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Invadopodia on cancer cells play crucial roles in tumor in-
vasion and metastasis by degrading and remodeling the sur-
rounding extracellular matrices and driving cell migration in
complex 3D environments. Previous studies have indicated that
microtubules (MTs) play a crucial role in elongation of inva-
dopodia, but not their formation, probably by regulating de-
livery of membrane and secretory proteins within invadopodia.
However, the identity of the responsible MT-based molecular
motors and their regulation has been elusive. Here, we show
that KIF1C, a member of kinesin-3 family, is localized to the
tips of invadopodia and is required for their elongation and the
invasion of cancer cells. We also found that c-Src phosphory-
lates tyrosine residues within the stalk domain of KIF1C,
thereby enhancing its association with tyrosine phosphatase
PTPDI, that in turn activates MT-binding ability of KIF1C,
probably by relieving the autoinhibitory interaction between its
motor and stalk domains. These findings shed new insights
into how c-Src signaling is coupled to the MT-dependent dy-
namic nature of invadopodia and also advance our under-
standing of the mechanism of KIF1C activation through release
of its autoinhibition.

Metastasis is a process by which primary cancers dissemi-
nate to secondary organs and is the main cause of mortality in
cancer patients. The process includes key stages, such as
cancer cell invasion, intravasation, and extravasation (1).
Accumulating evidence demonstrates that finger-like struc-
tures on the surface of cancer cells, known as invadopodia,
play a crucial role in degradation and remodeling of the sur-
rounding extracellular matrices (ECMs) by recruiting various
membrane and secretory proteins, such as integrins and matrix
metalloproteinases (MMPs), thereby enabling cancer cells to
migrate through the complex 3D microenvironments (2, 3).
Invadopodia can also drive protease-independent cancer cell
migration through confining 3D microenvironments, by
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mechanically opening up the channels and generating pro-
trusive forces at the leading edge (4). Thus, structure and
dynamics of invadopodia differ depending on the composition
and mechanical properties of the microenvironments sur-
rounding the cancer cells. Invadopodia consist of core F-actin
bundles as well as proteins involved in actin dynamics, cell
adhesion, membrane remodeling, and cell signaling (5-8). One
of the cell signaling proteins that play pivotal roles in the
formation and function of invadopodia is the nonreceptor type
tyrosine kinase c-Src, which phosphorylates series of proteins
localized to invadopodia, such as cortactin and Tks5, thereby
recruiting other structural and functional proteins to invado-
podia (9—12). Thus, the formation of invadopodia is promoted
by ectopic expression of WT or constitutively active c-Src,
while inhibited by ectopic expression of kinase-negative c-Src
or siRNA-mediated knockdown of c-Src (13-15).

We have previously shown that signaling mediated by Ror2,
a receptor for Wnt5a, promotes the formation of invadopodia
in osteosarcoma cells in a c-Src—dependent manner (16).
Comprehensive gene expression analysis has revealed that
Ror2-mediated signaling induces expression of MMP-13 and
intraflagellar transport 20 for promoting cancer invasion
(16—18). During invasion, MMP-13 is targeted to invadopodia
and induces focal degradation of ECM upon secretion (16).
IFT20 is localized to the Golgi apparatus, where it promotes
nucleation of Golgi-derived microtubules (MTs) for Golgi
ribbon formation, thereby facilitating polarized transport of
secretory and membrane proteins toward invadopodia (18).
MT-based transport would thus be a critical step for invasive
behavior of cancer cells. In fact, MTs have been shown to
penetrate into long invadopodia, where membrane vesicles are
observed along the MTs, and be essential for their elongation
beyond 5 pm (8, 19). However, MT-based molecular motors
that function within invadopodia remain to be identified.

KIF1C, a member of kinesin-3 family, would be a good
candidate for the motor protein in the invadopodia, since it has
been implicated in the formation of podosomes (20-22).
Podosomes are invadopodia-like structures involved in
degradation and remodeling of ECM, on the surface of normal
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Activation of KIF1C by c-Src promotes invadopodia elongation

cells, such as macrophages and vascular smooth muscle cells.
Invadopodia and podosomes contain similar, but not identical,
molecular components, but their overall architectures are
apparently different. In fact, invadopodia are highly protrusive
and generated separately in an irregular pattern on the
membrane, whereas podosomes are not protrusive and orga-
nized spatially into large assemblies as ring, belt, or rosette
structures (23-25).

It is now widely appreciated that the transport activity of
kinesin motors is generally regulated by the autoinhibition of
kinesin and its release by the binding to cargoes or cargo-
adapter proteins (26). Recent study has reported that KIF1C
is autoinhibited by intramolecular interactions between its
stalk and motor domains, which can be relieved upon binding
of protein tyrosine phosphatase D1 (PTPD1) or the cargo-
adapter protein Hook3 (27). Yet, another report (28) failed
to reproduce it, possibly because the differences in the post-
translational modification states of the KIF1C proteins be-
tween the two groups. Moreover, it is totally unclear whether
and how KIF1C is regulated by c-Src, which is an essential
kinase to promote the formation of invadopodia as described
above.

Thus, previous studies on KIF1C have suggested its function
in podosome formation, but its function in invadopodia has
been elusive. Furthermore, the autoinhibition mechanism of
KIF1C has been proposed as the regulatory mechanism, but its
relation to c-Src has been totally unclear. Here, we uncover a
novel function of KIF1C in invadopodia elongation, regulated
by c-Src—mediated phosphorylation of KIF1C and its subse-
quent interaction with PTPD1

Results and discussion

KIF1C is dispensable for formation of short invadopodia but
required for invasive migration

To elucidate the role of KIF1C in regulating invadopodia
formation, we initially examined intracellular distribution of
KIF1C in invasive human osteosarcoma SaOS2 cells. The cells
were cultured on a thin layer of crosslinked gelatin labeled
with Alexa Fluor 594 (Alexa-gelatin) or fluorescein (FL-
gelatin), and invadopodia formation was assessed by moni-
toring dot-like accumulations of F-actin or cortactin, a
prominent component of invadopodia, in the areas of
degraded gelatin. KIF1C, fused to a fluorescent protein, was
accumulated highly at the periphery of the cell, as reported
previously (29) but failed to be localized to invadopodia
(Fig. 1A). Similarly, KIF1C was not localized to invadopodia in
highly invasive MDA-MB-231 breast cancer cells cultured on a
thin layer of FL-gelatin (Fig. S1A). These results are in contrast
to the observation that KIF1C was localized to podosomes
generated on a thin layer of Alexa-gelatin in Src-transformed
NIH3T3 cells (Fig. 1B). We also found that siRNAs against
KIFIC failed to inhibit the formation of invadopodia on a thin
layer of Alexa/FL-gelatin in SaOS2 and MDA-MB-231 cells
(Fig. 1, C and D). These results clearly illustrate the difference
between podosomes and invadopodia. KIF1C is reported to
localize to podosomes in noncancer cells and is essential for
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their formation (20-22), while KIF1C is not required for the
formation of invadopodia on a thin layer of gelatin. Notably,
however, the same siRNAs significantly inhibited the invasive
migration of SaOS2 and MDA-MB-231 cells through
Matrigel-coated Transwell filters (Fig. 1E), indicating that
KIF1C-depleted cells fail to invade through 3D matrices.

KIF1C is localized to the tips of invadopodia in 3D matrices
and required for their elongation

To gain insight into how KIF1C regulates invasive migration,
Sa0S2 cells expressing KIF1C-Clover were cultured on a thick
bed of Matrigel, which allows the cells to invade three-
dimensionally, and distribution of KIF1C-Clover was examined.
Confocal microscopic analysis revealed that KIF1C-Clover was
localized to the tips of invadopodia, and these invadopodia con-
tained MTs (Fig. 2A), indicating that KIF1C is localized to MT-
containing invadopodia formed in 3D matrices. Unlike a thin
layer of gelatin (2D matrices), 3D matrices allow spatial elongation
of invadopodia, and MTs have been shown to be essential for their
elongation (8, 19). Thus, our results suggest that KIF1C is acti-
vated at MT-containing invadopodia to facilitate their elongation
in 3D matrices. The previous study used Matrigel-coated
Transwell filters with 1 um diameter to examine quantitatively
the relationship between MTs and invadopodia length (8). By
using the same assay system, we could detect invadopodia,
recognized by phalloidin staining, in the filter pores, in SaOS2 and
MDA-MB-231 cells, and these invadopodia were either positive
or negative for KIF1C (Figs. 2B and S1B). KIF1C-positive inva-
dopodia were also positive for an invadopodia marker, Tks5
(Figs. 2C and S1C). Cortactin and MTs were also present within
the invadopodia in SaOS2 cells (Fig. 2, D and E). Quantification of
the invadopodia length in the pores revealed that KIF1C-positive
invadopodia were significantly longer than KIF1C-negative ones
(Fig. 2F). Furthermore, length of invadopodia in the pores was
significantly shortened in KIF1C-knockdown cells (Fig. 2G). From
this length distribution, we noticed that more than 70% of inva-
dopodia were longer than 5 pm in control cells, but the invado-
podia in KIF1C-knockdown cells rarely exceed 5 pm (Fig. 2G).
We, therefore, used this criterion for the following assays using
Sa0S2 cells. Namely, we classified cells into two types based on
their short (<5 pm) and long (=5 um) average length of invado-
podia. The proportion of cells with short and long average length
of invadopodia serves as a compelling indicator for the effect of
KIFIC knockdown (Fig. 2H). We also found that siRNAs against
KIFIC reduce the length of invadopodia significantly in MDA-
MB-231 cells (Fig. S1D). Thus, although cancer cells can generate
short invadopodia through a KIF1C-independent mechanism,
their subsequent elongation requires KIF1C. These results sug-
gest that impaired elongation of invadopodia in KIFIC-depleted
cells might be a cause of their reduced migratory activity through
Matrigel-coated Transwell filters, shown in Figure 1E.

c-Src mediates tyrosine phosphorylation of KIF1C to promote
its binding to PTPD1

It has previously been reported that KIF1C can be phos-
phorylated on tyrosine residue(s) when cells were treated with
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Figure 1. KIF1C is dispensable for the formation of short invadopodia but required for invasive cell migration. A, SaOS2 cells expressing KIF1C-Clover
or KIF1C-mRuby were cultured on a thin layer of Alexa-gelatin or FL-gelatin and stained with phalloidin (F-actin) or anti-cortactin antibody as indicated. The
scale bars represent 10 um. Insets show magnified images of boxed regions (the scale bars represent 2 um). B, Src-transformed NIH3T3 cells expressing
KIF1C-Clover were cultured on a thin layer of Alexa-gelatin and stained with phalloidin. The scale bars represent 30 um. Insets show magnified images of
boxed regions (the scale bars represent 3 pm). C, immunoblot analysis showing decreased protein levels of KIF1C in Sa0S2 and MDA-MB-231 cells
transfected with siKIF1C (#1 or #2). D, Sa0S2 or MDA-MB-231 cells transfected with the indicated siRNAs were cultured on a thin layer of FL-gelatin and
stained with phalloidin. Number of invadopodia, identified as F-actin dots in the areas of degraded FL-gelatin, per cell was counted. Data are presented as
mean £ SD.n = 101 to 107 (Sa0S2) or 100 to 105 (MDA-MB-231) cells from three independent experiments; ns, not significant, Tukey test. E, Sa0S2 or MDA-
MB-231 cells transfected with the indicated siRNAs were analyzed by Transwell invasion assay. Cells invaded to the lower surface of the Transwell
membranes were counted. Data are expressed as mean + SD of three independent experiments, *p < 0.05, **p < 0.01, Tukey test. FL, fluorescein.
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Figure 2. KIF1C is localized to the tips of invadopodia in 3D matrices and required for their elongation. A, SaOS2 cells expressing KIF1C-Clover were
allowed to invade into a thick bed of FL-gelatin and stained with anti-tubulin (MTs) and phalloidin (F-actin). The xy and xz confocal images obtained along
the respective yellow lines are shown. The scale bar represents 10 um. B, SaOS2 cells expressing KIF1C-Clover were cultured on 1 um diameter pore size.
Transwell inserts precoated with Matrigel to induce formation of invadopodia through the pores, as illustrated in the schemes. Cells were stained with
phalloidin. The xz images of cells extending KIF1C-Clover-negative (left panels) and positive (right panels) invadopodia are shown. C-E, Sa0S2 cells
expressing KIF1C-mCherry and Tks5-GFP (C) or KIF1C-mCherry alone (D and E) were cultured on the Transwell inserts as described in B. Cells were stained
with anti-cortactin (D) or anti-a-tubulin (MTs) (E) antibody. The xz images of cells with KIF1C-mCherry-positive invadopodia are shown. Dashed lines indicate
the upper surface of the filters. The scale bars represent 10 um. Magnified images of boxed regions are shown on the right (the scale bars represent 1 um). F,
quantification of length of invadopodia. Sa0S2 cells expressing KIF1C-mCherry were cultured on the Transwell inserts as described in (B) and stained with
phalloidin. Length of invadopodia from 30 cells expressing KIF1C-mCherry were measured. Data are presented as mean + SD. n = 45 and 62 (KIF1C-
mCherry-positive and negative invadopodia, respectively), three independent experiments; ***p < 0.001, t test. G, length of invadopodia in Sa0S2 cells
transfected with the indicated siRNAs was quantified. The histograms indicate the frequency of invadopodia (% total invadopodia) with the indicated
length. n = 110 (siCtrl), 132 (siKIF1C#1), and 117 (siKIF1C#2) invadopodia from 30 cells for each group, three independent experiments; ***p < 0.001, Steel
test. H, proportion of cells with short (<5 pm) and long (=5 pm) average length of invadopodia. Data are expressed as mean * SD of three independent
experiments, ***p < 0.001, Tukey test. FL, fluorescein; MT, microtubule.
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peroxovanadate or KIF1C and c-Src were coexpressed in the
cells (30), although phosphorylation site(s) on KIF1C and its
biological relevance remain to be defined. Accumulating evi-
dence supports the notion that c-Src is an important compo-
nent of invadopodia and plays a key role in the formation and
function of invadopodia by phosphorylating other compo-
nents, including cortactin, Tks5, and p130CAS (24, 31). Thus,
we hypothesized that c-Src might phosphorylate KIF1C to
mediate robust elongation of invadopodia in cancer cells.
Confocal laser microscopic and coimmunoprecipitation ana-
lyses revealed that KIF1C and c-Src are colocalized to inva-
dopodia and interact physically each other, respectively (Fig. 3,
A and B). The levels of KIF1C coprecipitated with constitu-
tively active form of c-Src (Y527F) were lower than those
coprecipitated with WT c-Src (Fig. 3B), presumably reflecting
faster association/dissociation rates of c-Src-Y527F with
KIF1C. Consistently, anti-phosphotyrosine immunoblotting of
immunoprecipitated KIF1C showed that KIF1C was tyrosine
phosphorylated more heavily by c-Src-Y527F than by c-Src-
WT (Fig. 3C). By generating a series of truncated mutants of
KIF1C, we found that the C-terminal half of the motor domain
(amino acids 176-350) was necessary for binding between
KIF1C and c-Src (Fig. S2).

We have previously shown that Wnt5a-Ror2 signaling in-
duces activation of c-Src and thereby promotes the formation
of invadopodia and invasive migration of osteosarcoma cells
(16). We therefore examined the effect of Wnt5a stimulation
on the levels of phospho-tyrosine on KIF1C in SaOS2 cells. We
found that Wnt5a treatment induced tyrosine phosphorylation
of endogenous KIF1C, which could be inhibited by the pres-
ence of dasatinib, a potent inhibitor of the Src-family kinases
(Fig. 3D), indicating that Wnt5a/c-Src signaling induces
phosphorylation of KIF1C in SaOS2 cells. We then sought to
identify tyrosine residue(s) within KIF1C that are phosphory-
lated by c-Src. Since 11 tyrosine residues were predicted to be
potential phosphorylation sites within KIF1C by using the
NetPhos 3.1 server (http://www.cbs.dtu.dk/services/NetPhos/)
(32), we substituted these tyrosine residues individually with
phenylalanine and assessed whether the respective YF
substituted mutant proteins exhibit reduced tyrosine phos-
phorylation when coexpressed with c-Src-Y527F. We found
that, among the 11 KIF1C mutants, four YF mutants (Y654F/
Y671F/Y726F/Y757F) exhibited reduced tyrosine phosphory-
lation levels compared with those of KIF1C-WT (Fig. S3),
indicating that these four tyrosine residues are candidate
phosphorylation sites by c-Src. We then generated KIF1C-4YF
mutant, in which all of the four tyrosine residues are
substituted with phenylalanine and confirmed considerably
reduced tyrosine phosphorylation of KIF1C-4YF by c-Src-
Y527F (Fig. 3E).

It is now widely appreciated that the transport activity of
kinesin motors is generally regulated by the autoinhibition of
kinesin and its release by the binding to cargoes or cargo-
adapter proteins (26). Recent study has reported that KIF1C
is autoinhibited by intramolecular interactions between its
stalk and motor domains, which can be relieved upon binding
of PTPD1 or the cargo-adapter protein Hook3 (27). Notably,

SASBMB

four tyrosine residues identified as candidate phosphorylation
sites within KIF1C (Y654, Y671, Y726, Y757) were found
within the region involved in its binding to PTPD1 (27), raising
a possibility that c-Src—mediated phosphorylation of KIF1C
regulates its binding to PTPDI1. To test this possibility, we
examined the effect of c-Src (WT or Y527F) expressed
ectopically on binding between KIF1C and PTPD1 by coim-
munoprecipitation assay. We used the FERM domain of
PTPD1 (PTPDI1ggrp) since it is sufficient to interact with and
activate KIF1C (27). We found that binding between KIF1C
and PTPD1gpry was enhanced moderately by c-Src-WT, and
more drastically by c-Src-Y527F, consistent with their effects
on KIF1C phosphorylation (Fig. 3F). Furthermore, the amount
of PTPD1ggry coprecipitated with KIF1IC-4YF was substan-
tially lower than that coprecipitated with KIFIC-WT in the
presence of c-Src-Y527F (Fig. 3G). Essentially, similar results
were obtained when full length PTPD1 was expressed instead
of PTPD1ggry (Fig. 3H). Together, these results indicate that
c-Src induces phosphorylation of KIF1IC within its stalk
domain to enhance its binding to PTPD1ggrym-

c-Src-mediated tyrosine phosphorylation of KIF1C is required
for elongation of invadopodia and invasive cell migration

To further assess the biological relevance of c-Src—mediated
phosphorylation of KIF1C during cancer cell invasion, we
performed rescue experiments using siRNA-resistant KIFI1C
constructs. We found that ectopic expression of stKIFIC-WT,
but not srKIF1C-4YF, could rescue the effects of KIF1C siRNA
on the proportion of short and long invadopodia (Fig. 44), as
well as on invasive cell migration (Fig. 4B), suggesting that c-
Src—mediated phosphorylation of the four tyrosine residues
(Y654, Y671, Y726, Y757) within KIF1C is required for tran-
sition from short to robust long invadopodia and invasive
cancer cell migration. Interestingly, in control siRNA-
transfected cells, ectopic expression of srKIF1C-4YF resulted
in increased and decreased proportion of short and long
invadopodia, respectively (Fig. 4A4), as well as reduced invasive
cell migration (Fig. 4B), similar to the effect of KIFIC siRNA.
Since KIF1C can form a stable dimer that is autoinhibited by
intramolecular interactions and is activated by PTPDI1germ
binding (27), KIF1C-4YF is likely to act as a dominant negative
mutant by dimerizing with endogenous KIF1C.

To gain further insight into the dominant negative function
of KIF1C-4YF, we examined whether ectopic expression of
KIF1C-4YF can interfere with peripheral localization of
KIF1C-WT that depends on its motor activity (27). To this
end, KIF1C-WT-mCherry was coexpressed with either KIF1C-
WT-Clover or KIF1C-4YF-Clover in SaOS2 cells. Although
the fluorescence signal of KIF1IC-WT-mCherry overlapped
largely, if not completely, with that of either KIFIC-WT-
Clover or KIF1C-4YF-Clover, the latter showed reduced pe-
ripheral accumulation and instead increased cytoplasmic dis-
tribution (Fig. 4C). In fact, the ratio of peripheral versus
cytoplasmic KIF1C-WT-mCherry intensity was significantly
lower in cells coexpressing KIF1C-4YF-Clover than that in
cells coexpressing either KIF1C-WT-Clover or GFP (Fig. 4C).
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Figure 3. c-Src induces phosphorylation of KIF1C to enhance its binding to PTPD1. A, Sa0S2 cells expressing KIF1C-mCherry and c-Src-Flag
were cultured on the Transwell inserts as described in Figure 2B and stained with anti-Flag antibody. The xz images of the cell with KIF1C-
mCherry-positive invadopodia are shown. Dashed lines indicate the upper surface of the filters. The scale bar represents 10 pm. Magnified im-
ages of boxed regions are shown on the right (The scale bar represents 1 um). B, association of KIF1C with c-Src. HEK293T cells were cotransfected
with KIF1C-Clover and c¢-Src (WT or Y527F)-Myc. Whole cell lysate (WCL) or anti-Myc immunoprecipitates were analyzed by immunoblotting. C,
tyrosine-phosphorylation of KIF1C by c-Src. HEK293T cells were cotransfected with KIF1C-Clover and c-Src (WT or Y527F). WCL or anti-GFP im-
munoprecipitates were analyzed by immunoblotting. D, Wnt5a stimulation enhances c-Src-mediated phosphorylation of KIF1C. Serum-starved
Sa0S2 cells were treated with Wnt5a (final conc. of 400 ng/ml) for 1 h in the presence or absence of 10 nM Dasatinib. WCL or anti-KIF1C im-
munoprecipitates were analyzed by immunoblotting. E, top, schematic primary structure of KIF1C with motor, forkhead-associated (FHA), proline-
rich (P-rich), and coiled-coil (gray boxes 1-4) domains. c-Src-binding region (c-Src) and four tyrosine residues phosphorylated by c-Src (p-Tyr),
identified in this study, are indicated. Bottom, HEK293T cells were cotransfected with KIF1C (WT or 4YF)-Clover and c-Src-Y527F-Myc. WCL or anti-
GFP immunoprecipitates were analyzed by immunoblotting. F, association of KIF1C with PTPD1ggry is promoted by c-Src. HEK293T cells were
cotransfected with PTPD1ggry-Flag, KIF1C-WT-Clover, and c-Src-Myc (WT or Y527F). WCL or anti-GFP immunoprecipitates were analyzed by
immunoblotting. G and H, c¢-Src fails to promote association of KIF1C-4YF with PTPD1. HEK293T cells were transfected with PTPD1geru-Flag (G) or
PTPD1(FL: full length)-Flag (H) together with KIF1C (WT or 4YF)-Clover and c-Src-Y527F-Myc. WCL or anti-GFP immunoprecipitates were analyzed by
immunoblotting. PTPD1, protein tyrosine phosphatase D1.
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Figure 4. c-Src-mediated phosphorylation of KIF1C is required for elongation of invadopodia and invasion. A, SaOS2 cells transfected with siCtrl or
siKIF1C#1 were further transfected with srKIF1C (WT or 4YF)-Clover that is resistant to sikIF1C#1. Cells were cultured on the Transwell inserts and stained with
phalloidin as described in Figure 2B, and proportion of cells with short (<5 um) and long (=5 um) average length of invadopodia was quantified. Data are
expressed as mean + SD of three independent experiments, **p < 0.01, Tukey test. B, U20S cells stably expressing GFP (mock), srKIF1C-WT-Clover, or
srKIF1C-4YF-Clover were transfected with siCtrl or sikKIF1C#1 and analyzed by Transwell invasion assay. Data are expressed as mean + SD of three inde-
pendent experiments, ***p < 0.001, Tukey test. C, left, representative inverted gray scale images of SaOS2 cells coexpressing KIF1C-WT-mCherry and either
KIF1C-WT-Clover (top panels) or KIF1C-4YF-Clover (bottom panels). The scale bars represent 10 um. Right, intensities of mCherry fluorescence at the pe-
ripheral/nonperipheral cytoplasmic regions of cells were quantified. Cells coexpressing KIF1C-WT-mCherry and GFP were also used as a control. Data are
presented as mean + SD. n = 102 to 109 from 30 cells, three independent experiments, ***p < 0.001, Steel test. D, Sa0S2 cells were cotransfected with
KIF1C-WT-mCherry and either KIF1C-WT-Clover or KIF1C-4YF-Clover. WCL or anti-GFP immunoprecipitates were analyzed by immunoblotting.

Furthermore, both KIF1C-WT-Clover and KIF1C-4YF-Clover
bound comparably to KIF1IC-WT-mCherry as assessed by
coimmunoprecipitation assay (Fig. 4D), indicating that KIF1C-
4YF is indeed a dominant negative mutant with reduced motor
activities, thereby inhibiting elongation of invadopodia and
invasive cancer cell migration.

SASBMB

c-Src-mediated tyrosine phosphorylation of KIF1C is required
for its binding to MTs

Previous studies have shown that an autoinhibition of some
KIFs, including KIF1C, through their intramolecular interaction,
prevents their motor domain from interacting with MTs (27,
33-35). To gain further insight into how c-Src—mediated
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phosphorylation of KIF1C affects its motor activity, we examined
the MT binding abilities of KIFIC-WT or KIF1C-4YF in cells. To
this end, SaOS2 cells expressing KIF1C-Clover (WT or 4YF) with
or without c-Src-Y527F-Myc were treated with cold methanol, in
which proteins were extracted and fixed concurrently and
stained with antibodies against a-tubulin and Myc-tag. We found
that substantial proportion of KIF1C-WT-Clover, but not its 4YF
mutant, was colocalized with MTs when coexpressed with c-Src-
Y527F (Fig. 5A). Quantification revealed that colocalization be-
tween KIF1C-WT and MTs is significantly increased by ectopic
expression of c-Src-Y527F, and this colocalization is greater than
colocalization between KIF1C-4YF and MTs in the presence of c-
Src-Y527F. Consistent with these findings, MT cosedimentation
assay revealed that binding of KIF1C-WT-Clover, but not
KIF1C-4YE-Clover, with MTs was augmented obviously when
coexpressed with c-Src-Y527F (Fig. 5B). These results suggest
that c-Src—mediated phosphorylation of KIF1C potentiates its
binding to MTs by relieving autoinhibition.

In conclusion, we show for the first time that KIF1C is
localized to long invadopodia, but not short ones, in cancer
cells, that is consistent with MT localization in long, but not
short invadopodia. As previously reported, MTs are not
essential for the generation of short invadopodia, which are
sufficient to degrade a thin layer of ECM (8, 19). In fact, most
of the studies on invadopodia thus far have focused on short
ones generated on a thin layer of matrix. However, such
experimental conditions appear to be distinct from actual 3D
environments, where invading cancer cells often need to
extend long invadopodia to drive cell migration through
confined spaces (2, 8, 36). KIF1C might move along MTs
within invadopodia to deliver membrane lipids and proteins
required for their elongation to their tips.

We also clarified the regulatory mechanism for KIF1C ac-
tivity, especially the role of c-Src—mediated phosphorylation
within its stalk domain, where PTPD1 can bind to relieve
autoinhibition of KIFIC in a phosphatase activity—
independent manner (27). Interestingly, PTPD1 has been
shown to interact with and dephosphorylate Tyr527 residue of
c-Src, leading to its activation (37, 38). Thus, PTPD1 recruited
to c-Src—phosphorylated KIF1C might contribute to drive a
positive feedback loop that promotes c-Src—mediated phos-
phorylation and activation of KIF1C within invadopodia to
ensure their continuous elongation. Beside PTPD1, the cargo-
adapter protein Hook3 has been shown to interact with the
stalk domain of KIF1C (27, 28). Although one group observed
that, like PTPD1, Hook3 increased landing rate of KIF1C onto
MTs, another group failed to reproduce it. Since KIF1C pro-
teins used by the two groups were from different sources, there
might be differences in the tyrosine phosphorylation states
within the stalk domain of the KIF1C proteins between the two
groups, leading to their controversial results.

Experimental procedures
Plasmids and siRNAs

Human KIF1C cDNA clone (IRAK047K20) was provided by
the RIKEN BRC and subcloned into pEGFP-N1-based vectors,
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pClover-N1, pmRuby-N1, and pmCherry-N1, in which the
sequence for EGFP was replaced by the sequence for Clover,
mRuby, and mCherry, respectively. To construct an expression
plasmid encoding KIF1C-Clover resistant to si-KIF1C#1
(stKIF1C-Clover), six bases in the 19-base target sequence in the
corresponding KIF1C cDNA were altered by PCR amplification
(GTGTCTTACATGGAAATTT). Expression plasmids encod-
ing the series of truncated KIF1C-Clover were constructed by
subcloning cDNAs encoding the following KIF1C fragments into
the pClover-N1 vector, respectively: A175 (aa 175-1103), A350
(aa 350-1103), Al (aa 1-900), A2 (aa 1-810), A3 (aa 1-700), A4
(aa 1-600), A5 (aa 1-500). The following point mutations were
introduced into stKIFIC-Clover by site-directed mutagenesis:
Y516F, Y569F, Y654F, Y671F, Y726F, Y757, Y786, Y1061F,
Y1068F, Y1078F, Y1081F, and 4YF (Y654F/Y671F/Y726F/
Y757F). To construct retroviral vectors encoding KIF1C-WT-
Clover and KIF1C-4YF-Clover, the corresponding cDNAs were
inserted into pLPCX vector (Clontech). To construct expression
plasmids encoding Flag-tagged full length human PTPD1
(PTPD1-Flag) and its FERM domain (PTPD1ggrp-Flag), the
corresponding cDNAs were amplified from 293T cells and
inserted into pcDNA-Flag vector. Expression plasmids for c-Src-
Myc and its Y527F mutant in pCX4 vector (39) were kindly
provided by M. Okada. To construct plasmid encoding c-Src-
Flag, cDNA encoding c-Src was subcloned into pcDNA3-Flag
vector. Expression plasmids for human Tks5 in pEGFP vector
(40) was provided by T. Oikawa. The sequences of the siRNAs
used were as follows: si-KIF1C#1, 5'-(GUGAGCUAUAUGGA-
GAUCUdTdT)-3; and si-KIFIC#2, 5'-(CCCAUGCCGU-
CUUUACCAUdTAT)-3" (Sigma). MISSION siRNA Universal
Negative Control #1 (si-Ctrl) was purchased from Sigma.

Cell culture, transfection, and retroviral infection

Sa0S2, U20S, MDA-MB-231, and 293T cells were cultured
in Dulbecco’s Modified Eagle’s Medium (DMEM) (FUJIFILM
Wako Pure Chemical Corporation) containing 10% (v/v) fetal
bovine serum (FBS). Src-transformed NIH3T3 cells (expressing
Y530F mutant of human c-Src) (41) were kindly provided by T.
Itoh and cultured in DMEM containing 10% (v/v) FBS. For
siRNA transfection, RNAIMAX (Thermo Fisher Scientific) was
used according to the manufacturers’ instructions. For plasmid
transfection, Viafect (Promega) and Lipofectamine 2000
(Thermo Fisher Scientific) were used for SaOS2, MDA-MB-231,
and 293T cells, respectively. For retroviral infection, 293T cells
were transfected with pLPCX-KIFIC-Clover (WT or 4YF)
plasmid together with pE-ampho and pGP plasmids (Takara).
After 48 h, viral supernatant was collected and filtered through a
0.45 pm diameter pore size membrane. U20S cells were infec-
ted with the viral supernatant in the presence of 10 pug/ml pol-
ybrene for 24 h. Subsequently, infected cells were selected in the
growth medium containing 1 pg/ml puromycin for 1 week, and
then puromycin-resistant cells were collected for analysis.

Antibodies and reagents

Following antibodies were obtained commercially: anti-
KIF1C (BETHYL), anti-p-Src-Y416 (Cell  Signaling

SASBMB



Activation of KIF1C by c-Src promotes invadopodia elongation

A 1.0 ll
i JAVYAN
éé 0.8
25 a v
o c
2@ 06 , O
S8 °
@ O v
NO 047 2 v
o | ;
oL
O X 021 A
KIF1C-4YF a8
04
KIF1C-Clover: WT 4YF WT 4YF
c-Src-Y527F-Myc: - - + +
MTs: + + + +
4 7 *
KIF1C-Clover: WT 4YF WT 4YF
*
c-Src-Y527F-Myc:  — - + + o
250 — = 3
o
Loz
- KIF1C-Clover 05
>
150 Q 2 5
Pellet .g é —
Sapanm - §<
¢ 3
50 g 11
250
KIF1C-Clover 0=
150 .
WCL MTs: + + + +
S C,;ASVC'Y527F KIF1C-Clover: WT 4YF WT 4YF
-Myc
50 c-Src-Y527F-Myc: - - + +

(kDa)

Figure 5. c-Src-mediated phosphorylation of KIF1C is required for its binding to MTs. A, left, SaOS2 cells expressing KIF1C (WT or 4YF)-Clover with or
without c-Src-Y527F-Myc were fixed with methanol and immunostained with anti-a-tubulin (MTs) and anti-Myc antibodies. Representative images are
shown. The scale bars represent 10 pm. Insets show magnified images of boxed regions (the scale bar represents 1 um). Right, colocalization between KIF1C-
Clover and MTs was quantified. Data are presented as mean + SD. n = 20 cells from three independent experiments; **p < 0.01, Tukey test). B, left, Sa0S2
cells were cotransfected with KIF1C (WT or 4YF)-Clover and c-Src-Y527F-Myc, lysed, and mixed with stabilized MTs. KIF1C-Clover cosedimented with MTs
were analyzed by immunoblotting. Right, the relative levels of cosedimented KIF1C were calculated by the band intensity on immunoblots. Data are
expressed as mean + SD of three independent experiments, *p < 0.05, Tukey test. MT, microtubule.
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Technology), anti-c-Src (CALBIOCHEM), anti-Flag (M2),
anti-Myc for IP (9E10, Santa Cruz) and WB (A14, Santa Cruz),
anti-a-tubulin (MBL), anti-GFP (that recognizes Clover) for
immunoprecipitation (Sigma) and immunoblotting (JL-8,
Takara), anti-RFP (that recognizes mCherry) (MBL), anti-
cortactin (4F11, Millipore), and anti-Phosphotyrosine (4G10,
Millipore). Dasatinib was purchased from Cell Signaling
Technology.

Immunoprecipitation and immunoblotting

Cells were lysed in ice-cold lysis buffer (50 mM Tris—HCI,
pH7.4, 0.5% (v/v) Nonidet P-40, 150 mM NaCl, 5 mM
EDTA, 50 mM NaF, 1 mM Na3VO,, 1 mM p-PMSF, 10 pg/ml
leupeptin, and 10 pg/ml aprotinin). The resultant lysates were
subjected to immunoprecipitation, SDS-PAGE, and immuno-
blotting as described previously (42).

Alexa-gelatin degradation assay

Coverslips or glass bottom dishes were coated with a thin
layer of Alexa- or FL-conjugated gelatin and crosslinked with
0.5% glutaraldehyde, as previously described (18). Cells were
seeded on these coverslips or glass bottom dishes and then
incubated for 6 h at 37 °C. Cells were washed with PBS and
fixed with 4% (w/v) paraformaldehyde. Cells were per-
meabilized with 0.2% (v/v) TritonX-100 in PBS and then
blocked with 5% (w/v) BSA in PBS. Blocked cells were stained
with the respective antibodies and phalloidin conjugated with
Alexa Fluor-488, Alexa Fluor 647, or rhodamine (Invitrogen).
Fluorescence images were obtained using a LSM700 with Plan-
Apochromat 40x/1.4 NA and 63x/1.4 NA oil immersion
objective lenses (Carl Zeiss).

Imaging analyses of invasion in Matrigel

Coverslips were coated with undiluted Matrigel (Corning)
with a thickness of at least 100 um, which we term thick bet of
Matrigel. Cells transfected with expression plasmids and siR-
NAs were seeded on these coverslips and then incubated for
2 h at 37 °C. Cells were fixed with 4% (w/v) paraformaldehyde,
permeabilized with 0.2% (v/v) TritonX-100, and then blocked
with 5% (w/v) bovine serum albumin (BSA) in PBS. Blocked
cells were stained with anti-a-Tubulin antibody and phalloi-
din. Fluorescence images were obtained with an Al confocal
microscope (Nikon). Image] software (National Institutes of
Health) was used for Z-stack projection.

Imaging analyses of invadopodia formation through filter
pores

Transwell inserts with a 10.5-mm-diameter, 1 um diameter
pore size membrane (Corning) were coated with 40 pl Matrigel
(1:20 in DMEM) for 1 h at 4 °C, 30 ul Matrigel was removed,
and then Transwell chamber was incubated for 1 h at 37 °C.
1.5 x 10* cells transfected with siRNAs or plasmids in serum-
free DMEM were loaded to upper well. The lower well was
filled with DMEM containing 10% (v/v) FBS. After incubation
for 15 h at 37 °C, cells were washed with PBS and fixed with
4% (w/v) paraformaldehyde. After cells were stained with

10 J Biol. Chem. (2022) 298(7) 102090

antibody or phalloidin, serial optical sections were obtained
with a confocal microscope LSM700 (Carl Zeiss) or Al, and
length of invadopodia was measured from the xz projections of
the image stack using Image] software.

Transwell invasion assay

Transwell invasion assay was performed as described pre-
viously (16). In brief, Transwell inserts with a 10.5-mm-
diameter, 8 um diameter pore size membrane (Corning) were
coated with Matrigel (1:20 in DMEM) for 1 h at 37 °C. 2.5 x
10* cells transfected with siRNAs or plasmids in serum-free
DMEM were loaded onto the upper well. The lower well was
filled with DMEM containing 10% FBS. After incubation for
12 h, cells invaded to lower surface of the membrane were
counted.

In vivo MT-binding assay

Sa0S2 cells were plated onto coverslips coated with fibro-
nectin and then transfected with plasmids. After incubation for
24 h, cells were washed with PBS and treated with cold (-20
°C) methanol for 15 min to extract and fix proteins concur-
rently. After washing three times with PBS, cells were blocked
with 5% (w/v) BSA in PBS and stained with antibodies against
a-tubulin and Myc tag. Fluorescence images were obtained
using a LSM700 confocal microscope.

MT cosedimentation assay

For preparation of stabilized MT solution, purified tubulin
dimers from porcine brain (Cytoskeleton Inc) were polymer-
ized by incubating in PEM buffer (100 mM Pipes, pH6.8,
1 mM EGTA, 1 mM MgCl,) with 1 mM GTP, 30% glycerol,
and 10 uM taxol for 1 h at 37 °C and then centrifuged at
100,000¢ for 15 min at 27 °C. SaOS2 cells expressing KIF1C-
Clover (WT or 4YF) with or without c-Src-Y527F-Myc were
lysed with PEM buffer with 1% (v/v) TritonX-100, 50 mM NaF,
1 mM Na3zVOy,, 1 mM p-PMSF, 10 pg/ml leupeptin, and 10 pg/
ml aprotinin and then centrifuged at 15,000 rpm for 15 min at
4 °C. The supernatant (whole cell lysate) was mixed with
stabilized MT solution, incubated for 1 h at room temperature,
and then centrifuged at 100,000g for 15 min at 27 °C. The
pellet fractions were subjected to immunoblotting.

Quantification of fluorescence intensity and colocalization

Fluorescence images obtained with a LSM700 confocal
microscope were processed for quantification using Image]J. To
measure fluorescence intensities of KIFIC-mCherry at the
peripheral/nonperipheral cytoplasmic regions of cells, cyto-
plasmic regions within 10 pm distance from each cell vertex
were defined as peripheral regions, while cytoplasmic regions
at least 20 pm away from the cell vertex were defined as
nonperipheral cytoplasmic regions. Intensity profiles were
generated by drawing line segments within these regions, and
the peak values at the peripheral cytoplasmic regions were
divided by the mean values at the nonperipheral cytoplasmic
regions. Colocalization between KIF1C-Clover and MTs was
quantified using the Coloc2 plugin.
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Statistical analysis

Statistical significance was analyzed using the one-way
ANOVA followed by the Tukey test, the Kruskal-Wallis test
followed by the Steel test, or Student’s ¢ test. p < 0.05 was
considered statistically significant.

Data availability

All data are contained within the article.

Supporting  information—This article contains

information.
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