway to cause
an asymmetric elevation in intracellular Ca** and changes
in gene expression. Although NVP release is likely to be
upstream of Ca elevation, its cellular signaling cascade
remains elusive. In this regard, chemosensation by PKD
receptors on the peripheral cilia of the node is the most
likely process, involving the long-range transport of
unknown ligand morphogens by the nodal flow.

Acknowledgements

We thank all the members of our lab for their very useful comments and
discussions. N.H. is supported by a special grant-in-aid from the Ministry of
Education, Culture, Sports, Science and Technology of Japan (No.
23000013).

References and recommended reading
Papers of particular interest, published within the period of review,
have been highlighted as:

e of special interest
ee Of outstanding interest

1. Harvey RP: Links in the left/right axial pathway. Cell 1998,
94:273-276.

2. Levin M, Johnson RL, Stern CD, Kuehn M, Tabin C: A molecular
pathway determining left-right asymmetry in chick
embryogenesis. Cell 1995, 82:803-814.

3. Hirokawa N, Tanaka Y, Okada Y, Takeda S: Nodal flow and the
generation of left-right asymmetry. Cell 2006, 125:33-45.

4. Afzelius BA: A human syndrome caused by immotile cilia.
Science 1976, 193:317-319.

5. Bellomo D, Lander A, Harragan |, Brown NA: Cell proliferation in
mammalian gastrulation: the ventral node and notochord are
relatively quiescent. Dev Dyn 1996, 205:471-485.

6. Hirokawa N, Noda Y, Tanaka Y, Niwa S: Kinesin superfamily
motor proteins and intracellular transport. Nat Rev Mol Cell Biol
2009, 10:682-696.

7. Nonaka S, Tanaka Y, Okada Y, Takeda S, Harada A, Kanai Y,

ee Kido M, Hirokawa N: Randomization of left-right asymmetry
due to loss of nodal cilia generating leftward flow of
extraembryonic fluid in mice lacking KIF3B motor protein. Cell
1998, 95:829-837.

This is the first description of the nodal flow. The authors have char-

acterized KIF3B knockout embryos that cause laterality defects and

randomization of left-right determination. Finally they found that nodal

cilia are rapidly rotating to generate leftward flow of extraembryonic

fluids, which are absent in KIF3B-deficient nodes.

8. Takeda S, Yonekawa Y, Tanaka Y, Okada Y, Nonaka S,
Hirokawa N: Left-right asymmetry and kinesin superfamily
protein KIF3A: new insights in determination of laterality and
mesoderm induction by kif3A(-/-) mice analysis. J Cell Biol
1999, 145:825-836.

9. Okada, Nonaka S, Tanaka Y, Saijoh Y, Hamada H, Hirokawa N:
Abnormal nodal flow precedes situs inversus in iv and inv
mice. Mol Cell 1999, 4:459-468.

10. Nonaka S, Shiratori H, Saijoh Y, Hamada H: Determination of left-
right patterning of the mouse embryo by artificial nodal flow.
Nature 2002, 418:96-99.

www.sciencedirect.com

Current Opinion in Cell Biology 2012, 24:31-39



38 Cell structure and dynamics

11. Okada Y, Takeda S, Tanaka Y, Belmonte JCI, Hirokawa N:
Mechanism of nodal flow: a conserved symmetry breaking
event in left-right axis determination. Cell 2005, 121:633-644.

12. Nonaka S, Yoshiba S, Watanabe D, Ikeuchi S, Goto T,
Marshall WF, Hamada H: De novo formation of left-right
asymmetry by posterior tilt of nodal cilia. PLoS Biol 2005,
3:1467-1472.

13. Buceta J, Ibanes M, Rasskin-Gutman D, Okada Y, Hirokawa N,
Izpisua-Belmonte JC: Nodal cilia dynamics and the
specification of the left/right axis in early vertebrate embryo
development. Biophys J 2005, 89:2199-2209.

14. Cartwright JHE, Piro N, Piro O, Tuval I: Fluid dynamics of nodal
flow and left-right patterning in development. Dev Dyn 2008,
237:3477-3490.

15. Smith DJ, Gaffney EA, Blake JR: Discrete cilia modelling with
singularity distributions: application to the embryonic node
and the airway surface liquid. Bull Math Biol 2007, 69:1477-
1510.

16. Smith DJ, Blake JR, Gaffney EA: Fluid mechanics of nodal
flow due to embryonic primary cilia. J R Soc Interface 2008,
5:567-573.

17. Hashimoto M, Shinohara K, Wang J, Ikeuchi S, Yoshiba S, Meno C,
ee Nonaka S, Takada S, Hatta K, Wynshaw-Boris A et al.: Planar
polarization of node cells determines the rotational axis of
node cilia. Nat Cell Biol 2010, 12:170-172.
In this paper, the authors combine the live imaging of mouse embryo with
the genetic manipulations. They first show with wild type embryos that the
posterior positionoing of the basal body of the nodal cilia is a dynamic
developmental process. Then, they used mutant mice to demonstrate
that this process is influenced by PCP signaling via Dvl and by non-
canonical Wnt pathway. They also show the localization of DvI-EGFP in
mouse embryos.

18. Simons M, Mlodzik M: Planar cell polarity signaling: from
fly development to human disease. Annu Rev Genet 2008,
42:517-540.

19. Simons M, Gloy J, Ganner A, Bullerkotte A, Bashkurov M,
Kronig C, Schermer B, Benzing T, Cabello OA, Jenny A et al.:
Inversin, the gene product mutated in nephronophthisis type
Il, functions as a molecular switch between Wnt signaling
pathways. Nat Genet 2005, 37:537-543.

20. Park TJ, Mitchell BJ, Abitua PB, Kintner C, Wallingford JB:
Dishevelled controls apical docking and planar polarization of
basal bodies in ciliated epithelial cells. Nat Genet 2008,
40:871-879.

21. Maisonneuve C, Guilleret |, Vick P, Weber T, Andre P, Beyer T,

. Blum M, Constam DB: Bicaudal C, a novel regulator of Dvl
signaling abutting RNA-processing bodies, controls cilia
orientation and leftward flow. Development 2009, 136:3019-
3030.

This is the paper that directly showed the potential link between PCP

signaling (Dvl) and nodal cilia positioning.

22. Antic D, Stubbs JL, Suyama K, Kintner C, Scott MP, Axelrod JD:
ee Planar cell polarity enables posterior localization of nodal cilia
and left-right axis determination during mouse and xenopus
embryogenesis. PLoS ONE 2010, 5:e8999.
The first papers (together with [23°°] and [24°°]) to show the link between
the posterior positioning of the nodal cilia and the anterior side PCP core
proteins, In this paper, Vangl and Prickle. The authors showed the
localization of these proteins as well as the phenotypes of knockout
mice and morpholino knockdown in Xenopus.

23. Song H, Hu J, Chen W, Elliott G, Andre P, Gao B, Yang Y: Planar

ee cell polarity breaks bilateral symmetry by controlling ciliary
positioning. Nature 2010, 466:378-382.

The first papers (together with [22°°] and [24°°]) to show the link between

the posterior positioning of the nodal cilia and the anterior side PCP core

proteins, In this paper, the phenotypes of the Vangl knock out mice are

reported in detail.

24. Borovina A, Superina S, Voskas D, Ciruna B: VangI2 directs the

ee posterior tilting and asymmetric localization of motile primary
cilia. Nat Cell Biol 2010, 12:407-412.

The first papers (together with [22] and [24]) to show the link between the

posterior positioning of the nodal cilia and the anterior side PCP core

proteins, In this paper, the function of Vangl2 is reported by the pheno-
types of the Vangl2 mutant zebrafish.

25. Raya A, Izpisua Belmonte JC: Left-right asymmetry in the
vertebrate embryo: from early information to higher-level
integration. Nat Rev Genet 2006, 7:283-293.

26. Oki S, Hashimoto R, Okui Y, Shen MM, Mekada E, Otani H,
Saijoh Y, Hamada H: Sulfated glycosaminoglycans are
necessary for Nodal signal transmission from the node to the
left lateral plate in the mouse embryo. Development 2007,
134:3893-3904.

27. Schweickert A, Vick P, Getwan M, Weber T, Schneider I,

. Eberhardt M, Beyer T, Pachur A, Blum M: The nodal inhibitor
Coco is a critical target of leftward flow in Xenopus. Curr Biol
2010, 20:738-743.

This is the first description of a left-specific activation of Nodal signaling

by a genetic mechaism. It suggests that Coco transcription is one of the

critical targets of nodal flow readouts.

28. McGrath J, Somlo S, Makova S, Tian X, Brueckner M: Two

ee populations of node monocilia initiate left-right asymmetry in
the mouse. Cell 2003, 114:61-73.

In this paper the authors have first described that calcium is specifically

elevated in the left margin of the node depending on cilia rotation. They

further described that the peripheral cilia are less motile than the central

cilia in the node by the lack of left-right dynein (LRD) expression,

supporting the so-called ‘two-cilia theory.’

29. TanakaY, Okada Y, Hirokawa N: FGF-induced vesicular release
ee of Sonic hedgehog and retinoic acid in leftward nodal flow is

critical for left-right determination. Nature 2005, 435:172-177.
This is the first microscopical description of nodal vesicular parcels (NVPs),
which are leftward flowing materials within the node. Using pharmacolo-
gical ablation, FGF/SHH/RA signaling is suggested to be similarly involved
in NVP release in the node and Ca elevation on the left margin of the node,
suggesting that the NVP contents signal to this Ca elevation.

30. Sarmah B, Latimer AJ, Appel B, Wente SR: Inositol
polyphosphates regulate zebrafish left-right asymmetry. Dev
Cell 2005, 9:133-145.

31. Francescatto L, Rothschild SC, Myers AL, Tombes RM: The

e activation of membrane targeted CaMK-Il in the zebrafish
Kupffer’s vesicle is required for left-right asymmetry.
Development 2010, 137:2753-2762.

In this paper the authors have first identified the downstream pathway of

left-specific calcium elevation, and described its physioogical relevance

of this pathway in the left-specific gene expression cascades.

32. Matus DQ, Thomsen GH, Martindale MQ: FGF signaling in
gastrulation and neural development in Nematostella
vectensis, an anthozoan cnidarian. Dev Genes Evol 2007,
217:137-148.

33. Oki S, Kitajima K, Meno C: Dissecting the role of Fgf
signaling during gastrulation and left-right axis formation in
mouse embryos using chemical inhibitors. Dev Dyn 2010,
239:1768-1778.

34. Neugebauer JM, Amack JD, Peterson AG, Bisgrove BW, Yost HJ:
FGF signalling during embryo development regulates cilia
length in diverse epithelia. Nature 2009, 458:651-654.

35. Tuma PL, Hubbard AL: Transcytosis: crossing cellular barriers.
Physiol Rev 2003, 83:871-932.

36. Tabin CJ, Vogan KJ: A two-cilia model for vertebrate left-right
axis specification. Genes Dev 2003, 17:1-6.

37. Cantiello HF: Regulation of calcium signaling by polycystin-2.
Am J Physiol Renal Physiol 2004, 286:F1012-F1029.

38. Kamura K, Kobayashi D, Uehara Y, Koshida S, lijima N, Kudo A,

ee Yokoyama T, Takeda H: Pkd1l1 complexes with Pkd2 on motile
cilia and functions to establish the left-right axis. Development
2011, 138:1121-1129.

This is the first positional cloning paper of Pkd1l1 gene as a responsible

gene of laterality mutation in fish, suggesting a direct evidence that PKD

signaling is essential in the nodal flow interpretation, together with [39°°].

39. Field S, Riley KL, Grimes DT, Hilton H, Simon M, Powles-Glover N,
ee Siggers P, Bogani D, Greenfield A, Norris DP: Pkd1l1 establishes
left-right asymmetry and physically interacts with Pkd2.

Development 2011, 138:1131-1142.

Current Opinion in Cell Biology 2012, 24:31-39

www.sciencedirect.com



The authors have first characterized Pkd1l1 as a resopnsible gene for an
ENU-mediated laterality mouse mutant. This paper suggested that
PKD1L1/PKD2 are putative receptors for interpreting the nodal flow,
together with [38°°].

40.

41.

42.

43.

44,

45.

46.

Ermakov A, Stevens JL, Whitehill E, Robson JE, Pieles G,
Brooker D, Goggolidou P, Powles-Glover N, Hacker T, Young SR
et al.: Mouse mutagenesis identifies novel roles for left-right
patterning genes in pulmonary, craniofacial, ocular, and limb
development. Dev Dyn 2009, 238:581-594.

Pennekamp P, Karcher C, Fischer A, Schweickert A, Skryabin B,
Horst J, Blum M, Dworniczak B: The ion channel polycystin-2 is
required for left-right axis determination in mice. Curr Biol
2002, 12:938-943.

Wu G, Markowitz GS, Li L, D’Agati VD, Factor SM, Geng L,
Tibara S, Tuchman J, Cai Y, Park JH et al.: Cardiac defects and
renal failure in mice with targeted mutations in Pkd2. Nat Genet
2000, 24:75-78.

Karcher C, Fischer A, Schweickert A, Bitzer E, Horie S, Witzgall R,
Blum M: Lack of a laterality phenotype in Pkd1 knock-out
embryos correlates with absence of polycystin-1in nodal cilia.
Differentiation 2005, 73:425-432.

Inada H, Kawabata F, Ishimaru Y, Fushiki T, Matsunami H,
Tominaga M: Off-response property of an acid-activated
cation channel complex PKD1L3-PKD2L1. EMBO Rep 2008,
9:690-697.

Huang AL, Chen X, Hoon MA, Chandrashekar J, Guo W,
Trankner D, Ryba NJ, Zuker CS: The cells and logic for
mammalian sour taste detection. Nature 2006,
442:934-938.

Queiroz KCS, Tio RA, Zeebregts CJ, Bijlsma MF,

Zijlstra F, Badlou B, de Vries M, Ferreira CV, Spek CA,
Peppelenbosch MP et al.: Human plasma very low density
lipoprotein carries Indian Hedgehog. J Proteome Res 2010,
9:6052-6059.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Cilia and nodal flow Hirokawa, Tanaka and Okada 39

Carmen Martinez M, Larbret F, Zobairi F, Coulombe J, Debili N,
Vainchenker W, Ruat M, Freyssinet J-M: Transfer of
differentiation signal by membrane microvesicles harboring
hedgehog morphogens. Blood 2006, 108:3012-3020.

Tsiairis CD, McMahon AP: An Hh-dependent pathway in lateral
plate mesoderm enables the generation of left/right
asymmetry. Curr Biol 2009, 19:1912-1917.

Belgacem YH, Borodinsky LN: Sonic hedgehog signaling is
decoded by calcium spike activity in the developing spinal
cord. Proc Natl Acad Sci USA 2011, 108:4482-4487.

Nakaya MA, Biris K, Tsukiyama T, Jaime S, Rawls JA,
Yamaguchi TP: Wnt3a links left-right determination with
segmentation and anteroposterior axis elongation.
Development 2005, 132:5425-5436.

Neumann S, Coudreuse DY, van der Westhuyzen DR, Eckhardt ER,
Korswagen HC, Schmitz G, Sprong H: Mammalian Wnt3a is
released on lipoprotein particles. Traffic 2009, 10:334-343.

Avila ME, Sepulveda FJ, Burgos CF, Moraga-Cid G, Parodi J,
Moon RT, Aguayo LG, Opazo C, De Ferrari GV: Canonical Wnt3a
modulates intracellular calcium and enhances excitatory
neurotransmission in hippocampal neurons. J Biol Chem 2010,
285:18939-18947.

Hogan MC, Manganelli L, Woollard JR, Masyuk Al, Masyuk TV,
Tammachote R, Huang BQ, Leontovich AA, Beito TG, Madden BJ
et al.: Characterization of PKD protein-positive exosome-like
vesicles. J Am Soc Nephrol 2009, 20:278-288.

Ramirez-Weber FA, Kornberg TB: Cytonemes: cellular
processes that project to the principal signaling center in
Drosophila imaginal discs. Cell 1999, 97:599-607.

Wallingford JB: Planar cell polarity signaling, cilia and polarized
ciliary beating. Curr Opin Cell Biol 2010, 22:597-604.

A well-balanced review on the relation of PCP signaling and polarization
of ciliated cells.

www.sciencedirect.com

Current Opinion in Cell Biology 2012, 24:31-39



	Cilia, KIF3 molecular motor and nodal flow
	Introduction
	How the nodal flow was discovered
	PCP, cilia positioning and leftward flow generation
	FGF, Shh and Ca signaling in the node
	Mechanosensation versus chemosensation for Ca entry
	Conclusion
	Acknowledgements
	References and recommended reading


