nd- ha"ac"terlzatr‘ n of an
RNA-transporting granule
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Kanal, Y. et. al Neuron 43: 513- , 2004



Kinesin transports mRNAs with a large protein complex

Heavy Chain 124 KD
= Light Chain 64KD

hinge
motor domain KIFSs !
l [ l l

GST-HCF @' 5A 6771027

5B : 680-963
5C : 681-956

Kanal,Y. et al Neuron 43:513- ,2004




Isolation of a protein-RNA complex using KIF5 tall
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The complex has a large S-value of 1000~
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Colocalization of identified proteins and KIF5 to
the Pur a-containing granules in dendrites
_A:'}: "r‘ :’._- e} FoAed » ;

: "o
GFP-PSF




KIF5A In Triton-extracted cultured neurons

KIF5A colocalized to the Pur-a- contalnlng granules
In Triton-extracted neuron



Colocalization of mMRNAs for CaMKllo and Arc to
the Pur o-containing granules in dendrites

tubulin-mRNA



Movement of the complex (GFP-Pur o)




Movement of the complex (GFP-Pur o)
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Knockdown of the identified proteins by RNAI
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KIF3 Complex
= KIF3A + KIF3B + KAP3

=
3]
-
=
c
o
=
®

kif3A Knockout

Aizawa et al. JCB 119:1287—, 1992: Yamazaki et=al- JCB 130:1387— 3995 -
Nonaka et al. Cell 95:829—,1998: Takeda et al. JCB 145:825—,1999
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Cardiac Loop at 9.5dpc

bulbus cordis
ventricle
atrium

L-loop
(situs Inversus)
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Heart Looping & Tail Curling
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L-R Determination Pathway

iv (randomization)
inv (inversion)

75d
node
R| L

8.0 dpc nodal

somitegensis lefty-1
lefty-2

8.5 dpc Pitx2
heart looping

9.0 dpc

embryonic turning

lefty-2 expression
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Monocilia of the Node
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Loss of Primary Cilium
Leaving Intact Basal Bodies
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Ciliary Staining of KIF3

lgG

KIF3

a ~tubulin

KIF3B + «-tubulin
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IgG + a-tubulin
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Cilia Have Clockwise Chirality
9+2: Beating 9+0: Rotation

(Respiratory Cilia) (Nodal Cilia)

(Moadified from Fawcett, The Call 1981) (Takeda et al., J Cell Biol 145:825, 19949)




Rotation of Nodal Cilia & Leftward Nodal Flow
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N KIF3B KO Disrupts The Nodal Flow
kifsg* kif3B*
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A Model for L-R Determination




Nodal Flow Hypothesis

of Mammalian Left-Right Determination

KIF3 ---> Ciliary Rotation

v
Leftward Nodal Flow

\ 4
Concentration Gradient of Morphogen(s)

A 4
Left-specific Expression of

lefty, nodal, Pitx2, etc.




Kartagener's Syndrome

Immotile Cilia syndrome

Immotile Cilia
(Male Infertility + Respiratory Failure etc.)
|
1

'

Situs Inversus

i, I

...Why don't the 9+0 Nodal Cilia MOVE?




The Dynein Superfamily |

r'l Cytoplasmic
= [ L Dyneins

Axonemal
Dyneins

Inner Arm

Outer Arm




Ird/DLP11 Is An Outer-Arm 3 Dynein
(Supp et al., Nature 389:963, 1997)

Outer
Dynein Arm

Mﬁuse f}d

Chfamydomonas 3 DHC

Tanaka et al__ J Call Sci 105 1883 (1995)




Frozen Ciliain iv
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Frozen C|I|a |n IV







Kartagener's Syndrome

Immotile Cilia syndrome

Immotile Cilia
(Male Infertility + Respiratory Failure etc.)
|
1

'

Situs Inversus

i, I

...Why don't the 9+0 Nodal Cilia MOVE?




Why our hearts are on left?

m Left side Is determined at the early stage
of development.

m I[N some genetic diseases, patients have
their hearts on right.

m [n Kartagener’'s syndrome, immotile cilia in
alrway epithelium and immotile sperm are
linked to right heart.



Motile cilia are necessary for
 the L-R axis determination.

Randomization of the L-R axis In
1) immotile cilia syndrome (human)
2) ciliogenesis mutant mice (KIF37)

Where are the motile cilia?

How does the ciliary movement determine the L-R
axis?



Asymmetric distribution of caged-
fluorescently labeled protein after continuous
uncaging at the middle of node.

Carbonic Anhydrase
; 00:00:04

Raw R L-R diff



Asymmetric distribution of 20~40 kDa
protein by nodal flow

Leftward nodal
flow Is rapid
enough to
generate
stationary
asymmetric
distribution of
soluble protein In
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Nodal Flow Hypothesis

Yolk sac cavity

eeans " Cili "LEFT!"

1. Clockwise rotation of cilia
2. Rapid leftward flow
3. Left-specific gene expression



IS nodal flow unlversal’>

I\/Iouse
egg cylinder
nodal pit on the ventral surface

Higher vertebrates:
embryonic disc
No nodal pit

Lower vertebrates:
ventral surface iIs embedded




= notochorda

Monocilia on
the ventral
surface of the

plate of rabbit

Probe for nodal:
courtesy of Dr Hamada
(Osaka Univ)



Leftward flow In the notochordal
plate of the rabbit embryo

s W

ng 0 e 20 UM

...20x Time.Lapse.. ... .



Asymmetric distribution of caged-
fluorescent dextran

120"




Monocilia
on the
Inner
surface of
Kupffer’'s
vesicle of
medaka

Medaka embryo:
courtesy of Dr.
Shima
(Univ.Tokyo)




Leftward flow Iin Kupffer's vesicle of

e e PCLERTE BTN v e NGRS =]

Medaka embryo:
courtesy of Dr. Shima
(Univ.Tokyo)
Hatching enzyme:
courtesy of Dr.
Yasumasu (Sophia)
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Leftward Flow In the Ventral Node

Conserved:
e Primary monocilia
i . e Clockwise rotation
e rar ) ()
R ) " e Leftward flow
3.5 /s 7.4 um/s
N N ot conserved:
N(( Jll » Shape, size and position
of the ciliated organ
e Velocity of the flow

Mouse Medaka




The Nodal Flow Hypothesis

I

1. Leftward Nodal Flow
2. Left-specific expression of master genes
3. Left/right asymmetric morphogenesis

Tautology!

Doesn’t answer why left is left.

[ "Ny &



Central Question:
_ Wh__'at c;_lireﬂcts ~_.the flow to the left?

= How are the
- lit . :
w L axisgoray Information of the A-P

axis, D-V axis and the
Leftward Nodal Flow chirality integrated to

l determine the

directionality of the
nodal flow?




What produces the leftward flow?

W v i Ll -3 | FREE L L A AETm

m Rotation of the primary cilia in the node.

Conventional “9+2” cilia | Primary “9+0” cilia in the node.

Regulation by the central pair No central pair microtubules
microtubules enables the > el i heet

planar beating. —> Clockwise rotation




What produces the leftward flow?

m Rotation of 9+0 cilia
m Rotation can only produce vortices.

= In inv mutant mice, and in the wild type
embryos at the earlier stages, the flow Is
vortical and the leftward flow Is not evident.

Some mechanism(s) exist for
the conversion into the
laminar leftward flow.

.........



Rotation of Monocilia

Recording frame rate:
500 frames / sec
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Posteriorly Tilted Rotation of
_Monocilia

RGP e e N sl

e Recording frame rate:
1230 slow B - 500 frames / sec
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Posteriorly Tilted Rotation of
~ Monocilia

1/17 slow

1000 frames / sec

B N it o 15 W .



Posteriorly Tilted Rotation of
Monocilia

MIEOIEIRE] SICISVASNA

Side view

— - CENNRE I S

1000 frames / sec



Posteriorly tilted rotation of cilia

W |




Posteriorly tilted rotation of cilia




Axis of Rotation is Tilted ~40°
~ to the Posterior.

+ Mouse
A-Rabhit
* Medaka
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Hydrodynamic Mechanism of the

‘Generation of the Leftward Flow

Time (ms)
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Cilia integrate the information of
the axes and the chirality

h Ventral projection Posterior tilting

Chiral Structure

Clockwise rotation s

Leftward Flow
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