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SUMMARY

Cilia control homeostasis of the mammalian body by
generating fluid flow. It has long been assumed that
ciliary length-control mechanisms are essential for
proper flow generation, because fluid flow genera-
tion is a function of ciliary length. However, the
molecular mechanisms of ciliary length control in
mammals remain elusive. Here, we suggest that
KIF19A, a member of the kinesin superfamily, regu-
lates ciliary length by depolymerizing microtubules
at the tips of cilia. Kif19a�/� mice displayed hydro-
cephalus and female infertility phenotypes due to
abnormally elongated cilia that cannot generate
proper fluid flow. KIF19A localized to cilia tips,
and recombinant KIF19A controlled the length of
microtubules polymerized from axonemes in vitro.
KIF19A had ATP-dependent microtubule-depolyme-
rizing activity mainly at the plus end of microtubules.
Our results indicated a molecular mechanism of
ciliary length regulation in mammals, which plays
an important role in the maintenance of the mamma-
lian body.

INTRODUCTION

Mammals have motile cilia on ciliated epithelial cells in various

kinds of tissues, such as the brain ventricle, the trachea, and

the oviduct. Motile cilia generate fluid flow, which are funda-

mental to the development and maintenance of the mammalian

body (Hirokawa et al., 2006; Ishikawa and Marshall, 2011; Rose-

nbaum andWitman, 2002; Satir and Christensen, 2007). Defects

of ciliary formation and motility lead to fluid flow degeneration

and cause human diseases such as hydrocephalus and female

infertility (Ibañez-Tallon et al., 2003; Kamiya, 2002; Lyons et al.,

2006; Rosenbaum and Witman, 2002). Because ciliary length is

an important factor in the control of fluid flow, it has long been

assumed that there must be molecular mechanisms that main-

tain the optimal length of motile cilia (Ishikawa and Marshall,

2011). However, the mechanisms remain largely elusive in

mammals. Furthermore, it has not been revealed whether the

molecular mechanisms are conserved from protozoa to mam-

mals, although severalmolecules that control the length of proto-

zoan flagella, a cellular structure homologous to mammalian
Developmenta
cilia, have been identified (Berman et al., 2003; Blaineau et al.,

2007; Dawson et al., 2007; Tam et al., 2007). The cytoskeleton

of motile cilia, called the axoneme, is comprised of two central

microtubule singlets, nine outer doublets, and microtubule-

associated proteins such as dynein (Ishikawa and Marshall,

2011; Kamiya, 2002; Rosenbaum and Witman, 2002). Kinesin

superfamily proteins (KIFs) were originally identified as microtu-

bule-dependent molecular motors that carry out axonal trans-

port (Aizawa et al., 1992; Vale et al., 1985). Mammals have

more than 40 KIFs in their genome (Hirokawa et al., 2009; Miki

et al., 2001). It has been revealed that KIFs are fundamental to

many aspects of biological phenomena, such as intracellular

transport of various cargos, microtubule stabilization and depo-

lymerization in neurons, ciliogenesis, and mitosis (Desai et al.,

1999; Hirokawa et al., 2009; Homma et al., 2003; Howard and

Hyman, 2007; Ishikawa and Marshall, 2011; Kozminski et al.,

1995; Rosenbaum and Witman, 2002; Scholey et al., 1985;

Zhou et al., 2009). Here, we analyzed the function of a member

of kinesin superfamily protein, KIF19A, that localizes to ciliary

tips. We present biochemical and genetic evidence that

KIF19A has both microtubule-dependent motor and microtu-

bule-depolymerizing activities in vitro and is a key determinant

of the optimal length of motile cilia in mice, the deletion of which

causes ciliary phenotypes such as hydrocephalus and female

infertility.
RESULTS

KIF19A Is a Plus-End-Directed Motor
We have previously identified a partial sequence of KIF19A (Miki

et al., 2001). Using the partial sequence as a probe, the open

reading frame of KIF19A was identified (Figure 1A). KIF19A is

an N-terminal KIF that typically has a plus-end-directed motor

activity (Figure 1A). The predicted molecular weight of KIF19A

is about 112 kDa. KIF19A belongs to the kinesin-8 family (Gupta

et al., 2006; Howard and Hyman, 2007; Lawrence et al., 2004;

Mayr et al., 2007; Stout et al., 2011) (Figure 1B). A microtubule

gliding assay was performed to test whether KIF19A is

a microtubule-dependent motor protein. For this purpose,

KIF19A-379, comprising the motor domain and the neck

coiled-coil domain, were expressed in Escherichia coli and puri-

fied by immobilized metal ion affinity chromatography and ion

exchange chromatography (Figures 1A and 1C). The purified

motor was fixed on anti-penta-His-antibody-coated cover-

glasses, and tetramethylrhodamine (TMR)-labeled and taxol-

stabilized microtubules were flowed in the presence of ATP.
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Figure 1. Characterization of KIF19A

(A) Schema showing the structure of KIF19A and

a recombinant protein used in this study. Green

and yellow regions represent themotor and coiled-

coil domains, respectively. Numbers refer to

amino acids.

(B) A phylogenetic tree showing that KIF19A is

closely related to kinesin-8 members.

(C) KIF19A-379 was expressed in E. coli and

purifiedwith Co2+ beads and SP sepharose beads.

(D) Microtubule gliding assay. KIF19A-379 was

fixed on the coverglass, and TMR-labeled and

polarity-marked microtubules were introduced

into the flow chamber. Theminus end was strongly

labeled. Scale bar, 10 mm.

See also Movies S1 and S2.
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Microtubules were glided on the cover glass (Movie S1 available

online). The speed was 21 ± 3 nm/sec (n = 90 microtubules from

three independent motor preparations, mean ± SD). The motility

assay using polarity-marked microtubules revealed that KIF19A

is a plus-end-directed molecular motor (Figure 1D; Movie S2).

kif19a–/– Mice Have Hydrocephalus and Female
Infertility
To investigate the in vivo function of KIF19A, we generated

KIF19A knockout mice (Figures S1A and S1B). Loss of KIF19A

protein expression was confirmed by western blotting on

knockout lysates (Figure S1C). While KIF19A was strongly

expressed in the oviduct and trachea, these signals were

completely diminished in the samples obtained from Kif19a�/�

mice. Intercrossing between Kif19a+/� mice generated

Kif19a+/+, Kif19a+/�, and Kif19a�/� mice with an expected

Mendelian ratio, suggesting that the homozygotes exhibit

normal embryonic development. However, the Kif19a�/� mice

showed growth retardation and higher mortality (4 weeks

after birth, total 97 mice: Kif19a+/+, 31; Kif19a+/�, 57; and

Kif19a�/�, 9). In addition, Kif19a�/� female mice were infertile;

Kif19a�/� female mice paired with wild-type male mice did not

become pregnant. To analyze the pathology of Kif19a�/� mice,

we stained paraffin sections of wild-type and Kif19a�/� organs

with hematoxylin and eosin (HE). It was revealed that both

male and female Kif19a�/� mice suffered from hydrocephalus

(10 male and 15 female mice) (Figure 2A). Furthermore, the

lumens of Kif19a�/� oviducts were jammed with mucus and

debris, while this was not observed in wild-type oviducts (Fig-

ure 2B). The fallopian tube obstruction was always observed in

Kif19a�/� oviducts that were analyzed by histology (n = 3 in

paraffin sections and n = 2 in frozen sections for each genotype).

In higher-magnification images, ciliated epithelia were clearly

observed in wild-type oviducts (Figure 2C). In contrast, mucus

and debris are often observed on the cilia in Kif19a�/� sections

(Figure 2C). The debris contained nucleus-like structures, sug-

gesting that the debris are dead cells. Thus, these data suggest

that the cause of female infertility is fallopian tube obstruction.

Kif19a–/– Mice Had Elongated Cilia
Ciliated epithelial cells are present in the brain ventricle, the

oviduct, and the trachea in mammals (Rosenbaum and Witman,
1168 Developmental Cell 23, 1167–1175, December 11, 2012 ª2012
2002; Satir and Christensen, 2007). Cilia generate cerebrospinal

fluid flow in the brain ventricle in order to control intracranial

pressure. Cilia also help to sweep unnecessary dead cells,

debris, mucus, and eggs along the oviduct until they reach the

uterus (Ibañez-Tallon et al., 2003; Lyons et al., 2006). Defects

of cilia formation and motility often cause hydrocephalus and

fallopian tube obstruction in humans and mice (Ibañez-Tallon

et al., 2003; Lyons et al., 2006; Rosenbaum and Witman,

2002). Thus, we observed ciliated epithelial cells in the brain

ventricle, the trachea, and the oviduct, and found that the ciliary

length was longer in all ciliated epithelial cells (Figures 2D–2H).

The lengths of brain, tracheal, and oviduct cilia in Kif19a�/�

mice were 1.8-fold, 1.4-fold, and 2.5-fold longer, respectively,

than that in wild-type mice (9.8 ± 0.5 mm in wild-type brain and

17.7 ± 3.1 mm in Kif19a�/� brain; 4.6 ± 0.3 mm in wild-type

trachea and 6.4 ± 0.6 mm in Kif19a�/� trachea, n = 100 cilia

from at least two female and two male mice; and 4.9 ± 0.4 mm

in wild-type oviduct and 12.5 ± 3.4 mm in Kif19a�/� oviduct,

n = 100 cilia from five independent female mice, mean ± SD,

p < 0.01, t test). Furthermore, oviduct cilia were 1.4-fold longer

in Kif19a+/� oviducts, suggesting that this phenotype is dose

dependent (n = 100 cilia from five independent mice; 6.5 ±

0.9 mm in Kif19a+/� mice; p < 0.01, t test) (Figures 2G and 2H).

Oviduct cilia in wild-type samples never exceeded 7 mm, while

those in Kif19a+/� and Kif19a�/� samples were often longer

than 7 mm, and we observed several regions (from proximal to

distal) in one sample; thus, it is thought that genotypic, but not

regional, differences were reflected in these results.

KIF19A Is Localized to the Tips of Cilia
Longer cilia phenotypes suggested that KIF19Amight be a ciliary

protein. Thus, we first isolated cilia from porcine oviducts and

analyzed them by western blotting. Porcine cilia were used

because it was difficult to obtain enough ciliary protein from

mouse oviducts for biochemistry. Ciliary purification was per-

formed as described (Anderson, 1974) and confirmed bymicros-

copy and a control western blotting using an anti-KIF5 antibody

because KIF5 does not enter cilia (Figure 3A) (Dishinger et al.,

2010). The anti-KIF19A antibody gave 110-kDa bands in porcine

oviducts and porcine cilia. The size was similar to the band

obtained on the mouse oviduct sample (Figure 3A). These data

suggest that KIF19A is a ciliary protein. To observe the
Elsevier Inc.
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Figure 2. Phenotypes of kif19–/– Mice

(A–C) HE staining of wild-type and kif19a�/� brain

(A) and oviducts (B and C). Brains and oviducts

were dissected out from wild-type and kif19a�/�

mice, fixed by 4% PFA, and subjected to paraffin

sectioning and HE staining. (C) Kif19a�/� oviducts

were jammed with mucus and debris, while wild-

type oviducts were not. Representative images are

from five independent mice. Scale bars, 500 mm,

100 mm, and 10 mm in (A), (B), and (C), respectively.

(D–H) Cilia in brain ventricle, trachea and oviduct.

Images in (D) and (E) show HE staining of brain

ventricles (D) and toluidine blue staining of trachea

(E). Bars, 5 mm. Ciliary length in brain ventricle and

trachea was gauged and shown graphically (F).

Cilia (n = 100) in (F) were from two pairs of paraffin

sections and two pairs of frozen sections. Mean ±

SD. *p < 0.01, t test. Images in (G) show HE

staining of oviducts in wild-types, heterozygotes,

and homozygotes. Scale bar, 5 mm. Ciliary length

in oviducts was gauged and is shown graphically

(H). Note that ciliary length depends on the amount

of KIF19A. Cilia (n = 100) from three pairs of

paraffin sections. Mean ± SD. *p < 0.01, t test.

See also Figure S1.
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localization of KIF19A in cilia, immunofluorescent microscopy

was performed. A frozen section of mouse oviducts was stained.

Oviduct cilia were observed and it was found that KIF19A is

concentrated to tips of cilia (Figure 3B). Furthermore, cilia were

isolated from mouse oviducts, fixed, and stained. As a result,

one end of isolated cilia gave positive signal (Figure 3C). Coincu-

bation of antigen peptide completely blocked the signal (Fig-

ure 3C). Furthermore, tracheal cilia were observed. Similar to

oviduct cilia, it was found that tips of cilia gave positive signals

(Figure 3D). Staining of kif19a�/� sections confirmed the specific

staining of the antibody (Figure 3D). Finally, to better observe the

localization of KIF19A in cilia in vivo, cultured ependymal cells

were observed. It was found that KIF19A is concentrated to

the tips of cilia in these cells (Figure 3E). Taken together,

KIF19A is a ciliary tip protein.

Longer Cilia Cannot Generate Proper Fluid Flow
To observe the ciliary movement in Kif19a�/� mice, time-lapse

observations were performed in semidissected living oviducts

by differential interference contrast (DIC) microscopy (Shi

et al., 2011). Oviducts were dissected out from wild-type and

kif19a�/� mice, cut into small pieces (about 0.5 mm), and

observed under an upright light microscope. We could observe

moving cilia under these conditions and again confirmed that
Developmental Cell 23, 1167–1175, De
the length of cilia was changed in

Kif19a�/� mice (Figure 4A; Movie S3).

The waveform of cilia was analyzed by

line tracings of cilia at turnaround points.

Abnormal ciliary waveforms were often

observed, especially at backward points

(Figure 4B). Although the bases of cilia

moved, the tips of cilia did notmove prop-

erly in Kif19a�/� longer cilia. Furthermore,

while wild-type ciliary tips moved almost
simultaneously, Kif19a�/� ciliary tips lost the uniformity. In addi-

tion, Kif19a�/� cilia did not generate proper fluid flow (Figures 4C

and 4D; Movie S3). In contrast, wild-type cilia could generate

constant fluid flow at or near the surface of ciliated cells (Figures

4C and 4D; Movie S3). These data suggest that the abnormally

longer cilia cannot generate proper fluid flow in Kif19a�/� mice.

KIF19A Controls the Length of Microtubules
Polymerized from Axonemes
Axonemes, which form the cytoskeleton of motile cilia, consist of

two central microtubule singlets, nine outer doublets, andmicro-

tubule-associated proteins such as outer and inner dyneins

(Ishikawa and Marshall, 2011; Kamiya, 2002; Rosenbaum and

Witman, 2002). Because the length of cilia was abnormally

longer in kif19a�/� mice, we tested in vitro whether KIF19A can

directly control microtubule polymerization from axonemes.

Axonemes isolated from Chlamydomonas were mixed with

porcine brain tubulin and incubated at 37�C for 30 min (Binder

et al., 1975). Various concentrations of the motor domain of

KIF19A (KIF19A-379) and 5 mM ATP were added and coincu-

bated with the reaction. In the control experiment, long microtu-

bules were polymerized from the tips of axonemes (Figure 5A).

When KIF19A-379 was coincubated, the length of microtubules

polymerized from axonemes became shorter depending on the
cember 11, 2012 ª2012 Elsevier Inc. 1169
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Figure 3. KIF19A Is a Ciliary Tip Protein

(A) Porcine cilia were isolated from porcine

oviducts and analyzed by western blotting. Cilia

were mechanically released from porcine ovi-

ducts. As negative and positive controls, kif19a�/�

oviducts (KO-Ov) and wild-type oviduct (WT-Ov)

samples were electrophoresed together. A

110 kDa band, which is diminished in kif19�/�

oviducts, was observed in porcine oviducts (P-Ov)

and cilia samples (P-Ci). KIF5, a protein that does

not enter cilia, is used as a control.

(B–E) Immunofluorescent microscopy using anti-

acetylated tubulin (red) and anti-KIF19A (green)

antibodies. Mouse oviducts were stained (B), iso-

lated mouse oviduct cilia were stained (C), and

antigen peptide was incubated as a control (left

panels). Mouse trachea (D) and cultured ependy-

mal cells (E) are also shown. kif19a�/� trachea

served as a negative control in (D). Scale

bars, 5 mm.
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concentration of KIF19A-379 (Figures 5A and 5B). KIF19A-379 at

2.5 mM completely blocked microtubule polymerization from

axonemes. The concentration dependency is consistent with

the in vivo data showing that the ciliary length depends on the

dosage of kif19a expression (Figures 2G and 2H). These data

suggest that the motor domain of KIF19A can directly and nega-

tively regulate the length of microtubules newly polymerized

from axonemes. The length of microtubules is a function of

microtubule polymerization and depolymerization rates (Mitchi-

son and Kirschner, 1984). Thus, if KIF19A-379 has microtubule

depolymerizing activity, the length of microtubules polymerized

from axonemes should become shorter. KIF18A and Kip3p,

kinesin-8 family members that are closely related to KIF19A (Fig-

ure 1B), have both motor activity and microtubule-depolymeriz-

ing activity, and they control spindle length in mitotic cells (Gupta

et al., 2006; Varga et al., 2006). We hypothesized that KIF19A-

379 might have microtubule-depolymerizing activity in order

to control the length of ciliary microtubules. To test this, an

in vitro microtubule-depolymerizing assay was performed (Desai

et al., 1999; Noda et al., 2012). GMPCPP-stabilized microtu-

bules, purified KIF19A-379, and 5 mM ATP were incubated at

room temperature for 10 min. As a result, microtubules were de-

polymerized in a dose-dependent manner (Figure 5C). Adeno-

sine 50-[b,g-imide]triphosphoric acid (AMPPNP) is a competitive

inhibitor of ATPases and is often used to inhibit the activity of

KIFs (Vale et al., 1985). When AMPPNP was added instead of
1170 Developmental Cell 23, 1167–1175, December 11, 2012 ª2012 Elsevier Inc.
ATP, depolymerization was totally in-

hibited, even after a 30 min reaction (Fig-

ure 5D). Furthermore, KIF19A-379 was

found in the microtubule pellet fraction in

the presence of AMPPNP (Figure 5D).

The AMPPNP-induced binding to micro-

tubules is observed in other KIFs as well

(Okada et al., 1995; Vale et al., 1985).

These data suggest that the motor

domain of KIF19A depolymerizes micro-

tubules in an ATP-dependent manner. To

obtain dose-reaction curves, GMPCPP-

stabilized microtubules were incubated
with various concentrations of KIF19A-379 for 10 min at room

temperature, and the ratio of depolymerized tubulin was quanti-

fied and plotted (Figure 5E) (Hertzer et al., 2006; Noda et al.,

2012). These data were fit to the four-parameter logistic equation

(Equation 1) to calculate the half-maximal effective concentration

(EC50) of KIF19A-379. The EC50 values from three independent

motor preparations were 253, 271, and 230 nM, respectively.

AMPPNP completely blocked microtubule depolymerization in

all three samples (Figure 5E).

KIF19A Depolymerizes Microtubules Mainly from the
Plus End
Microtubule depolymerization was observed by time-lapse

microscopy. To discriminate the plus and minus ends of micro-

tubules, segment-labeled microtubules were used as substrates

(Desai and Mitchison, 1998; Desai et al., 1999). When 25 nM

KIF19A-379 was incubated with segment-labeled microtubules,

the depolymerization dominantly started from the plus end of

microtubules (Figure 6A; Movie S4). The depolymerization

speeds were 17.9 ± 3.8 nm/s and 1.0 ± 0.6 nm/s for the plus

ends and minus ends, respectively, of GMPCPP-stabilized

microtubules (Figure 6C; n = 20 microtubules from three inde-

pendent motor preparations). In an additional test at a higher

concentration of KIF19A-379, 250 nM, KIF19A-379 depolymer-

ized the plus ends and minus ends of microtubules at 106.3 ±

25.4 nm/s and 14.5 ± 3.0 nm/s, respectively (Figure 6C). Thus,
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(A) Wild-type and kif19a�/� oviducts were

dissected, cut into small pieces, and observed

under a microscope. Cilia could be observed.

Scale bars, 5 mm.

(B) Line tracings of wild-type and kif19a�/� cilia at

the turnaround points were extracted from Movie

S3. Forward (1, purple) and backward (2, green)

points are shown. Representative tracings are

presented. While wild-type cilia had clear strokes,

kif19a�/� cilia did not. Tips often did not move

properly.

(C) The motility of small dust, which could clarify

the fluid flow, was plotted from Movie S3. Wild-

type cilia generated constant flow, but kif19a�/�

cilia did not. Scale bars, 5 mm.

(D) The schema shows the summary of Movie S3.
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the depolymerization rate depends on the concentration of

KIF19A. AMPPNP completely blocked the depolymerization

(Figures 6A and 6C), consistent with the results of sedimentation

assays (Figures 5D and 5E). Strong fluorescent labeling of micro-

tubules sometimes changes the property of microtubules (Desai

andMitchison, 1998). To exclude the possibility that the segment

labeling changed the property of microtubules, evenly labeled

microtubules were depolymerized by KIF19A-379. In this condi-

tion, one end of microtubules was dominantly depolymerized,

which is similar to the results of segment-labeled microtubules

(Figure 6B). The depolymerization rate was similar to those of

the plus end of segment-labeled microtubules. Thus, it would

be the plus end. These results suggest that the motor domain

of KIF19A has plus-end-dominant microtubule-depolymerizing

activity.

DISCUSSION

Here, we suggest that KIF19A maintains the optimal length of

motile cilia by depolymerizing microtubules at ciliary tips (Fig-

ure 7). As the fluid flow generated by motile cilia is essential for

the maintenance of the mammalian body and the ciliary length

is an important factor in fluid flow, it has long been assumed

that ciliary length control mechanisms exist and are fundamental

to mammalian health (Ishikawa and Marshall, 2011). We

observed the motility of abnormally elongated cilia in Kif19a�/�

mice and presented firm experimental evidence that elongated

cilia cannot generate proper fluid flow as anticipated in theory

(Figure 4). Kif19a�/� mice suffer from such ailments as hydro-

cephalus and female infertility, and they tend to die earlier than

do wild-type mice. Thus, a molecular mechanism maintaining

the optimal length of motile cilia is fundamental to mammalian

health. Because it is difficult to perform genetic screening of

ciliary length mutants in vertebrates, molecular mechanisms

that determine the optimal length of motile cilia have remained

largely unidentified in mammals, although a few molecules that
Developmental Cell 23, 1167–1175, De
limit the length of immotile cilia have

been identified (Omori et al., 2010; Tam-

machote et al., 2009). We suggest that

KIF19A is a key determinant of optimal

length of motile cilia on mammalian cili-
ated epithelial cells. Protozoan flagella are homologous to

mammalian cilia in cellular structure (Rosenbaum and Witman,

2002). Using molecular genetics, several factors that regulate

flagellar length have been identified in unicellular organisms

(Berman et al., 2003; Blaineau et al., 2007; Dawson et al.,

2007; Tam et al., 2007). Among these factors, Kinesin-13,

a class of microtubule-depolymerizing kinesin, has been shown

to control flagellar length in Leishmania and Giardia (Blaineau

et al., 2007; Dawson et al., 2007). However, this mechanism is

not conserved even within protozoa. In Trypanosoma and Chla-

mydomonas, kinesin-13 is not involved in flagellar length control

(Chan and Ersfeld, 2010; Piao et al., 2009). Thus, until this study,

it has been unclear whether the microtubule regulation

machinery is conserved in and also required for ciliary length

control in higher organisms. Our results strongly suggest that

the molecular mechanism controlling microtubule length is

required to determine proper ciliary length in mammals. Inter-

estingly, KIF19A was not a conserved homolog of protozoan

kinesin-13. While kinesin-13 depolymerizes microtubules from

both plus and minus ends of microtubules (Desai et al., 1999;

Gupta et al., 2006; Hunter et al., 2003; Varga et al., 2006),

KIF19A depolymerizes microtubules mainly from their plus

ends (Figure 6). KIF19A is closely related to kinesin-8 family

members that control the spindle length in mitotic cells (Gupta

et al., 2006; Mayr et al., 2007; Stout et al., 2011; Varga et al.,

2006). The reason this difference between mammals and

protozoa has evolved is interesting, considering the structural

similarity between mammalian cilia and protozoan flagella.

One possibility is that the plus-end-dominant depolymeriza-

tion by KIF19A was more efficient for ciliary length regula-

tion because the plus ends of axonemal microtubules are

directed toward the distal end of cilia (Figure 7). Moreover, it

should be noted that kinesin-8, but not kinesin-13, can

depolymerize microtubules in a length-dependent manner

(Varga et al., 2009) that is suitable for the ciliary length control

mechanism.
cember 11, 2012 ª2012 Elsevier Inc. 1171
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(A and B) Alexa-647-labeled Chlamydomonas axonemes (cyan) were mixed with 1.5 mg/ml TMR-labeled tubulin (magenta) in PEM buffer supplemented with

1 mMGTP and 5mMATP. Several concentrations of KIF19A-379 were coincubated for 30 min. To avoid confusion, the concentration represents the motor head

concentration, although KIF19A-379 forms a dimer. Representative images are shown in (A). The length of polymerized microtubules became shorter in higher

KIF19A-379 concentrations. Scale bar, 10 mm. (B) The length of microtubules polymerized from axonemes is plotted. Mean ± SD. Axonemes (n = 20) were from

three independent experiments.

(C and D) Tubulin (3 mM) was incubated with 0.5 mM GMPCPP and polymerized at 37�C for 2 hr. GMPCPP-stabilized microtubules were pelleted and

resuspended by PEM buffer (final concentration, 10 mM). The indicated concentrations of KIF19A-379 were incubated in the presence of 5 mM ATP for 10 min

and centrifuged at 65,000 rpm for 5 min to separate depolymerized tubulin (S) and microtubule (P) fractions (C). Samples were subjected to SDS-PAGE and

Coomassie brilliant blue staining. KIF19A-379 (0.25 mM) was incubated in the presence of 5 mM ATP or AMPPNP for 30 min (D) and analyzed as in (C).

(E) Dose-reaction curve made from 10 min reactions. Representative data from three independent motor preparations are shown.
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We showed that ciliary length depends on the gene dosage of

Kif19a (Figures 2G and 2H) and recombinant KIF19A controls the

microtubule polymerization from axonemes in a dose-depen-

dent manner (Figure 5). A previous study showed that the gene

dosage of yeast Kip3 is a fundamental factor for the spindle

length control mechanism (Su et al., 2011). It is considered that

dose dependency is a common character for both spindle length

control and ciliary length control.

Interestingly, recombinant KIF19A did not depolymerize puri-

fied axonemes per se. It is well established that axonemes,
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composed not only of microtubules but also of many microtu-

bule-associated proteins, have very stable structures (Ishikawa

and Marshall, 2011; Kamiya, 2002; Rosenbaum and Witman,

2002). Furthermore, several studies have suggested that ciliary

microtubules are stabilized by posttranslational modifications

(Akella et al., 2010; O’Hagan et al., 2011; Wloga et al., 2009).

Thus, one possibility is that KIF19A depolymerizes nascent

microtubules only, i.e., that it works before ciliary microtubules

are stabilized by microtubule-associated proteins and post-

translational modifications. Although it does not exclude the first
Elsevier Inc.
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possibility, another possibility is that additional factors are

required to depolymerize mature and stabilized axonemes.

Tubulin-modifying enzymes, other microtubule depolymerases,

and the ubiqutin-proteasome system are good candidates for

cooperative depolymerization of stabilized axonemes (Huang

et al., 2009; Hubbert et al., 2002; O’Hagan et al., 2011; Piao

et al., 2009; Sharma et al., 2007).

In conclusion, we have identified a molecular mechanism that

regulates the length of motile cilia in mice. Identification of

factors that regulate or bind to KIF19A would help to elucidate

the molecular mechanisms of ciliary length control in mammals.

EXPERIMENTAL PROCEDURES

Full experimental procedures are presented in the Supplemental Experimental

Procedures.

Cloning of KIF19A and the Expression of Recombinant Protein

The full-length nucleic acid sequence of KIF19A (NM_001102615.1) was

cloned by 50 and 30 rapid amplification of cDNA ends. Briefly, a brain cDNA

library (Clontech, Mountain View, CA, USA) was used for polymerase chain

reaction (PCR) using one primer specific for the motor domain of KIF19A

and the other primer for the adaptor ligated at the ends of all cDNA clones.

DNA fragments encoding the motor and neck coiled-coil domains of KIF19A

(1–379 aa of mouse KIF19A; KIF19A-379) were amplified by PCR, ligated

into pET21b vector (Merck, Darmstadt, Germany), and purified as described

(Noda et al., 2012).

Antibodies

The COOH-terminal 21-amino-acid peptide, CGPSLPHGSSTFGKDGRLQHN,

was synthesized and purchased from Sigma-Genosys (St. Louis, MO, USA)

and injected into rabbits. Anti-KIF5 antibody was reported previously (Kanai

et al., 2000). Anti-acetylated tubulin was obtained from Sigma. Anti-penta-

His antibody was purchased from QIAGEN (Venlo, Netherlands).

Microtubule Gliding Assays

Microtubule gliding assays were performed as previously described (Carter

and Cross, 2001), but slightly modified. Fluorescent labeled microtubules

and total internal reflection fluorescence microscopy (TIRF) were used instead

of unlabelled microtubules and DIC microscopy. For observation, all proce-

dures were performed at room temperature. Time-lapse observation was

performed using the ELYRA P.1 system (Carl Zeiss, Jena, Germany) in the

TIRF mode.
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Generation of kif19a–/– Mice

All animal experiments were approved by the Graduate School of

Medicine, University of Tokyo, and performed under the University’s animal-

experimentation rules. The targeting vector was constructed using geno-

mic fragments amplified from the 129/Sv-derived embryonic stem cell

(ESC) line CMT1-1 (Chemicon/Millipore, Billerica, MA) with an LA-PCR kit

(Takara, Japan), as described (Nakajima et al., 2002). Homologous re-

combination was confirmed by Southern blot as described (Nakajima et al.,

2002).

Histochemistry

Tissues were dissected out from 4-week-old mice, dehydrated through

a graded alcohol series, cleared with xylene, and embedded in Paraplast

(Oxford Labware, Oxford, United Kingdom). The tissues were serially

sectioned (10 mm thick) and stained with HE. Samples were microphoto-

graphed using a Leica DM3000microscope equipped with a DFC290 HD color

digital camera (Leica Microsystems, Wetzlar, Germany).

Observation of Ciliated Epithelium

Oviducts were dissociated from wild-type and kif19a�/� mice in cold Hank’s

balanced salt solution. Dissociated oviducts were cut into small pieces

(0.1–0.5 mm) and immediately put on a slide glass with medium. Cells were

covered by a coverslip (Matsunami, Tokyo, Japan) and observed using an

IX-51 upright microscope (Olympus, Tokyo, Japan) equipped with a PlanApo

lens (1003 , NA 1.35) and CoolSNAP HQ CCD camera (Roper, Trenton, NJ)

or Luca (S) EMCCD camera (Andor, Belfast, Northern Ireland).

Microtubule Polymerization from Axonemes

Chlamydomonas axonemes were purified as previously described (Yagi et al.,

2009). Microtubule polymerization from axonemes was performed as previ-

ously described (Binder et al., 1975), but we used fluorescent labeled

axonemes and tubulin. TMR-labeled tubulin and unlabeled tubulin were mixed

at 1:10. Alexa-647 axonemes and TMR tubulin (final concentration, 1.5 mg/ml)

were diluted in PEM supplemented with 1 mM GTP, 5 mM ATP, and 1 mM

dithiothreitol and incubated at 37�C for 30 min in the presence of several

concentrations of KIF19A-379. Reactions were stopped by adding an equal

amount of PEM supplemented with 2% glutaraldehyde. Axonemes and

microtubules were observed with an LSM710 confocal microscope (Carl

Zeiss).

Microtubule Depolymerization Assay

Microtubule-depolymerizing assays were performed as previously described

(Hertzer et al., 2006; Noda et al., 2012). For quantification analysis, depolymer-

ization assays were performed using GMPCPP-stabilized microtubules.

Assays were performed in PEM supplemented with 1 mM dithiothreitol and

5 mM MgATP. The supernatant and resuspended pellet fractions were
l Cell 23, 1167–1175, December 11, 2012 ª2012 Elsevier Inc. 1173
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analyzed by SDS-PAGE and CBB staining. The data were plotted and fit to the

four-parameter logistic equation (Equation 1), and the EC50 was calculated

using KaleidaGraph 4.0 software (Synergy, Reading, PA, USA), where

Response is the amount of tubulin in the supernatant fraction, Rmin is the

baseline, Rmax is the maximal response, X is the enzyme concentration, and

H is the Hill slope:

Response=
Rmin + ðRmax � RminÞ
½1+ 10H�logðEC50=XÞ� : (Equation 1)

For microscopic analysis, the flow-chamber system was used. TMR- and

biotin-labeled microtubules that were stabilized by GMPCPP were fixed on

avidin-coated coverglasses. KIF19A diluted in PEM supplemented with

5 mM ATP and oxygen scavengers was introduced into the flow chamber.

Time-lapse observation was performed using TIRF as described in the Micro-

tubule Gliding Assay section.
SUPPLEMENTAL INFORMATION

Supplemental Information includes one figure, five movies, and Supplemental

Experimental Procedures and can be found with this article online at http://dx.
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