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Hedgehog-induced ciliary trafficking of kinesin-4 
motor KIF7 requires intraflagellar transport but 
not KIF7’s microtubule binding

ABSTRACT The kinesin-4 motor KIF7 is a conserved regulator of the Hedgehog signaling 
pathway. In vertebrates, Hedgehog signaling requires the primary cilium, and KIF7 and Gli 
transcription factors accumulate at the cilium tip in response to Hedgehog activation. Unlike 
conventional kinesins, KIF7 is an immotile kinesin and its mechanism of ciliary accumulation is 
unknown. We generated KIF7 variants with altered microtubule binding or motility. We dem-
onstrate that microtubule binding of KIF7 is not required for the increase in KIF7 or Gli local-
ization at the cilium tip in response to Hedgehog signaling. In addition, we show that the 
immotile behavior of KIF7 is required to prevent ciliary localization of Gli transcription factors 
in the absence of Hedgehog signaling. Using an engineered kinesin-2 motor that enables 
acute inhibition of intraflagellar transport, we demonstrate that kinesin-2 KIF3A/KIF3B/KAP 
mediates the translocation of KIF7 to the cilium tip in response to Hedgehog pathway activa-
tion. Together, these results suggest that KIF7’s role at the tip of the cilium is unrelated to its 
ability to bind to microtubules.

INTRODUCTION
Hedgehog (Hh) signaling is an evolutionarily conserved pathway 
that plays essential roles during embryonic development and adult 
tissue homeostasis (Kong et al., 2019; Qi and Li, 2020). The kine-
sin-4 family member Drosophila Costal2 (Cos2) and its vertebrate 
homologue KIF7 are conserved regulators of Hh signaling (He et al., 
2017) and mutations in human Kif7 are associated with several dis-
eases including hydrolethalus, acrocallosal syndrome, and Joubert 
syndrome (He et al., 2017).

Hh signaling in vertebrates requires the primary cilium, a micro-
tubule-based organelle that protrudes from the cell surface (Bangs 

and Anderson, 2017; He et al., 2017). In the absence of Hh signal-
ing, KIF7 and suppressor of fused (SUFU) restrain Gli transcription 
factors in the cytosol and promote Gli3 processing into its transcrip-
tional repressor form. In the presence of Hh signaling, KIF7, SUFU, 
and Gli transcription factors are enriched at the tip of cilium and Gli2 
is converted into its transcriptional activator form (Corbit et al., 
2005; Haycraft et al., 2005; Endoh-Yamagami et al., 2009; Liem 
et al., 2009; Humke et al., 2010; Zeng et al., 2010; He et al., 2014; 
Liu et al., 2014). KIF7 has also been suggested to regulate the 
length of the primary cilium and organize the cilium tip based on its 
ability to bind selectively to the plus ends of microtubules in in vitro 
assays (He et al., 2014; Jiang et al., 2019).

How Hh pathway activation results in accumulation of KIF7 
and Gli proteins at the tip of the primary cilium is not known. As 
a kinesin, it seemed possible that KIF7 could convey itself, and 
perhaps SUFU and Gli proteins, to the tip of the cilium. However, 
the kinesin motor domain of KIF7 only binds statically to microtu-
bules (He et al., 2014; Yue et al., 2018). Even though KIF7 is an 
immotile kinesin, it is possible that KIF7’s ability to bind to, or 
even move along, microtubules is altered during Hh signaling to 
facilitate its localization to the ciliary tip. An alternative possibility 
is that another kinesin motor is required for the anterograde 
transport of KIF7 to the tip of the primary cilium. Intraflagellar 
transport (IFT) is driven by microtubule-based motors during 
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cilium assembly and maintenance. While IFT is primarily driven 
by the kinesin-2 KIF3A/KIF3B/KAP and cytoplasmic dynein-2 mo-
tors, several other kinesins have been localized to primary and 
motile cilia and may function in ciliary transport (Lechtreck, 2015; 
He et al., 2017; Prevo et al., 2017; Reilly and Benmerah, 2019; 
Webb et al., 2020).

Here, we consider four models for how Hh stimulation results in 
an accumulation of KIF7 at the tip of the primary cilium (Figure 1): 1) 
increased access of KIF7 to the ciliary compartment; 2) increased 
KIF7 loading onto IFT trains; 3) increased ability of KIF7 to bind to 
microtubule plus ends at the tip of the primary cilium; and 4) in-
creased interaction of KIF7 with an anchoring protein present at the 
tip of the primary cilium. It is important to note that these models 
are not mutually exclusive, and several mechanisms may cooperate 
to control KIF7 localization at the cilium tip. We find that IFT but not 
KIF7’s microtubule binding is required for Hh-induced accumulation 
of KIF7 at the tip of the primary cilium. We suggest that Hh stimula-
tion increases the loading of KIF7 and associated Gli proteins onto 
IFT trains.

RESULTS AND DISCUSSION
Characterization of KIF7 mutants with altered microtubule 
binding affinity and motility
We first set out to create a KIF7 variant that lacks microtubule-bind-
ing ability. Previous work demonstrated that mutation of residues in 
loop12 and α-helix5 (L12/α5) of the motor domain of kinesin-1 abol-
ish microtubule binding (Woehlke et al., 1997; Marx et al., 2009). We 
thus mutated the equivalent residues of the KIF7 motor domain 
(Supplemental Figure S1B) and verified that the mutant protein, 
KIF7noMT, does not bind to microtubules using a fluorescence-based 
microtubule binding assay (Supplemental Figure S1E). When 
expressed in mammalian cells, KIF7noMT (Figure 2A) localized dif-
fusely throughout the cell and to cytoplasmic puncta in COS-7, NIH 
3T3, and mouse embryonic fibroblasts (MEF) cells (Figure 2B and 

Supplemental Figure S2), suggesting that it does not interact with 
cytosolic microtubules.

We next set out to create a KIF7 variant that binds strongly to 
microtubules, that is, a “rigor” mutant. We mutated the last amino 
acid in the nucleotide-binding P-loop motif (T101; Supplemental 
Figure S3B) as this results in a rigor motor for kinesin-1 (Nakata and 
Hirokawa, 1995; Crevel et al., 1996); however, KIF7T101N showed a 
decreased ability to bind to microtubules (Supplemental Figure S3, 
C, E, and G). We thus took advantage of recent structural work dem-
onstrating that loop 5 (L5), a segment important for opening the 
nucleotide pocket in response to microtubule binding (Cochran, 
2015), has limited conformational flexibility in KIF7 (Jiang et al., 
2019). We surmised that further reductions in L5 flexibility could re-
sult in stronger KIF7 microtubule binding. We thus replaced L5 in 
KIF7 with the corresponding sequences from the kinesin-1 motor 
KIF5C (Supplemental Figure S3B). As the mutant protein displayed 
increased microtubule binding (Supplemental Figure S3, C, F, and 
G), we thus refer to this variant as KIF7rigor (Figure 2A). When ex-
pressed in mammalian cells, KIF7rigor bound strongly to microtu-
bules and, in some cells, caused their bundling and collapse around 
the nucleus (Figure 2B and Supplemental Figure S2).

To create a motile version of KIF7, we replaced the motor do-
main of KIF7 with the motor domains of either the kinesin-4 member 
KIF21A (hereafter referred to as KIF7motile_21A) or the kinesin-1 mem-
ber KIF5C (hereafter referred to as KIF7motile_5C; Figure 2A). KIF21A’s 
motor domain is closely related to that of KIF7 (50.6% identical), yet 
KIF21A is a motile kinesin (van der Vaart et al., 2013; Cheng et al., 
2014). However, because KIF21A does not localize to the primary 
cilium in basal or Hh-stimulated states (Supplemental Figure S4) and 
thus may be incapable of motility along axonemal microtubules, we 
created a second chimeric protein using the motor domain of the 
kinesin-1 KIF5C (40.3% identical) as KIF5C localizes to the primary 
cilium in the basal and Hh-stimulated states (Supplemental Figure 
S4). While the KIF5C and KIF21A motor domains provide the chime-
ric proteins with an ability to walk along microtubules, the coiled-coil 
and tail regions of KIF7 provide sequences for localization to the 
primary cilium, interaction with Gli transcription factors, and de-
phosphorylation by liprin-α1 (PPFIA1) and phosphatase PP2A 
(Cheung et al., 2009; Endoh-Yamagami et al., 2009; Liu et al., 2014; 
Blasius et al., 2021). When expressed in cells, both KIF7motile_21A and 
KIF7motile_5C chimeric proteins accumulated at the cell periphery, in-
dicative of directed motion to the microtubule plus ends (Figure 2B 
and Supplemental Figure S2). Overall, we conclude that the KIF7 
variants display the intended altered microtubule-binding affinity 
and/or motility.

KIF7’s microtubule binding is not required for its 
Hh-stimulated ciliary accumulation
We tested whether altered microtubule binding and/or motility of 
KIF7 impacts its ability to accumulate at the tip of the primary cilium 
in the basal and Hh-stimulated states. To avoid potential complica-
tions due to heterodimerization of the KIF7 variants with the endog-
enous protein, we expressed wild-type (WT) or mutant KIF7 proteins 
in Kif7−/− MEFs (Liu et al., 2014). We note that the expression level of 
KIF7 does not influence its localization to cytosolic microtubules or 
to the cilium tip (Blasius et al., 2021). Hh pathway activation was ac-
complished by treatment with Smoothened agonist (SAG; Chen 
et al., 2002).

Hh stimulation resulted in a significant increase in the number 
of cells with KIF7 at the tip of the cilium (29.6% of unstimulated 
cells and 82.8% of SAG-treated cells) (Figure 3), consistent with 
previous work (Liu et al., 2014). Hh stimulation also resulted in a 

FIGURE 1: Models for Hh-induced accumulation of KIF7 in the 
primary cilium. Hh signaling increases 1) the ability of KIF7 to access 
the ciliary compartment, 2) KIF7 loading onto IFT trains, 3) the ability 
of KIF7 to bind to microtubule plus ends at the tip of the primary 
cilium, and/or 4) the interaction of KIF7 with an anchoring protein 
present at the tip of the primary cilium.
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FIGURE 2: Intracellular localization of KIF7-mCit WT and mutant versions. (A) Schematic of the domain organization of 
KIF7 WT, mutant, and chimeric proteins. X denotes the position of mutations that ablate (noMT) or cause constitutive 
(rigor) microtubule binding. (B) Representative images of mCit-tagged KIF7 WT and variant proteins expressed in COS-7 
cells. White dashed lines indicate the periphery of transfected cells. Scale bars, 10 µm.

significant increase in the number of cells with the KIF7noMT vari-
ant at the tip of the cilium (14.1% of unstimulated cells and 51.4% 
of SAG-treated cells; Figure 3), indicating that KIF7’s microtubule 
binding is dispensable for its Hh-induced increase in ciliary local-
ization. Similar results were recently reported for a different KIF-
7noMT variant which was found to localize to the cilium tip in ∼30% 
of Hh-stimulated cells (Jiang et al., 2019), however, this finding 
was interpreted by the authors as KIF7’s cilium entry or tip local-
ization being dependent on its own microtubule binding. We be-
lieve the different interpretations of these similar results can be 
reconciled by the fact that Jiang et al did not examine KIF7noMT’s 
ciliary localization in the absence of Hh stimulation. Our finding 
that the magnitude of KIF7noMT’s Hh-induced increase in ciliary tip 
localization is similar to that of the WT protein indicates that 
KIF7’s microtubule binding is dispensable for its Hh-induced in-
crease in ciliary localization. These findings do not support model 
3 (Figure 1) as the primary mechanism by which Hh stimulation 
causes an increase in KIF7 localization to the cilium tip. Further 
evidence against model 3 comes from our recent work demon-
strating that Hh stimulation does not induce KIF7 to bind to the 
plus ends of microtubules in cells (Blasius et al., 2021).

Hh stimulation also resulted in a significant increase in the num-
ber of cells with the KIF7rigor variant at the tip of the cilium (68.3% of 
unstimulated cells and 94.3% of SAG-treated cells; Figure 3B). This 
result also does not support model 3 (Figure 1) being the primary 
mechanism for Hh-induced accumulation of KIF7 in the primary cil-
ium. Because the KIF7rigor variant localized along cytosolic microtu-

bules rather than at their plus ends (Figure 2 and Supplemental 
Figure S2), we were surprised that this variant localized at the cilium 
tip rather than along the shaft of the cilium (Figure 3A). It appears 
that this variant’s loss of autoinhibition (Figure 2B) alters its ability to 
enter and/or exit the cilium compartment, similar to the behavior of 
a pathogenic mutant that results in loss of autoinhibition (Blasius 
et al., 2021).

Interestingly, both motile KIF7motile_21A and KIF7motile_5C variants 
showed strong localization to the tip of the primary cilium without 
Hh stimulation (86.6% and 92.5% of cells, respectively) and modest 
increases upon SAG treatment (to 94.2% and 96.6% of cells, respec-
tively; Figure 3B). Thus, access of KIF7 to the ciliary compartment is 
not restricted in the unstimulated state. These results suggest that a 
Hh-induced change in the ability of KIF7 to access the ciliary com-
partment (model 1; Figure 1) is unlikely to be the primary mecha-
nism by which Hh stimulation causes an increase in KIF7 localization 
to the cilium tip. Further evidence against model 1 comes from our 
recent work demonstrating that the truncated version KIF7(1-558) 
localizes along the shaft of the primary cilium (Blasius et al., 2021), 
suggesting that the motor domain of KIF7 can access the cilium in 
the unstimulated state.

Microtubule-binding and motile mutants of KIF7 enable 
Gli transcription factors to localize at the tip of the cilium 
in the absence of Hh signaling
We investigated the effects of altering KIF7’s ability to bind to and/
or move along microtubules on the ciliary localization of Gli2 and 
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Gli3. We coexpressed 6xMyc-Gli2 or 6xMyc-Gli3 with WT or mutant 
KIF7 proteins in Kif7−/− MEFs and determined the ciliary tip localiza-
tion of Gli2 and Gli3 without or with SAG treatment. In the control 
situation, Kif7−/− MEFs expressing the fluorescent protein mCitrine 
(mCit) were unable to accumulate Gli2 or Gli3 at the tip of the cilium 
in response to SAG treatment (Figure 4), consistent with previous 
work (Endoh-Yamagami et al., 2009; Liu et al., 2014).

Expression of KIF7 rescued the Hh-stimulated increase in tip lo-
calization of Gli2 and Gli3. For Gli2, the ciliary tip localization in-
creased from 36.0% to 75.0% of cells upon SAG stimulation (Figure 
4, A and C) and for Gli3, the ciliary tip localization increased from 
11.8% to 68.3% of cells upon SAG stimulation (Figure 4, B and D). 
Interestingly, expression of KIF7noMT had a similar rescuing effect on 
Hh-induced ciliary tip localization of Gli2 (from 37.6% to 77.6% of 
cells; Figure 4, A and C) and Gli3 (from 15.7% to 70.9% of cells; 
Figure 4, B and D). This result indicates that the ability of KIF7 to 
bind to microtubules is dispensable for the Hh-induced increase in 
ciliary localization of both Gli2 and Gli3. This finding also does not 
support model 3 (Figure 1) as the primary mechanism for Hh-in-
duced regulation of KIF7 or Gli protein localization.

In contrast, expression of the rigor or motile KIF7 variants had a 
dramatic effect on Gli localization in the absence of Hh pathway 
activation. Coexpression with the KIF7rigor mutant resulted in local-
ization of Gli2 to the tip of the cilium in 66.1% of cells and Gli3 in 
67.2% cells in the unstimulated state (Figure 4). SAG treatment re-
sulted in a modest increase in ciliary tip localization for Gli2 (to 
84.1% of cells) and Gli3 (74.4% of cells). Similar results were ob-

tained upon coexpression of Gli2 and Gli3 with the active motors 
KIF7motile_21A and KIF7motile_5C as both Gli2 and Gli3 showed a high 
percentage of ciliary tip localization (>69.6%) in the absence or pres-
ence of SAG treatment (Figure 4). We note that this is not simply 
due to overexpression since overexpression of WT KIF7 was not suf-
ficient to promote localization of Gli proteins to the tips of cilia 
(Figure 4 and Liu et al., 2014).

Overall, these results demonstrate that the accumulation of Gli 
transcription factors at the tip of the primary cilium parallels that of 
KIF7. This work extends previous findings demonstrating that KIF7 
can bind to both Gli2 and Gli3 proteins (Cheung et al., 2009; En-
doh-Yamagami et al., 2009) by further delineating the sequences 
necessary for interaction with the Gli proteins to outside of the 
KIF7 motor domain. This work also extends previous findings 
demonstrating that KIF7 is necessary for Gli localization to the pri-
mary cilium (Endoh-Yamagami et al., 2009; Liu et al., 2014) by 
demonstrating that the interaction between KIF7 and the Gli pro-
teins is sufficient for localization of the latter to the cilium. As the 
Gli proteins interact with the IFT kinesin-2 motor through synergis-
tic interactions with KAP3 and KIF3A (Carpenter et al., 2015), our 
results suggest that these interactions may be mediated or facili-
tated by KIF7.

IFT kinesin-2 is required for Hh-induced accumulation of 
KIF7 in the primary cilium
The ability of KIF7noMT to accumulate at the tip of the primary cilium 
in response to Hh signaling suggests that another kinesin motor 

FIGURE 3: KIF7’s microtubule binding is dispensable for its Hh-induced accumulation at the tip of the cilium. 
(A) Representative images of the subcellular region containing the primary cilium in Kif7−/− MEFs expressing mCit-
tagged KIF7 WT or variant proteins (green) and either untreated (−SAG) or treated with SAG for 4 h (+SAG). The cells 
were fixed and stained with antibodies against acetylated tubulin (cilium; red), pericentrin (basal body; magenta), and 
with DAPI (nucleus; blue). Arrowheads indicate tips of cilia. Scale bar, 5 µm. (B–D) Quantification of the percent of cells 
exhibiting ciliary tip localization of KIF7 WT or variant proteins. The data are plotted to display statistical comparisons 
(B) between −SAG and +SAG conditions for each expressed protein (two-tailed t test) or (C, D) for the −SAG or +SAG 
conditions across KIF7 WT and variants (one-way ANOVA with Dunnet’s post hoc test). n.s., not significant; *, p < 0.05; 
**, p < 0.01; ***, p < 0.001. Each spot indicates the mean of one independent experiment. Error bars, SEM across more 
than 30 cilia and more than or equal to three independent experiments.
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drives the ciliary trafficking of KIF7. Although the kinesin-2 KIF3A/
KIF3B/KAP complex is the main anterograde motor, several other 
kinesins have been identified to play a role in ciliary transport and/
or assembly (Lechtreck, 2015; He et al., 2017; Reilly and Benmerah, 
2019). We recently developed inhibitable forms of the kinesin-2 
motor KIF3A/KIF3B/KAP by appending homodimerizing DmrB do-
mains to the motor domains of KIF3A and KIF3B. The inhibitable 
KIF3A/KIF3B/KAP motor (hereafter referred as to i3Ai3B) is capable 
of rescuing cilium assembly and Hh signaling in Kif3a/Kif3b−/− cells 
(Engelke et al., 2019). However, in the presence of B/B homodimer-
izer, the i3A and i3B motor domains become crosslinked, the step-
ping motion of i3Ai3B along the microtubule is inhibited, and IFT is 
rapidly (within 2 min) stopped (Figure 5A; Engelke et al., 2019).

The ability to rapidly and specifically block IFT driven by KIF3A/
KIF3B/KAP enabled us to directly test this motor’s role in localiza-
tion of KIF7 to the tip of the primary cilium. Kif3a/Kif3b−/− cells 
were cotransfected with plasmids for expression of i3Ai3B and 
KIF7. In the control condition (no SAG treatment, no kinesin-2 in-
hibition), KIF7 localized to the tip of the cilium in 25.6% of cells 
(Figure 5, B and C). Addition of SAG resulted in increased ciliary 
tip localization for KIF7 (to 70.7% of cells; Figure 5, B and C). How-
ever, upon inhibition of KIF3A/KIF3B/KAP (+B/B homodimerizer), 
only 2.8% of cells showed KIF7 ciliary tip localization in response 
to SAG treatment (Figure 5, B and C). These results indicate that 
IFT is responsible for the Hh-induced localization of KIF7 to the tip 
of the primary cilium.

To test whether KIF7’s ability to bind to or move along microtu-
bules could play a synergistic role with its transport by IFT, Kif3a/
Kif3b−/− cells were cotransfected with plasmids for expression of 

i3Ai3B with the KIF7 variants. SAG treatment resulted in a significant 
increase in KIF7noMT localized at the tip of the cilium (from 10.2% to 
33.2% of cells), however this Hh-induced tip localization was com-
pletely blocked by inhibition of the kinesin-2 IFT motor (+B/B; Figure 
5, B and C). In a similar manner, SAG treatment resulted in a signifi-
cant increase in KIF7rigor localized at the tip of the cilium (from 67.0% 
to 82.4% of cells), however this Hh-induced tip localization was com-
pletely blocked by inhibition of the kinesin-2 IFT motor (+B/B; Figure 
5, B and C). In contrast, inhibition of KIF3A/KIF3B/KAP did not de-
crease the strong ciliary tip localization of KIF7motile_5C and 
KIF7motile_21A (>83.3% in all conditions; Figure 5, B and C).

These results provide strong support for model 2 (Figure 1) by 
demonstrating that the Hh-induced increase in KIF7 at the tip of the 
primary cilium requires the canonical IFT motor, the kinesin-2 KIF3A/
KIF3B/KAP. This finding is consistent with recent work demonstrat-
ing that KIF7’s ciliary tip localization does not require the homodi-
meric kinesin-2 motor KIF17 in hTERT-RPE cells (Schwarz et al., 
2017). We propose that Hh stimulation increases the loading of KIF7 
and Gli proteins onto IFT trains. The premise for this proposal is pio-
neering work in Chlamydomonas where different cellular conditions 
dictate the differential loading of ciliary proteins onto IFT trains (Pan 
and Snell, 2005; Wren et al., 2013; Craft et al., 2015; Hunter et al., 
2018). The loading of KIF7 onto IFT trains does not appear to be 
hindered or facilitated by KIF7’s ability to bind to microtubules as 
the KIF7noMT and KIF7rigor variants show similar Hh-stimulated in-
creases in tip localization as KIF7 (Figure 3).

IFT-dependent transport of KIF7 and Gli proteins can explain 
why the KIF7rigor variant and associated Gli proteins accumulate at 
the cilium tip rather than along the axonemal shaft (Figures 3–5). 

FIGURE 4: Increased microtubule binding or motility of KIF7 results in Gli accumulation at the cilium tip in the absence 
of Hh stimulation. (A, B) Representative images of the subcellular region containing the primary cilium in Kif7−/− MEFs 
coexpressing mCit-tagged KIF7 WT or variants (green) together with either (A) 6xMyc-Gli2 or (B) 6xMyc-Gli3. The cells 
were untreated (−SAG) or treated with SAG for 4 h (+SAG) and then the cells were fixed and stained with antibodies 
against the Myc tag (Gli proteins; red) and Arl13b (primary cilium; magenta). Each fluorescence channel is offset by 
10 pixels for clarity. Arrowheads indicate tips of cilia. Scale bar, 2 µm. (C, D) Quantification of the percent of Kif7−/− MEF 
cells with ciliary tip localization of (C) 6xMyc-Gli2 or (D) 6xMyc-Gli3 when coexpressed with KIF7-mCit WT or variant 
proteins and either untreated (−SAG) or treated with SAG (+SAG). Each spot indicates the mean of one independent 
experiment. Error bars, SEM for more than 30 cilia across three independent experiments. n.s., not significant; 
**, p < 0.01; ***, p < 0.001 (two-tailed t test).
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That is, KIF7 may be carried to the cilium tip in a conformation 
where its motor domain, even in the rigor state, cannot access the 
microtubule surface. Alternatively, the microtubule binding of KIF7 
may be weaker than that of KIF3A/KIF3B/KAP and thus unable to 
act as a “brake” on IFT motility during transport.

CONCLUSIONS
We demonstrate that KIF7’s ability to bind to microtubules is dis-
pensable for its own Hh-induced localization at the tip of the pri-
mary cilium as well as for Hh-induced ciliary localization of Gli2 and 
Gli3 transcription factors. Rather, the IFT kinesin-2 motor KIF3A/
KIF3B/KAP is required for KIF7’s localization to the cilium tip upon 
Hh pathway activation, thus providing strong support for model 2 
(Figure 1). Further work is needed to determine how Hh pathway 
activation increases the loading of KIF7 and Gli proteins onto IFT 
trains. A direct test of model 4 (Figure 1) requires identification of 
KIF7 binding partners at the cilium tip and it remains possible that 
anchoring of KIF7 at the cilium tip (model 4) may work synergisti-
cally with a Hh-induced increase in IFT of KIF7 (model 2). Motile 
variants of KIF7 presumably bypass IFT to drive their own and Gli 
accumulation at the plus ends of axonemal microtubules, suggest-
ing that the immotile behavior of KIF7 is critical for restricting cil-
ium tip localization of KIF7 and Gli proteins in the absence of Hh 
stimulation.

MATERIALS AND METHODS
Request a protocol through Bio-protocol.

Plasmids
6xmyc-Gli2, 6xmyc-Gli3 and MmKIF7 (FL) plasmids were gifts from 
Benjamin L. Allen (University of Michigan, MI). Mouse KIF7 was 
amplified by PCR and subcloned in mCitrine-N1 vector (based 
on Takara Bio Inc.’s EYFP-N1 vectors). KIF7noMT-mCit (H298A/ 
R302A/K305A) was generated using QuickChange site-directed 
mutagenesis. KIF7motile_5C [KIF5C(1-379)-KIF7(379-1348)-mCit] and 
KIF7motile_21A [KIF21A (1-409)-KIF7(379-1348)-mCit] chimeric pro-
teins were generated using overlap extension PCR. Rat KIF5C(1-379) 
fragment was amplified from KIF5C(1-560) plasmid (Cai et al., 2009) 
and human KIF21A(1-409) fragment was amplified from KIF21A 
plasmid (Huang and Banker, 2012), which was a gift from G. Banker 
(Oregon Health Sciences, Portland, OR). KIF7rigor mutant was gener-
ated using overlap extension PCR, in which a DNA fragment con-
taining the L5 sequences from KIF5C was synthesized and inserted 
into KIF7. The inhibitable kinesin-2 motor (i3Ai3B) constructs, DmrB-
Δ12KIF3A and DmrB-Δ6KIF3B, have been described (Engelke et al., 
2019). The truncated KIF7(1-558)noMT-mCit mutant was amplified by 
PCR from KIF7noMT-mCit and subcloned in mNeonGreen-N1 vector. 
All plasmids were verified by DNA sequencing.

Cell culture and transfection
COS-7 (monkey kidney fibroblast) cells obtained from ATCC (RRID: 
CVCL_0224) were cultured in DMEM (Life Technologies) with 10% 
(vol/vol) Fetal Clone III (HyClone) and 1% GlutaMAX (Life Technolo-
gies) at 37°C with 5% CO2. COS-7 cells were transfected with Trans-
IT LT1 (Mirus), according to the manufacturer’s instructions. Male 

FIGURE 5: Kinesin-2 inhibition blocks Hh-induced accumulation of KIF7 at the tip of the primary cilium. (A) Schematic of 
the engineered inhibitable KIF3A/KIF3B/KAP (i3Ai3B) and inhibition of its motility by B/B homodimerizer. (B) Kif3a−/−; 
Kif3b−/− cells were serum-starved and transfected with i3A, i3B, and KIF7-mCit WT or variants (green). Two days later, 
cells were either unstimulated (no SAG), or stimulated with SAG in combination with EtOH vehicle (+SAG) or 50 nM B/B 
inhibitor (+SAG, +B/B) for 45 min and then fixed and stained with an antibody against Arl13b (cilium; magenta). 
Arrowheads indicate the tips of cilia. Scale bar, 2 µm. (C) Quantification of the percentage of transfected and ciliated 
cells in which KIF7-mCit WT and variants accumulate at the tip of the cilium. Each spot indicates the mean of one 
independent experiment. Error bars, SEM for more than or equal to 30 cilia across three independent experiments. 
**, p < 0.01; ***, p < 0.001; ****, p < 0.0001 as determined by one-way ANOVA with post hoc Dunnet’s test.

https://en.bio-protocol.org/cjrap.aspx?eid=10.1091/mbc.e21-04-0215
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NIH 3T3 cells (MEFs), purchased from ATCC (Cat#CRL-1658 RRID: 
CVCL_0594), were cultured in DMEM (Life Technologies) supple-
mented with 10% fetal clone III (Hyclone) and 1% GlutaMAX (Life 
Technologies) at 37°C and 5% CO2. Kif3a;Kif3b−/− NIH 3T3 cells 
have been described previously (Engelke et al., 2019). Both NIH-
3T3 cell lines were transfected using Lipofectamine 2000 (Life Tech-
nologies), according to the manufacturer’s instructions. Kif7−/− MEF 
cells were gifts from Stephane Angers (University of Toronto) (Liu 
et al., 2014). MEF cells were cultured in DMEM supplemented with 
10% fetal bovine serum (FBS; Sigma-Aldrich) and 1% GlutaMAX 
(Life Technologies) at 37°C and 5% CO2. MEF cells were transfected 
using a combination of Fugene HD (Promega; Cat. No. E2311) and 
Lipofectamine LTX (ThermoFisher; Cat. No. 15338100) according to 
Ishiguro et al. (2017). After transfection, confluent MEF cells were 
starved with 0.5% FBS in DMEM for 24 h to induce ciliation. 20 h 
posttransfection, the cells were treated with 400 nM SAG (Enzo Life 
Sciences) for 4 h to activate the Hedgehog signaling pathway. All 
cell lines are tested annually for Mycoplasma contamination.

Inhibition of i3Ai3B in Kif3a/Kif3b−/− NIH 3T3 cells
Kif3a;Kif3b−/− NIH 3T3 cells were seeded on cover glasses and 12 h 
later, the culture medium was switched to 1% Fetal Clone III (serum-
starvation) and cells were co-transfected with i3Ai3B motors and 
KIF-mCit WT or variants. Two days later, cells were either treated 
with vehicle (0.1% ethanol final) or with 500 nM SAG (Enzo Life Sci-
ences) in combination with vehicle or 50 nM B/B homodimerizer 
(Clontech). After 45 min of treatment, cells were fixed and stained.

Immunofluorescence
Cells were fixed with 3.7% (vol/vol) paraformaldehyde (Thermo 
Fisher Scientific) in PBS and permeabilized with 0.2% Triton X-100 in 
PBS and then blocked in blocking solution (0.2% fish skin gelatin in 
PBS). Primary and secondary antibodies were applied in blocking 
solution at room temperature for 1 h each. Nuclei were stained with 
DAPI (final concentration 10.9 µM). The glass coverslips were 
mounted in ProlongGold (Life Technologies). Primary antibodies: 
Mouse anti-β-tubulin (1:2000, E7; Developmental Studies Hybrid-
oma Bank); Mouse anti-acetylated tubulin (1:10,000, T6793, Sigma); 
Rabbit anti-pericentrin (1:500, ab4448, Abcam); Rabbit anti-Arl13B 
(1:1000, 17711-1-AP; Proteintech); Mouse anti-myc (1:500, 9E10; 
Invitrogen); Mouse anti-polyglutamylated tubulin (1:1000, GT335; 
Life Sciences). Secondary antibodies used were 594 nm anti-rabbit, 
594 nm anti-mouse and 680 nm anti-rabbit (1:500; Jackson Immu-
noResearch Laboratories).

Fluorescence microscopy
Images were acquired on an inverted epifluorescence microscope 
(Nikon TE2000E) equipped with a 100× 1.40 numerical aperture 
(NA) or a 60×, 1.40 NA oil-immersion objective and a Photometrics 
CoolSnapHQ camera driven by NIS-Elements (Nikon) software. Im-
age analysis was performed using ImageJ (National Institutes of 
Health [NIH]). Although the level of KIF7 expression does not influ-
ence its ability to localize to the tip of the primary cilium (Blasius 
et al., 2021), images were only acquired of ciliated cells expressing 
the indicated constructs at low levels. The cilium tip was distin-
guished from the base of the cilium by staining for polyglutamylated 
tubulin of the centrioles or pericentrin of the pericentriolar material. 
A region of interest (ROI) at the tip of the cilium was selected in the 
Arl13b (cilium membrane marker) channel. The same ROI was then 
applied to the KIF7 and/or Gli images and the fluorescence intensity 
was measured at the cilium tip. The same ROI was applied to a re-
gion of the cell lacking the primary cilium and this background fluo-

rescence was subtracted from the cilium tip fluorescence. If the re-
sulting background-subtracted fluorescence was >0, then the KIF7 
or Gli protein was designated as positive for cilium tip localization.

Cell lysates
To prepare cell lysates for the fluorescence-based in vitro microtu-
bule-binding assay, COS-7 cells were collected 16 h posttransfec-
tion. The cells were harvested by low-speed centrifugation at 3000 
× g for 3 min at 4°C. The pellet was rinsed once in PBS and resus-
pended in ice-cold lysis buffer (25 mM HEPES/KOH, 115 mM potas-
sium acetate, 5 mM sodium acetate, 5 mM MgCl2, 0.5 mM ethylene 
glycol tetraacetic acid (EGTA), and 1% Triton X-100, pH 7.4) freshly 
supplemented with 1 mM ATP, 1 mM phenylmethylsulfonyl fluoride, 
and protease inhibitors (P8340; Sigma-Aldrich). After the lysate was 
clarified by centrifugation at 20,000 × g for 10 min at 4°C, aliquots 
of the supernatant were snap-frozen in liquid nitrogen and stored at 
−80°C until further use. The amount of motor in the COS-7 lysates 
was normalized across constructs by a dot-blot, in which the same 
volumes of COS-7 lysates were spotted onto a nitrocellulose mem-
brane that was air-dried for 1 h and immunoblotted with a monoclo-
nal primary antibody to GFP (66002-1; Proteintech) and secondary 
antibody 680 nm–anti-mouse (Jackson ImmunoResearch Laborato-
ries) at room temperature for 1 h each. The fluorescence intensity of 
the spots on the nitrocellulose membrane was detected by Azure 
c600 (Azure Biosystems) and quantified to normalize the motor con-
centration across lysates using Fiji/ImageJ (NIH).

Fluorescence-based in vitro microtubule-binding assay
The assays were performed at room temperature in a flow cell (∼10 µl 
volume) assembled by attaching a clean no. 1.5 coverslip to a glass 
slide with two strips of double-sided tape. HiLyte647-labeled micro-
tubules were polymerized from purified tubulin including 10% 
Hily647-labeled tubulin (Cytoskeleton) in BRB80 buffer (80 mM 
Pipes/KOH, pH 6.8, 1 mM MgCl2, and 1 mM EGTA) supplemented 
with 1 mM GTP at 37°C for 30 min. Polymerized microtubules were 
stored at room temperature in the dark for further use after the addi-
tion of five volumes of prewarmed BRB80 containing 20 µM taxol 
and an additional 1 h incubation at 37°C. Polymerized microtubules 
were diluted in BRB80 buffer containing 10 µM taxol and added into 
a flow cell and incubated for 5 min for nonspecific adsorption onto 
the coverslip. Subsequently, blocking buffer (15 mg/ml bovine serum 
albumin [BSA] and 10 µM taxol in P12 buffer [12 mM Pipes/KOH, pH 
6.8, 2 mM MgCl2, and 1 mM EGTA]) was added into the flow cell and 
incubated for 5 min to prevent nonspecific binding of kinesin motors 
onto the coverslip surface. Finally, kinesin motors in the motility mix-
ture (0.5–1 µl of cell lysate, 2 mM ATP or AMPPNP, 0.4 mg/ml casein, 
6 mg/ml BSA, 10 µM taxol, and oxygen scavenging [1 mM DTT, 1 
mM MgCl2, 10 mM glucose, 0.2 mg/ml glucose oxidase, and 0.08 
mg/ml catalase] in P12 buffer) was added to the flow cell. The flow 
cell was sealed with molten paraffin wax and imaged by TIRF micros-
copy using an inverted microscope Ti-E/B (Nikon) equipped with the 
perfect focus system (Nikon), a 100× 1.49 NA oil-immersion total in-
ternal reflection fluorescence (TIRF) objective (Nikon), three 20-mW 
diode lasers (488 nm, 561 nm, and 640 nm), and an electron-multi-
plying charge-coupled device detector (iXon X3DU897; Andor Tech-
nology). The fluorescence intensities of motors along the microtu-
bules were measured using Fiji/ImageJ (NIH), and the fluorescence 
intensity of an adjacent region was subtracted as background.

Protein sequence analysis
Sequence alignments and percent amino acid identity between the 
core motor domains of rat kinesin-1 KIF5C (amino acids 1–324), 
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mouse kinesin-4 KIF7 (amino acids 1–347), and human kinesin-4 
KIF21A (amino acids 1–368) were determined using Clustal Omega 
(1.2.4; EMBL-EBI).

Statistical analysis
Statistical analyses were performed and graphs were generated us-
ing Prism software (GraphPad). Comparisons between −SAG and 
+SAG conditions for each expressed protein were carried out using 
a two-tailed t test (Figures 3B, and 4, C and D). Multiple compari-
sons across WT and variant proteins (Figure 3, C and D) or across 
treatments for the same protein (Figure 5B) were carried out using 
one-way ANOVAs with post hoc Dunnett’s test.
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