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Summary

The Hedgehog (Hh) signaling pathway regulates develop-
ment in animals ranging from flies to humans. Although its
framework is conserved, differences in pathway compo-
nents have been reported [1-4]. A kinesin-like protein,
Costal2 (Cos2), plays a central role in the Hh pathway in flies
[3, 5]. Knockdown of a zebrafish homolog of Cos2, Kif7,
results in ectopic Hh signaling, suggesting that Kif7 acts
primarily as a negative regulator of Hh signal transduction
[6]. However, in vitro analysis of the function of mammalian
Kif7 and the closely related Kif27 has led to the conclusion
that neither protein has a role in Hh signaling [4]. Using
Kif7 knockout mice, we demonstrate that mouse Kif7, like
its zebrafish and Drosophila homologs, plays a role in trans-
ducing the Hh signal. We show that Kif7 accumulates at the
distal tip of the primary cilia in a Hh-dependent manner. We
also demonstrate a requirement for Kif7 in the efficient local-
ization of Gli3 to cilia in response to Hh and for the process-
ing of Gli3 to its repressor form. These results suggest a role
for Kif7 in coordinating Hh signal transduction at the tip of
cilia and preventing Gli3 cleavage into a repressor form in
the presence of Hh.

Results and Discussion

We generated amouse knockout of Kif7 to analyze its role in the
Hedgehog (Hh) pathway (Figure S1, available online). Homozy-
gous mutant embryos have characteristic defects reminiscent
of Gli3 mutants [7]: preaxial polydactyly, exencephaly, and
microphthalmia (Figures 1A-11). Hh ligands work through two
membrane proteins, Patched (Ptch) and Smoothened (Smo),
and regulate the activities of the transcription factors Cubitus
interruptus (Ci) in flies and Gli1, 2, and 3 in vertebrates. These
transcription factors act as transcriptional activators in their
full-length form and function as transcriptional repressors if
processed by proteolytic cleavage events, which are inhibited
by Hh. Although Gli1 and Gli2 act primarily as transcriptional
activators, the major transcriptional repressor activity is
carried by Gli3. The parallel phenotypes of Gli3~/~ and Kif7~/~
suggest a role for Kif7 in the Sonic Hedgehog (Shh) signaling
pathway. To examine this in more detail, we crossed Kif7=/~
mice with a Ptch-LacZ reporter line [8] to reveal the pattern of
Shh signaling in the spinal cord, a tissue where the role and
pattern of Shh signaling has been well characterized. In
wild-type (WT) embryos at 10.5 days of gestation (E10.5),
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B-galactosidase is expressed at high levels ventrally, falling
off rapidly dorsally in a steep gradient of response to Shh that
emanates from the notochord and floor plate (Figure 1J). In
Kif7~/~ mutants, the gradient is less steep, with B-galactosi-
dase positive cells expanded toward the dorsal portion of the
spinal cord and with a reduction in the peak levels of the
most ventral portion of the neural tube as well (Figure 1K,
Figure S2A). The dorsal extension of the B-galactosidase stain-
ing is consistent with the suggestion from the gross phenotype
that there is a loss of Gli3 function; however, the reduction in
B-galactosidase expression in the ventral spinal cord suggests
a broader defect in Shh signaling.

To examine in more detail the idea that Shh signaling is
defective in the Kif7 mutant, we analyzed the expression of
Shh and Shh-induced patterning in the embryo, focusing on
the spinal cord and limb where the role of Shh has been well
established [9, 10]. Expression of Shh in the notochord and
floor plate creates a ventral-to-dorsal gradient of Shh and
induces a parallel gradient of Gli activator activity in the neural
tube. Shh also induces a gradient of Gli repressor activity that is
oriented in the opposite direction to the Shh gradient with high
dorsal levels of repressor and low levels ventrally. The balance
between Gli activator and repressor activities is important
in establishing the dorsal-ventral pattern of the neural tube.
Examination of the spinal cord of embryos at both E9.5 (Figures
2A-2H, Figure S2B) and E10.5 (Figure S2C) at the rostral and
caudal levels showed consistent defects. The expression of
Shh in the notochord and floor plate was reduced to a variable
extent in mutant animals with some showing wild-type levels of
Shh expression and others showing a significant reduction
(e.g., Figure 2B; see also Figure S2B). Reduction in Shh expres-
sion in the notochord correlated with reduction of Shh and
FoxA2 expression in the floor plate (compare Figures 2A
and 2C with Figures 2B and 2D; see also Figure S2B). Concom-
itant with reduction in FoxA2 expression is an expansion of the
V3 interneuron progenitor domain, marked by Nkx2.2 expres-
sion, to fill the ventral midline. Reduced ventral cell types in
the mutant suggest the possibility that Kif7 is required for
Shh pathway activation, but the reduced Shh expression in
the notochord and floor plate prevents us from drawing any
such conclusion. More dorsally, motor neuron (MN) progeni-
tors expressing Olig2 are expanded and Olig2* cells are inter-
mixed with VO-V2 progenitor cells expressing high levels of
Pax6 in Kif7~/~ mutants (Figure 2E-2H). Both the expanded
and intermingled expression of Olig2 are observed in Gli3
mutants in combination with Smo or Gli2 mutations [11, 12],
indicating that Gli3 repressor function is reduced in Kif7 =/~
mutants. The reduction in notochordal Shh expression and
the apparent reduction in Gli3 repressor activity both
contribute to the altered gradient of Ptch-LacZ expression
observed in mutant embryos (Figures 1J and 1K). Tay et al.
reported that zebrafish Kif7 morpholino knockdown causes
ectopic Hh signaling in the somites and the ventral neural
tube, and they indicated that Kif7 functions principally as
a repressor of Hh signal transduction similar to the role of
Costal2 (Cos2) in flies [6]. Our observation that mouse Kif7 is
required for the transcriptional repression activity of the Shh
pathway is consistent with these previous observations and
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Figure 1. The Kif7 Mutant Phenotype Implies
a Role in the Hh Signaling Pathway

(A) Incidence of phenotypic parameters in Kif7 =/~
mutant embryos.

(B-E) Gross appearance of E11.5 (B and C) and
E16.5 (D and E) embryos. An abnormally smaller

Kif7 *~

eye (microphthalmia) is observed in the Kif7 =/~
mutant. Note that at late stages of embryonic

suggests that the function of Kif7 and Cos2 is conserved from
flies to fish and mammals.

Shh plays an important role in patterning the developing
limb. Gli3 repressor function has a particularly critical role in
determining the final structure of the limb, but the activity of
both activator and repressor can be seen in the pattern of
gene expression during early development [10, 13]. To
examine the role of Shh signaling defects in the polydactyly
of Kif7~/~ mutants, we looked at a set of markers that reveal
the activity of Gli activator and Gli repressor function. In the
posterior portion of the limb, expression of Shh, Gli1, and
Ptch1 are not reduced by loss of Kif7 (Figures 21 and 2J,
Figure S2D), indicating that Kif7 does not play a critical role
in the transcriptional activation events downstream of Shh.
The expression of Gremlin (Figures 2K-2N) and HoxD13
(Figure S2D) on the other hand is expanded anteriorly. Both
of these genes are targets of repression by Gli3 [13, 14], indi-
cating that a loss of Gli3 repressor function is the likely reason
for polydactyly in the knockout.

Patterning defects in both the spinal cord and limb bud of
Kif7~'~ embryos point toward a role for Kif7 in the formation
of Gli3 repressor. To test this supposition directly, we exam-
ined the proteolytic processing of Gli3 in mutant embryos.
Gli3 is synthesized as a 190 kDa full-length precursor. A Shh-
inhibited cleavage event produces an 83 kDa fragment that
functions as a transcriptional repressor [15]. In Kif7 mutant
embryos, substantially less repressor is formed (Figure 3A),
indicating that Kif7 is required for the processing of Gli3 as
Cos2 is in Drosophila [5, 16, 17]. The requirement for Kif7 in
the Gli3 processing substantiates directly the results provided
by the patterning defects in the spinal cord and limb bud.

Although patterning of the limb bud does not provide clear
evidence that Kif7 is required for Gli-mediated transcriptional

development the mutant often shows edema,
which is not illustrated here (E).

(F and G) Coronal sections through heads of
E15.5 embryos show microphthalmia (black
arrowheads) in Kif7~/~ mutant embryos.

(H and 1) Alcian-blue-stained skeletal preps of left
front paws from E15.5 embryos illustrate the
preaxial polydactyly (red arrowheads) in the
mutant.

(J and K) X-gal-stained sections of spinal cord,
at the level of the hindlimb, from E10.5 Ptch-
LacZ*~; Kif7*"* and Ptch-LacZ*'~; Kif7~'~
embryos. Reduced ventral staining and a dorsally
expanded extent of staining are observed in
Kif7~'~ embryos.

activation, we reasoned that a more
quantitative in vitro assay might reveal
such a role. Fibroblasts prepared from
Kif7~'~ embryos (Kif7~’~ mouse embry-
onic fibroblasts [MEFs]) were estab-
lished in culture, and the ability of
exogenously added Shh to induce Gli1
and Ptch1 expression was measured
(Figure 3B). Kif7~/~ MEFs showed induction of Gli1 and
Ptch1 mRNA comparable to that seen with wild-type MEFs,
again suggesting that Kif7 does not play a critical role in Gli-
mediated transcriptional activation. In the same experiments,
expression of Kif7 and its close relative, Kif27, was examined
(Figure S3A). We confirmed that Kif7 expression was not
detected in the Kif7~/~ MEFs and found that Kif27 expression
did not change in the presence or absence of Kif7 (Figure S3A).
Although we cannot rule out functional redundancy between
Kif7 and Kif27, compensatory induction of Kif27 expression
does not occur.

Although we did not see any significant impairment in Shh-
mediated target gene induction in Kif7~/~ MEFs, we observed
a slight increase in target expression in the absence of Shh
(Figure 3B). A similar derepression of Hh signaling is produced
by loss of Kif7 expression in zebrafish, and the pathway is
further derepressed in this species by the simultaneous loss
of Sufu, a negative regulator in the Hh pathway [6]. To explore
the possibility that functional interaction between Kif7 and
Sufu occurs in mammals, we knocked down the expression
of Sufu in both WT and Kif7~/~ MEFs. Indeed, knockdown of
Sufu caused an apparently synergistic derepression of target
gene expression in the absence of Shh treatment (Figure 3C,
Figure S3B). These results indicate a collaborative effect of
mouse Kif7 and Sufu in repressing the Hh pathway, as has
been seen in zebrafish and Drosophila [3, 5, 6, 18].

The role of Cos2 in Hh signal transduction involves interac-
tion with Smo, Ci, Fused, and Sufu. Previous studies on the
role of zebrafish Kif7 showed physical interaction between
Kif7 and Gli1 [6]. Given this prior work and the Gli3 mutant-
like phenotype of the mouse Kif7 knockout, we focused our
efforts on a potential interaction with Gli transcription factors
and Gli3 in particular. We first generated an NIH 3T3 cell line
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‘ Figure 2. Spinal Cord and Limb Bud Patterning
Defects Indicate a Loss of Gli3 Repressor Activity
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stably expressing Kif7-GFP and transfected these cells with
a full-length myc-tagged Gili3 construct. Extracts immuno-
precipitated with anti-GFP antibody but not IgG control
associated with both full-length Gli3 and the 83 kDa cleavage
fragment, indicating that Kif7 interacts with Gli3 (Figure 3D).
Because the 83 kDa fragment is derived from the amino-
terminal portion of Gli3, we expected that the binding site
resides in the amino-terminal region of Gli3 and examined
a potential interaction with this domain more directly by using
constructs that expressed either myc-tagged amino-terminal
or carboxy-terminal fragments of Gli3. Indeed, the amino-
terminal but not the carboxy-terminal fragment is associated
with Kif7 (Figure 3E). We determined whether Kif7 interacts
with Gli1 and Gli2 as well as Gli3 and found that Kif7 physically
interacts with both of them (Figure 3F), consistent with the
previously reported interaction between Kif7 and Gli1 in zebra-
fish [6]. Because it is known that Cos2 forms a tetrameric
complex with Fused, Ci, and Su(fu) in flies [19], we asked
whether there is also an interaction between Kif7 and Sufu,
and we also detected interaction between these two pathway
components (Figure 3F). We also found that Kif7 can bind to
Smo in an in vitro assay (Figure S3C) just as Cos2 binds to
Drosophila Smo (dSmo) [20, 21]. Cos2 binds to the carboxy-
terminal tail of dSmo [20, 21], and we detected interaction
between Kif7 and the Smo tail (Figure S3C). Smo lacking its
carboxy-terminal tail, however, retains binding to Kif7 (Fig-
ure S3C), making the requirements for specific binding unclear,
but suggesting that there is more than one binding site in Smo
for Kif7. Varjosalo et al. did not detect interaction between the
cargo domain of Kif7 and Smo, whereas we used the full-length

(A-F) Expression of marker genes visualized by
immunofluoresence in WT and mutant E9.5
spinal cord at the level of the forelimb.

(A and B) Shh expression. The insets show
higher-resolution images of the notochord (NC)
and floor plate (FP) region of the same sections
shown in the main panels.

(C and D) Olig2, Nkx2.2, and FoxA2 expression.

Gremlin The FoxA2* floor plate region is diminished or

N absent in the mutant, and Nkx2.2 expression
instead fills the ventral midline.

— (E and F) Pax6 and Olig2 expression. Olig2 is

expanded ventrally and dorsally in the mutant.

The wild-type cells that are strongly Pax6 posi-

tive do not mix with the neighboring Olig2* popu-

Gremlin lation forming a clear boundary, whereas in the

mutant, extensive interdigitation of the two cell-
types occurs. Vertical bars show the extent of
staining.

(G and H) Higher-magnification images of the
Pax6-0Olig2 boundary region. Note misplaced
cells in the mutant.

(I-N) Expression of marker genes visualized by
whole-mount in situ hybridization using Alkaline
phosphatase for detection. The dorsal face of
the right forelimb is shown in each case with
anterior to the left and posterior to the right.
(1and J) Gli1 expression is not reduced in Kif7 =/~
embryos. Gli1 expression is dependent upon
transcriptional activation downstream of Shh.
(K-N) Gremlin expression in 27 (Kand L) and 30 (M
and N) somite stage limb buds. The expression of
Gremlin is expanded to the anterior margin of the
limb bud at both stages. Brackets indicate the
anterior domain that is free of Gremlin expression.

protein [4], suggesting that binding involves other domains of
Kif7. The interaction of Kif7 with Gli proteins, Sufu, and Smo
all support a conserved function of Kif7 and Cos2 from flies
to fish and mammals.

The association of Kif7 with Gli proteins, Sufu, and Smo sug-
gested that at least some aspects of Kif7 role in Hh signal
transduction are conserved vis-a-vis Cos2. A significant diver-
gence in the signaling pathway between flies and vertebrates
occurs at events that take place immediately downstream of
Hh binding to Ptch1, events that in flies involve Cos2 [1, 2].
In vertebrates, these events involve translocation of Smo and
Gli proteins to primary cilia [22, 23]. Cilia do not play a role in
Hh signaling in flies, although Smo and Ci are translocated to
the plasma membrane in a Hh-dependent manner. To eluci-
date the mechanism whereby Kif7 functions in Shh signaling,
we carried out a series of experiments examining the potential
for cilia localization of Kif7 with respect to Smo and Gli3. We
first tested the possibility that Kif7 is localized to the cilia in
a Shh-dependent fashion. Careful examination of the NIH
3T3 cells that express Kif7-GFP revealed that the presence
of Kif7 at the tip of cilia was significantly increased upon stim-
ulation with exogenous Shh (Figures 4A-4C). Costaining for
endogenous Gli3 confirmed its Shh-dependent accumulation
(Figures 4A-4C, Figure S4; X.W. and S.J.C., unpublished
data) in a pattern that paralleled the localization of Kif7. Given
the Kif7-Gli3 association detected by immunoprecipitation, we
hypothesized that Kif7 might be required for Gli3 accumulation
within cilia. To test this hypothesis, we examined the localiza-
tion of endogenous Gli3 in WT and Kif7~/~ MEFs. In Kif7~/~
MEFs, the level of Shh-induced accumulation of GIi3 is
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Figure 3. Kif7 Is a Negative Regulator of the Hh Pathway

(A) Western-blot analysis of Gli3 processing with extracts from individual E10.5 embryos and Gli3 monoclonal antibody. Lanes of representative embryos are
shown. The band intensities of the 83 kDa (Gli3-83) and 190 kDa (Gli3-190) fragments were measured in each lane (Kif7*/*, n = 4; Kif7~'~, n = 5). The mean and
standard deviation (SD) of the amount of Gli3-83 as a percentage of the total amount of Gli3 (Gli3-190 + Gli3-83) are graphed. *** indicates p = 1.97E-05 (t test).
(B) Expression of Gli1 and Ptch1 in WT and Kif7~/~ MEFs. Confluent cultures of fibroblast cell lines from WT and Kif7~’~ embryos (MEFs) were either
untreated or exposed to 200 ng/ml of Shh for 24 hr. The expression of Gli1 and Ptch1 mRNA was normalized to the RPL19 housekeeping gene (2749
and calculated relative to controls (272" by real-time gRT-PCR. The mean and SD of three independent experiments using three different cell lines are
graphed. Statistical analysis was performed with ACt values. Kif7~/~ MEFs showed Gli1 and Ptch1 mRNA induction by Shh at the comparable levels to
wild-type MEFs (p = 0.43, and 0.84, respectively, with t test). * indicates p = 0.016 (Kif7*'* versus Kif7~'~ without Hh, t test).

(C) Effect of Sufu knockdown in Kif7~/~ MEFs. WT and Kif7~/~ MEFs were transfected with control (ctrl), Sufu, and Gli3 siRNA, and relative GliT mRNA levels
were examined. Gli3 siRNA was used as a positive control, showing increased Gli1 induction by Gli3 knockdown. Simultaneous loss of Kif7 and Sufu showed
higher Gli1 expression compared to individual loss. The mean and SD of three independent experiments with three different cell lines are graphed. * indi-
cates p = 0.011 (t test).

(D) Western-blot detection of myc-tagged Gli3 association with GFP-Kif7 immunoprecipitated from a Kif7-GFP NIH 3T3 stable cell extract with anti-GFP
antibody. IgG was used as a negative control.

(E) Immunoprecipitation experiments were similarly carried out in cells expressing truncated expression constructs. NH2-Gli3 and COOH-Gli3 contain 2-676
aa and 780-1548 aa of human Gli3, respectively.

(F) Immunoprecipitation experiments were similarly carried out in cells expressing myc-tagged Gli1, Gli2, or Sufu.

substantially reduced, indicating that Kif7 is required for effi-
cient Gli3 localization at the ciliary tip (Figures 4D-4F). Kif7 =/~
MEF cells often show Gli3 accumulation in the midportion
of cilia or spread from the tip toward the base of cilia in
response to Shh, a pattern that is rarely observed in WT
MEFs (Figure S5A). Examination of the level of Gli2 accumula-
tion in the cilia in response to Shh showed that it is also
affected by Kif7 knockout (Figures S5B and S5C).

Because ciliary localization of Sufu has been reported [23]
and Kif7 appears to cooperate with Sufu in maintaining repres-
sion of the pathway in the absence of Shh (Figures 3C and 3F),
we asked whether Kif7 is also required for Sufu localization

(Figure S6). In NIH 3T3 cells that stably express GFP-Sufu, we
found that Sufu is present at the tip of cilia in the absence of
Hh (Figures S6A and S6B). Importantly, localization of Sufu to
the ciliary tip in the absence of Hh is not affected by Kif7 siRNA
knockdown (Figures S6A-S6C). Furthermore, although Hh treat-
ment substantially increases the accumulation of Kif7, Gli2, and
Gli3 at the distal tip of primary cilia (Figures 4A-4C, Figure S5),
Hh only mildly increases the levels of Sufu at the distal tip
(Figures S6A-S6B). Although we confirmed the efficiency of
the knockdown at the protein level (Figure S6C), we cannot
exclude the possibility that the knockdown does not result in
complete Kif7 inactivation. Nonetheless, these results support
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amodel in which Kif7 is specifically required for accumulation of
the Gli proteins at the distal tip of primary cilia upon activation of
Hh signaling. Although cilia are required for both repressor and
activator functions of Gli proteins [23-26], it was recently
reported that the inhibitory function of Sufu in Hh signaling
does not require cilia [27] and the cellular location at which
Kif7 and Sufu functionally interact remains to be addressed.
To place Kif7 relative to Smo in the hierarchy of Shh-depen-
dent cilia localization events, we first determined whether Kif7
is required for Smo accumulation. Kif7 '~ MEFs show robust
accumulation of endogenous Smo upon treatment with Shh
(Figures 4G-4l, Figure S7), indicating that Kif7 is not involved
in the Hh-regulated translocation of Smo to the cilia. In
contrast, we found that Smo is required for the accumulation
of Kif7 within cilia. Knockdown of Smo via siRNA prevented
the localization of both Kif7 and Gli3 to the cilia upon Shh

Mno Hh Il 200 ng/ml Hh

Hlno Hh [ 200 ng/ml Hh

A O
o o O
| | |

Figure 4. Hh-Dependent Accumulation of Kif7 in
the Primary Cilia Functions Downstream of Smo
to Mediate Gli3 Localization

(A-C) Kif7 and Gli3 accumulate at the distal tip of
the primary ciliain response to stimulation of Kif7-
GFP NIH 3T3 cells with Shh.

(A-B”) Representative cells stained with anti-
bodies against acetylated-tubulin to label the cil-
ial axoneme, GFP to visualize Kif7, and Gli3. Kif7
and Gli3 show increased cilia localization upon
the addition of Shh ligand.

(C) Quantification of (A)~(B”) with ImagedJ software.
The mean and SD of the fluorescent signal at the
tip of the cilia from at least 50 cells per treatment
group is graphed and is expressed in arbitrary
units. ***indicates a significant difference between
Shh-treated and untreated cells (p < 0.001).

(D-F) Kif7 is required for the accumulation of Gli3
in cilia.

(D-E”") WT or Kif7~'~ MEFs treated with Shh ligand
and stained with antibodies to visualize the
primary cilia and endogenous Gli3.

(F) Quantification of (D)—(E”) with at least 20 cells
per treatment group. *** indicates a significant
difference between Shh-treated and untreated
cells (p < 0.001).

(G-1) Shh-dependent localization of Smo to the
cilia does not require Kif7.

(G-H") WT or Kif7/~ MEFs treated with Shh
ligand and stained with antibodies to visualize
the primary cilia and endogenous Smo.

() Quantification of (G)—~(H") with at least 20 cells
per treatment group.

(J-L) Smo is required for Kif7 and Gli3 localization
to the cilia.

(J-K”) Kif7-GFP cells transfected with nontarget-
ing control or Smo siRNA, treated with Shh, and
stained to visualize the primary cilia, Kif7, and
endogenous Gli3.

(L) Quantification of (J-K”) with at least 20 cells
per treatment group. * and *** indicate significant
differences between control and Smo siRNA-
treated cells (* indicates p < 0.05 and *** indicates
p < 0.001).

The mean and SD are graphed (C, F, I, and L).

akk

Kif7-GFP

M 200 ng/ml Hh

Kif7-/-

Kif7-/-

M Kif7

treatment (Figures 4J-4L). These results
clearly place Kif7 downstream of Smo
and upstream of Gli transcription factors
in the signal transduction pathway.

In this report, we show that a Kif7
knockout mouse has defects in
developmental patterning that are largely consistent with
a loss of Gli3 repressor activity. Cos2 is required for full
pathway activation [3, 5, 18], and we cannot exclude the possi-
bility that Kif7 also has a role in Shh activation pathway and its
loss contributes to the decreased ventral cell types in the
neural tube. Both our in vitro studies and our in vivo analysis
of Kif7’s role indicate, though, that mouse Kif7 functions prin-
cipally as a negative regulator of the Hh pathway, as was
shown in zebrafish [6]. The importance of Kif7 in regulating
Gli3 repressor activity is highlighted by the physical interaction
between Kif7 and Gli3, and by the requirement for Kif7 in the
proteolytic processing of Gli3. These results suggest that at
least some functions of Kif7 are conserved with respect to
those of Cos2 in Drosophila [5, 16, 17]. Our biochemical anal-
ysis of Gli3 processing indicates that Kif7 mutation leads to an
approximately 2-3-fold reduction, but not a complete loss, of

Smo siRNA
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Gli3 repressor formation. This residual Gli3 repressor activity
seems to result in incomplete penetrance of the mutant pheno-
type. Most aspects of the Kif7 mutant phenotype described
here can be explained by reduced Gli3 repressor activity,
with the apparent exception being the reduction in noto-
chordal expression of Shh, which may reflect a distinct and
unidentified role for Kif7. It is noteworthy in this regard that
we found no evidence for diminished expression of Shh in
other tissues such as the limb bud, indicating that Kif7 does
not seem to have a general role in the upstream regulation of
Shh expression.

Kif7 is important, but not absolutely required, for the efficient
proteolytic processing of Gli3. This suggests that Kif7 plays
a regulatory and not a catalytic role in the cleavage events
and highlights what may be its fundamental role, as a mediator
of Hh inhibition of Gli3 cleavage. Hh pathway activation is
associated with translocation of Gli3 to the cilia, and the hier-
archical requirement for Smo and Kif7 in this translocation
points to a mechanistic explanation for how Kif7 regulates
repressor formation. In the absence of Hh pathway activation,
Gli3is processed by the proteosome to produce repressor and
Kif7 is required for this processing to occur efficiently, perhaps
by mediating proper subcellular localization of Gli3. Upon
exposure to Hh ligand, Smo enters the cilia and redirects the
complex of Kif7 and Gli3 away from the subcellular site of
Gli3 proteolysis, while at the same time mediating its accumu-
lation at the tip of the cilia. This model mirrors many of the
essential features of Cos2-mediated regulation of Ci repressor
formation. The apparent parallel is strengthened by a recent
study showing that Cos2 moves along microtubules in a
Hh-dependent manner through its kinesin-like motor function
and regulates Ci localization [28]. Ciliary localization of Kif7 is
increased in a Hh-dependent manner and required for parallel
accumulation of Gli2 and Gli3 at the tip of cilia. These similar-
ities further support the idea that the Hh signal transduction
mechanism is more conserved between flies and vertebrates
than has been generally recognized.

Very recently, it was reported that mouse Fused interacts
with Kif27 but not with Kif7 and plays an essential role in
construction of the central pair of motile (9+2) cilia [29]. Kif7
and Kif27 seem to have arisen by a duplication event during
evolution, whereas zebrafish does not contain an obvious
Kif27 ortholog and a dual role for zebrafish Kif7 is suggested
in Hh signaling and motile ciliogenesis [29]. Future analyses
will address whether Kif27 plays a redundant role with Kif7 in
Hh signaling or whether the two paralogs have evolved sepa-
rate functions.

Experimental Procedures

Animals

Kif7*'~ mice (see Figure S1) were backcrossed and maintained on C57BL/6
background. Intercrosses between heterozygous offspring were used to
obtain Kif7~’~ mice. For visualization of Hh pathway activation, Kif7*'~
mice were crossed to Ptch-LacZ*'~ (PtchP"") mice [8] and the Ptch-LacZ*'~;
Kif7*'~ offspring were further crossed with Kif7*/~ mice to generate Ptch-
LacZ*'~; Kif7** and Ptch-LacZ*'~; Kif7~'~ embryos. Genotyping of Kif7
knockout mice was performed by PCR with primers directed against neo
(5'-GCAGCGCATCGCCTTCTATCG-3'), exon 2 (5-GGCGGGACCGACACT
TTGGG-3'), and intron 2 (5'-CACCTGACATGGAGTGCTGACC-3'), which
generates a 302 bp product in the WT and 197 bp product in the knockout
allele. Noon of the day of vaginal plug detection was termed as embryonic
day (E) 0.5. All animals were handled in accordance with protocols approved
by the Genentech Institutional Animal Care and Use Committee. Mouse
colonies were maintained in a barrier facility at Genentech, conforming to
State of California legal and ethical standards of animal care.

Histology

Forimmunofluorescent staining, mouse embryos were fixed by immersion in
4% paraformaldehyde in phosphate-buffered saline and processed for
paraffin sections at 10 um. The antibodies used are as follows: rabbit anti-
Shh monoclonal (clone 95.9, 2 ug/ml; Josman/Epitomics/Genentech), goat
anti-Olig2 (1:500; Santa Cruz), mouse anti-Nkx2.2 (2.15 pg/ml; DSHB), mouse
anti-Pax6 (1:5; DSHB), anti-FoxA2 (1:2,000; Abcam), and fluorescent
secondary antibodies conjugated with Alexa 488, 555, or 647 (1:400; Invitro-
gen). Images were acquired on a confocal microscope LSM510 (Carl Zeiss).
X-gal staining was performed according to standard methods. Skeletons
from E15.5 embryos were prepared with Alcian blue and Alizarin red as
described [30]. Whole-mount in situ hybridization was performed with digox-
igenin-labeled riboprobes according to standard methods. The probes (Gli1,
Gremlin, HoxD13, and Shh) were kind gifts from A. McMahon [31].

Biochemical and Molecular Analysis

For GIi3 immunoblot analysis, anterior portions of E10.5 embryos were
homogenized in RIPA buffer (20 mM Tris-HCI, pH 7.5, 150 mM NacCl, 1%
NP-40, 0.5% sodium deoxycholate, 0.1% SDS, 10 mM EDTA, 10 mM
EGTA, Complete protease inhibitor cocktail (Roche), and phosphatase
inhibitor cocktail [Sigma]). We confirmed that anterior and posterior portions
of the embryo gave the same results. Twenty micrograms of protein was
loaded in each lane, resolved by SDS-PAGE, transferred to PVDF membrane,
and detected with ECL-plus reagent (GE Healthcare) with the use of Gli3N
mADb (mouse monoclonal antibody against the N-terminal region of human
Gli3, clone 6F5, 1:100; raised in Genentech) and ChemiBLOCKER (Millipore).
Coimmunoprecipitation experiments and real-time qRT-PCR were carried
out as described previously [32]. Human Kif7 (hKif7) cDNA was purchased
from OriGene, Inc. (Rockville, MD).

Cell Culture and Primary Cilia Experiments

For the creation of the Kif7-GFP cell line, hKif7 with a C-terminal GFP tag was
cloned into a Flp-In targeting vector pEF5-FRT-CT-lap [33] and integrated
into NIH 3T3 Flp-In cells (Invitrogen). Cells were selected for Hygromycin
resistance. One of the clones was chosen on the basis of low levels of GFP
expression and responsiveness to Hh signaling. MEFs were prepared from
E10.5-E13.5 embryos and cultured in 10% FBS containing DMEM,
according to the standard protocol. Pooled nontargeting control, Sufu,
and Gli3 siRNA was purchased from Dharmacon. MEFs were transfected
with 100 nM siRNA and Dharmafect #4 (Dharmacon) and were incubated
for 3 days followed by additional 24 hr incubation in 0.5% FBS-containing
media. For primary cilia experiments, WT or Kif7~’~ MEFs were plated at a
density of 100,000, and Kif7-GFP cells were plated at a density of 15,000 cells
per well of 8-well chamber slides. For Smo knockdown experiments, 20,000
Kif7-GFP cells were reverse-transfected with 100 nM pooled nontargeting or
Smo siRNA and Dharmafect #4 in 8-well chamber slides. After 48 hr, the FBS
was reduced to 0.5% to serum starve cells and induce the formation of
primary cilia, and 200 ng/ml of Shh was added to induce the Hh pathway.
Cells were then fixed with 4% PFA after an additional 24 hr and stained
with mouse anti-acetylated tubulin (1:3000; Sigma) to visualize primary cilia,
mouse anti-gamma tubulin (1:2,300; Sigma) to determine orientation of the
primary cilia, chicken anti-GFP (1:1,000; Novus Biologicals) to visualize
Kif7, and rabbit polyclonal anti-Gli3N (against the N-terminal region of human
Gli3, rabbit 2676A, 3 ug/ml; Josman Labs/Genentech) or rabbit anti-Smo
(rabbit 5928B, 3 ug/ml; Josman Labs/Genentech). Images were acquired
with a Deltavision RT Deconvolution System (Applied Precision) and quanti-
fied with ImageJ software (http://rsbweb.nih.gov/ij/).

Supplemental Data

Supplemental Data include seven figures and can be found with this
article online at http://www.cell.com/current-biology/supplemental/S0960-
9822(09)01323-2.
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