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ABSTRACT The adherens junction (AJ) plays a crucial role in maintaining cell-cell adhesion in
epithelial tissues. Previous studies show that KIFC3, a minus end-directed kinesin motor,
moves into AJs via microtubules that grow from clusters of CAMSAP3 (also known as Nezha),
a protein that binds microtubule minus ends. The function of junction-associated KIFC3, how-
ever, remains to be elucidated. Here we find that KIFC3 binds the ubiquitin-specific protease
USP47, a protease that removes ubiquitin chains from substrates and hence inhibits protea-
some-mediated proteolysis, and recruits it to AJs. Depletion of KIFC3 or USP47 promotes
cleavage of E-cadherin at a juxtamembrane region of the cytoplasmic domain, resulting in the
production of a 90-kDa fragment and the internalization of E-cadherin. This cleavage de-
pends on the E3 ubiquitin protein ligase Hakai and is inhibited by proteasome inhibitors. E-
cadherin ubiquitination consistently increases after depletion of KIFC3 or USP47. These find-
ings suggest that KIFC3 suppresses the ubiquitination and resultant degradation of
E-cadherin by recruiting USP47 to AJs, a process that may be involved in maintaining stable
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cell-cell adhesion in epithelial sheets.

INTRODUCTION

Microtubules interact with cell junctions via their plus ends or minus
ends (Stehbens et al., 2006; Ligon and Holzbaur, 2007; Shaw et al.,
2007; Meng et al., 2008; Baines et al., 2009; Bellett et al., 2009).
Microtubules appear to contribute to molecular trafficking between
cell junctions and cytoplasm, a function that is carried out by various
kinesin motors or dynein. Even cell adhesion proteins, such as N-
cadherin (Mary et al., 2002; Teng et al., 2005) and desmosomal cad-
herins (Nekrasova et al., 2011), are delivered to the junctions by ki-
nesins. Our previous studies showed that the kinesin family member
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C3 (KIFC3), a minus end-directed motor (Noda et al., 2001),
migrates into the adherens junctions (AJs) of epithelial cells. This
migration depends on a recently identified microtubule minus end-
binding protein: calmodulin-regulated, spectrin-associated protein
3 (CAMSAP3), which is also called Nezha (Meng et al., 2008; Baines
et al., 2009; Tanaka et al., 2012; Nagae et al., 2013). A fraction of
CAMSAP3 is localized to AJs through its association with the E-cad-
herin—p120-catenin—pleckstrin homology domain-containing family
A member 7 (PLEKHA7) complex and nucleates microtubule growth
from the AJ (Meng et al., 2008). Whether the KIFC3 molecules that
move along this population of microtubules carry any cargo to the
AlJs, however, remains unknown, although this kinesin was found to
transport annexin Xlllb to the apical membranes (Noda et al.,
2001).

Classical cadherins, including E-cadherin, are key cell adhesion
receptors in maintaining the AJ (Takeichi, 2014). For dynamic regu-
lation of AJs, cadherin molecules are dynamically turned over (Delva
and Kowalczyk, 2009; Wirtz-Peitz and Zallen, 2009). One of the reg-
ulators for cadherin turnover is p120-catenin, which directly binds
to a juxtamembrane region of the cadherin cytoplasmic domain
(Reynolds, 2007). When p120-catenin is removed, the stability of
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FIGURE 1: KIFC3 binds USP47, and recruits it to cell junctions. (A) Detection of the interaction between of KIFC3 and
USP47 by GST pull-down assay (top) and immunoprecipitation (bottom). Top, GST- or tail-KIFC3-GST-immobilized beads
were incubated with a Caco-2 cell lysate, and the proteins bound to the beads were analyzed by Western blotting.
Bottom, Caco-2 cells were transfected with EGFP or EGFP-KIFC3 expression vector, and their lysates were subjected to
immunoprecipitation with anti-GFP antibody. (B) Double immunostaining for endogenous KIFC3 and USP47. Bottom,
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cadherins in the plasma membrane is greatly reduced, leading to
their internalization (Xiao et al., 2007). Ubiquitination of cadherins is
another mechanism for stimulating their trafficking (Yang et al.,
2006; Schaefer et al., 2012), and several pathways to degrade ubig-
uitinated cadherins have been identified (Palacios et al., 2005; Janda
et al., 2006; Shen et al., 2008).

In the present study, we sought molecules that could be trans-
ported by KIFC3 to AJs, and we identified the ubiquitin-specific
protease 47 (USP47) as a binding partner for this kinesin. Ubiquitin-
specific proteases are a subclass of cysteine proteases that catalyze
the removal of ubiquitin from substrates, thus counteracting the
activity of E3 ubiquitin ligases. USP47 is one of their subtypes, and
it is known to regulate various cell functions (Buus et al., 2009;
Peschiaroli et al., 2010; Parsons et al., 2011; Zhang et al., 2013). Our
detailed analysis of the function of the KIFC3-USP47 complex sug-
gests that it suppresses E-cadherin degradation and internalization.
These findings also lead us to propose a new function of p120-
catenin in stabilizing E-cadherin.

RESULTS

KIFC3 recruits USP47 to cell junctions

To identify molecules transported by KIFC3, we carried out pull-
down assays using glutathione S-transferase (GST) fusion of the
KIFC3 tail domain, which is supposed to bind cargo molecules
(Hirokawa et al., 2009). Mass spectrographic analysis of the materials
precipitated from a lysate of Caco-2 cells showed that the ubiquitin-
specific protease USP47 was pulled down with the KIFC3 tail (Sup-
plemental Figure S1A). Western blot analysis using antibodies spe-
cific for USP47 confirmed the binding of USP47 to the KIFC3 tail
(Figure 1A, top). KIFC3 tagged with enhanced green fluorescent
protein (KIFC3-EGFP), which was ectopically expressed in Caco-2
cells, also coprecipitated with endogenous USP47 (Figure 1A,
bottom).

Then we examined the subcellular localization of KIFC3 and
USP47. Immunostaining for these molecules detected punctate sig-
nals both in the cytoplasm and along cell junctions (Figure 1B).
Close-up views indicated that KIFC3 and USP47 puncta often over-
lapped with one another at these sites. These KIFC3- and USP47-
immunoreactrive signals faded out when each molecule was de-
pleted with specific small interfering RNAs (siRNAs; Supplemental
Figure S1B). To further confirm that the immunostaining signals rep-
resent the correct distribution of these molecules, we exogenously
expressed KIFC3-GFP and USP47 tagged with FLAG (USP47-FLAG)
in Caco-2 cells and found that they coclustered both in the cyto-
plasm and at cell junctions (Figure 1C). Furthermore, the KIFC3-
USP47 coclusters were associated with microtubules (Figure 1C).
The junctional localization of KIFC3 was confirmed by double
immunostaining for KIFC3-EGFP and E-cadherin (Supplemental
Figure S1C).

Double staining for E-cadherin and endogenous KIFC3 or USP47
also showed their overlapping distributions (Figure 1D), indicating
that the KIFC3-USP47 complex accumulates at the AJs or zonula
adherens (ZA), the epithelial form of an AJ. To determine whether

KIFC3 or USP47 is responsible for their junctional localization, we
examined the effect of depletion of KIFC3 or USP43 on the distribu-
tion of the other. Removal of USP47 had no effect on the localization
of KIFC3, whereas KIFC3 loss tended to disturb the junctional ac-
cumulation of USP47 (Figure 1D). These observations suggest that
USP47 relocates to the AJ via its association with KIFC3, not vice
versa.

Depletion of KIFC3 or USP47 destabilizes junctional
E-cadherin

During the foregoing observations, we noticed the tendency that
the shape of cell junction delineated with E-cadherin immunosignals
became irregular, with a concomitant increase of its cytoplasmic sig-
nals after depletion of KIFC3 or USP47. We therefore analyzed these
phenomena in more detail, using two kinds of antibodies specific to
E-cadherin: polyclonal antibody H-108 (AbH-108), which recognizes
amino acids 600-707 of the extracellular domain (Ronzitti et al.,
2004; numbered according to the unprocessed human E-cadherin),
and a monoclonal antibody called clone 36 (Ab36), specific to the
cytoplasmic domain (Kim et al., 2012; Figure 2A and Supplemental
Figure S1D). In control cells, although these two antibodies stained
the junctional E-cadherin similarly, they reacted differently with intra-
cellular E-cadherin. Ab36 detected cytoplasmic vesiclelike signals,
whereas AbH-108 hardly detected such signals (Figure 2A). After
depletion of KIFC3 or USP47, however, AbH-108 detected E-cad-
herin—positive intracellular vesicles, whereas the vesicles detected
by Ab36 did not significantly increase (Figure 2A). This suggests that
the two antibodies recognize distinct populations of E-cadherin. Ac-
tually, only 13% (n = 8) of the vesicles reacted with both antibodies.
It is likely that Ab36-positive intracellular signals represent E-cad-
herin populations undergoing ordinary turnover, as they occur in
control cells, whereas AbH-108 detects acutely internalized E-cad-
herin. In fact, AbH-108-positive vesicles did not colocalize with early
endosomal markers such as EEA1 (unpublished data). To further
characterize the AbH-108-positive vesicles, we doubly immunos-
tained cells for E-cadherin and LAMP1, a lysosomal protein, and
found that ~50% (n = 8) of AbH-108 signals overlapped with LAMP1
signals (Figure 2B). This suggests that AbH-108-positive E-cadherin
molecules tend to be trapped in lysosomes.

To confirm the specificity of siRNA targeting in these observa-
tions, we carried out rescue experiments. Expression of murine
KIFC3-FLAG in cells treated with KIFC3 siRNA or an siRNA-resistant
mutant of USP47-FLAG in cells treated with USP47 siRNA sup-
pressed the generation of AbH-108—positive E-cadherin vesicles
(Supplemental Figure S2).

KIFC3/USP47 depletion enhances formation of a unique
E-cadherin fragment

We investigated whether the E-cadherin internalization observed
in KIFC3- and USP47-depleted cells was accompanied by any spe-
cific form of degradation. Western blot analysis using AbH-108
showed that a band migrating to around the 90-kDa position in-
creased after KIFC3 or USP47 depletion (Figure 3A). Similar results

enlarged images of the boxed area. White arrowheads point to examples of the puncta containing both KIFC3 and
USP47. Scale bar, 50 pm. (C) Overlapping distribution of exogenous KIFC3-GFP and USP47-FLAG introduced into
Caco-2 cells. Microtubules are also coimmunostained. Insets, enlarged images of the boxed area. Arrowhead indicates
junction-associated signals of the two molecules. Scale bars, 10 pm. (D) Distribution of KIFC3 or USP47 after siRNA-
mediated depletion of the other. Cells were double immunostained with antibodies specific to E-cadherin and KIFC3 or
USP47. Immunostained signals for E-cadherin and KIFC3 or USP47 were scanned along the lines indicated, and data are

shown at the right. Asterisks, cell-cell contact points. Scale bars, 50 pm.
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Internalization of E-cadherin after KIFC3 or USP47 depletion. (A) Top, sites
recognized by the antibodies AbH-108 and Ab36 at the extracellular and intracellular
(cytoplasmic) regions of human E-cadherin, respectively, drawn schematically. EC1-EC5
represent the subdomains of the extracellular domain. Middle, cells treated with control
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Ab36. Right, enlarged images of the boxed areas. Graphs show quantitation of E-cadherin

vesicles in control and KIFC3- or USP47-depleted cells (n = 30). Values indicate mean + SEM.

***p < 0.0005, *p < 0.05. (B) Cells treated as in A were double immunostained for
E-cadherin, using AbH-108, and LAMP1. Right, enlarged images of the boxed areas. Scale

bars, 50 pm.
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were reproduced using multiple siRNAs
(Supplemental Figure S3A), as well as the
monoclonal antibodies SHE78-7 and
HECD1, which recognize the EC1 and EC2
domains of the E-cadherin extracellular re-
gion, respectively (Shiraishi et al., 2005;
Supplemental Figures S1D and S3B, top).
On the other hand, neither Ab36 nor the
antibody 24E10, which recognizes the cy-
toplasmic sequences surrounding amino
acid 780 (Supplemental Figure S1D; Ye
et al., 2013), detected the 90-kDa band,
although they did detect native E-cadherin
on the same blots (Supplemental Figure
S3B, bottom). These observations suggest
that the 90-kDa fragment of E-cadherin
was produced by cleavage at a site be-
tween the transmembrane domain and the
24E10 epitope (Supplemental Figure S1D).
To determine whether the 90-kDa fragment
is still localized in the plasma membrane,
we labeled surface proteins on live Caco-2
cells by biotinylation and found that not
only the native E-cadherin, but also the 90-
kDa fragment was biotinylated (Figure 3B),
suggesting that cleavage occurs when the
molecules stay in the plasma membrane.
Ab36, again, did not detect the 90-kDa
band from biotinylated samples.

Localization of KIFC3 to AJs depends on
the cadherin-p120-catenin-PLEKHA7-
CAMSAP3 complex (Meng et al., 2008). We
therefore examined the effects of siRNA-
mediated knockdown of PLEKHA7 and
p120-catenin, as well as of CAMSAP3. De-
pletion of all of these proteins enhanced
production of the 90-kDa band (Figure 3C
and Supplemental Figure S3B), as well as E-
cadherin internalization, which can be de-
tected by immunostaining with AbH-108
(unpublished data). These results are consis-
tent with the idea that the entire machinery
to promote the KIFC3 localization to AJs is
involved in suppressing production of the
90-kDa fragment.

Proteasomes mediate the initial
E-cadherin fragmentation

To identify proteolytic mechanisms that
could produce the 90-kDa fragment, we ex-
amined the effects of various protease in-
hibitors on this process using KIFC3-de-
pleted cells. Presenilin/y-secretase and
matrix metalloprotease are believed to
cleave E-cadherin at the C- and N-terminal
sides, respectively, of the transmembrane
domain (Marambaud et al., 2002). However,
the y-secretase inhibitor L685,458 and the
matrix metalloprotease inhibitor GM6001
had no effect on the production of 90-kDa
fragments (Supplemental Figure S3C, left).

Molecular Biology of the Cell
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FIGURE 3: Generating a 90-kDa E-cadherin fragment by KIFC3 or USP47 depletion. (A) Western
blot detection of E-cadherin using AbH-108 after KIFC3 or USP47 depletion. Levels of KIFC3 or
USP47 in respective samples are also shown. a-Tubulin was used as a loading control. Black

tin on production of the 90-kDa fragment.
Surprisingly, the treatment of cells with leu-
peptin resulted in a dramatic increase in the
90-kDa band not only in control cells, but
also in KIFC3-depleted cells (Figure 4C), im-
plying that, in normal situations, the 90-kDa
fragments are further degraded by lyso-
somes. The proteasome inhibitor epoxomi-
cin suppressed this process, suggesting that
the proteasome-mediated cleavage of E-
cadherin is prerequisite for its lysosomal
degradation. Thus there seems to be a two-
step degradation of E-cadherin: initially, a
partial cleavage of E-cadherin by protea-
somes that produces the 90-kDa fragment,
and then further degradation of this frag-
ment by lysosomes. These observations also
confirmed that formation of the 90-kDa
fragment takes place even in the presence
of KIFC3 to a certain degree.

arrowheads point to the 90-kDa E-cadherin fragment. (B) Detection of 90-kDa fragments from

cell surface protein-biotinylated samples. Left, isolated biotinylated proteins were subjected to
Western blotting, from which E-cadherin was detected using antibodies recognizing its
extracellular (SHE78-7 [SHE]) or intracellular (Ab36) region. Only SHE78-7 detects the 90-kDa
band (white triangles). Right, total cell lysates. Lower kilodalton bands, detected by Ab36, do
not correspond to the 90-kDa band, as assessed by close comparisons of their positions.

(C) Effects of CAMSAP3, PLEKHA?, and p120-catenin knockdown on production of the 90-kDa

fragment.

Caspase-3 and calpain are known to cleave the linkage between
amino acids 750 (D) and 751 (N; Steinhusen et al., 2001) and be-
tween 781 (E) and 782 (V; Ye et al., 2013), respectively, at the E-cad-
herin cytoplasmic domain. However, the caspase-3 inhibitor Z-DEVD-
FMK and the calpain inhibitors MDL and calpetin had little effect on
the 90-kDa fragmentation (Supplemental Figure S3C, right).

Then we tested the effects of three proteasome inhibitors—
MG-132, lactacystin, and epoxomicin. All of these reagents tended
to suppress the generation of the 90-kDa fragment (Figure 4A), al-
though lactacystin showed a relatively weaker effect than the others.
These results suggest that the proteasome is involved in the cleav-
age of E-cadherin to produce its 90-kDa fragment. The proteasome
targets ubiquitin-tagged proteins for degradation. Because E-cad-
herin is known to be ubiquitinated by Hakai, an E3 ubiquitin ligase
(Fujita et al., 2002), we examined whether Hakai is involved in the
KIFC3/USP47 depletion—-dependent formation of 90-kDa fragments.
Hakai depletion using its specific siRNAs clearly suppressed this
process (Figure 4B), consistent with the idea that the proteasome
mediates production of the 90-kDa fragment. Involvement of pro-
teasomes in stabilization of E-cadherin-mediated junctions has also
been suggested by other studies (Tsukamoto and Nigam, 1999; Da-
vis et al., 2003; Saitoh et al., 2009).
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Enhancement of E-cadherin
ubiquitination by KIFC3/USP47
depletion

Finally, we tested whether KIFC3/USP47
indeed regulates E-cadherin ubiquitination.
Western blots of immunoprecipitated E-
cadherin, probed with antibodies specific
to the K48-linked ubiquitin chain that serves to direct the target
proteins for proteasome-dependent degradation (Tanno and
Komada, 2013), detected a band at a region of high molecular
mass, and the band intensity increased in KIFC3/USP47-depleted
samples (Figure 5A). Moreover, smear signals, a hallmark of ubiquit-
inated proteins, increased in E-cadherin blots at positions above the
K48-linked ubiquitin-positive band. These observations confirmed
the importance of the KIFC3/USP47 system in suppressing E-cad-
herin ubiquitination.

DISCUSSION

On the basis of the present observations, we propose that the fol-
lowing molecular events regulate E-cadherin stability. USP47 is
transported to AJs by KIFC3, and it counteracts the action of E3
ubiquitin ligases, including Hakai, in order to suppress E-cadherin
ubiquitination (Figure 5B). This system is, however, canceled by
loss of KIFC3 or USP47, resulting in enhanced ubiquitination of E-
cadherin. The ubiquitinated E-cadherin is targeted by proteasomes
to produce a 90-kDa fragment, and the fragment is further de-
graded by the lysosome. In this model, however, the following
points remain open: how E-cadherin as a transmembrane protein is
targeted by proteasomes, and why E-cadherin is only partially

KIFC3 and USP47 stabilize E-cadherin | 3855
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FIGURE 4: Production of the 90-kDa E-cadherin fragment depends on proteasome and Hakai. (A) Effects of
proteasome inhibitors on 90-kDa fragment production. Caco-2 cells were transfected with control or KIFC3-specific
siRNA. At 7 h after transfection, cells were passaged. After 24 h, dimethyl sulfoxide, 1 yM MG132, 10 pM lactacystin,
or 100 nM epoxomycin was added to culture medium. At 16 h later, cells were harvested and subjected to Western
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after transfection of cells with indicated siRNAs, cells were harvested and subjected to Western blotting assay using the
antibodies indicated. Knockdown efficiency for each molecule is shown on the far right. (C) Effects of proteasome and
lysosome inhibitors on 90-kDa fragment production. Cells were treated with siRNAs and subsequently with 10 mM
NH4Cl and 21 pM leupeptin with or without 100 nM epoxomycin, according to the same protocol as in A.

cleaved upon proteasome-dependent digestion. We suspect that
proteasomes do recognize a ubiquitinated E-cadherin as a sub-
strate but cannot incorporate the entire E-cadherin molecule into
their core particle for digestion because E-cadherin is trapped in
the plasma membrane. This might have resulted in the cleavage of
E-cadherin only at its cytoplasmic tail. The previous finding that an
isolated E-cadherin juxtamembrane domain (JMD) is ubiquitinated
and then degraded with proteasomes (Hartsock and Nelson, 2012)
is consistent with our finding that the cleavage that produced the
90-kDa fragment occurred within the JMD.

Intriguingly, the increase of the 90-kDa fragments was not ac-
companied by a reduction of the full-length E-cadherin in Western
blotting. Similarly, immunostaining intensity for E-cadherin was not
necessarily decreased at cell-cell contacts of USP47- or KIFC3-de-
pleted cells, although the junctional morphology tended to be per-
turbed. The observations suggest that cells may promptly supply
native E-cadherin molecules to the cell membranes in compensa-
tion for their loss, but such rapid replacement of E-cadherin might
have caused destabilization of the junctional structures.

p120-catenin plays a critical role in preventing cadherins from
internalization (Reynolds, 2007; Xiao et al., 2007). It has been shown
that p120-catenin stabilizes cadherins by masking endocytic signals
embedded in the JMD (Miyashita and Ozawa, 2007; Nanes et al.,

3856 | K. Sako-Kubota et al.

2012). Our present results suggest an additional mechanism of
p120-catenin—dependent E-cadherin stabilization. Not only KIFC3/
USP47, but also p120-catenin and PLEKHA7 were required to pro-
tect E-cadherin against its degradation into the 90-kDa fragment,
and the p120-catenin—PLEKHA7 complex played a role in recruiting
CAMSAP3 to AJs (Meng and Takeichi, 2009). p120-catenin may
serve E-cadherin stabilization by leading the KIFC3-USP47 complex
to these junctions. Of note, the KIFC3-USP47 complex was de-
tected throughout the cytoplasm. This implies that the targets of
this complex may not be restricted to E-cadherin. In fact, USP47 ap-
pears to regulate multiple cellular processes (Buus et al., 2009;
Peschiaroli et al., 2010; Parsons et al., 2011; Zhang et al., 2013).
KIFC3 could be broadly used for USP47 trafficking.

MATERIALS AND METHODS

Cell culture

Caco-2 cells were maintained in DMEM/Ham's F-12 (Wako Pure
Chemical, Osaka, Japan) containing 10% fetal bovine serum.

Plasmids

The expression vector for pEGFP-C1-mouse KIFC3 (mKIFC3) was a
kind gift from N. Hirokawa (University of Tokyo, Tokyo, Japan). The
N-terminal 510 base pairs of mKIFC3 (tail-KIFC3) was subcloned into

Molecular Biology of the Cell
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linkage (left), and that of putative ubiquitinated E-cadherin (middle). Left, cells were harvested at 48 h after transfection
with siRNAs. From their lysates, E-cadherin was immunoprecipitated using Ab36, and the precipitates were analyzed to
detect polyubiquitinated bands. Middle, E-cadherin was immunoprecipitated using Ab36, and the precipitates were
analyzed with AbH-108. Smeared E-cadherin bands with high molecular sizes increase after KIFC3 or USP47 depletion.
Arrowheads indicate the position of D9D5-positive bands. Right, input samples. (B) Working model for the role of KIFC3
and USP47 in E-cadherin homeostasis. E-cadherin is polyubiquitinated by Hakai and cleaved at an intracellular site by
proteasomes. USP47 inhibits these processes to maintain E-cadherin at cell-cell contacts. The ubiquitinated site is

drawn hypothetically.

a modified pGEX-4T vector (GE Healthcare, Little Chalfont, United
Kingdom). Glutathione S-transferase (GST) was fused to the C-termi-
nus of tail-KIFC3. Full-length mKIFC3 was subcloned into a pCANw-
FLAG vector. FLAG was fused to the C-terminus of full-length
mKIFC3. Human KIFC3 (hKIFC3) was newly cloned from a Caco-2
cDNA library, which was prepared using RNeasy Mini Kit (Qiagen,
Venlo, Netherlands) and SuperScript Ill Reverse Transcriptase (Life
Technologies, Carlsbad, CA). hKIFC3 was subcloned into a pEGFP-C
vector (Clontech Laboratories, Mountain View, CA) or pTagGFP2-N
vector (Evrogen, Moscow, Russia). Human USP47, inserted into
pcDNA3.1-FLAG, was a kind gift from G. Melino (University of Rome,
Rome, lItaly; Peschiaroli et al., 2010). To prepare a siRNA-resistant
mutant of USP47 cDNA, we amplified a mutant clone in which the
408th codon in the siRNA#3-target sequences was changed from
TCT to AGC by the inverse PCR method using a KOD-Plus-
Mutagenesis kit (Toyobo, Osaka, Japan). The mutations did not
change the amino acid sequence of the resulting protein. Transfec-
tion of cells was performed using FUGENE HD Transfection Reagent
(Promega, Madison, WI), FuGENE 6 Transfection Reagent (Promega),
or X-tremeGENE HP (Roche Diagnostics, Mannheim, Germany).
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Reagents

Epoxomicin was purchased from Sigma-Aldrich (St. Louis, MO).
InSolution y-Secretase Inhibitor X (L-685,458; 1S-Benzyl-4R-[1-(1S-
carbamoyl-2-phenethylcarbamoyl)-1S-3-methylbutylcarbamoyl]-2R-
hydroxy-5-phenylpentyl}carbamic acid tert-butyl ester), InSolution
GM6001, caspase-3 inhibitor | (DEVD-CHO), and MG-132 were
purchased from Merck Millipore (Billerica, MA). Clasto-lactacystine
B-lactone was purchased from Research & Diagnostics Systems
(Minneapolis, MN). Leupeptin was purchased from Peptide Institute
(Osaka, Japan). MDL 28170 was purchased from Enzo Life Sciences
(Farmingdale, NY). Calpeptin was purchased from Santa Cruz Bio-
technology (Dallas, TX). All other chemicals were from Nacalai
Tesque (Kyoto, Japan), unless otherwise indicated.

Purification of GST and GST-fused tail-KIFC3

pGEX-4T mock vector and modified pGEX-4T-tail-KIFC3 vector
were introduced into DH-50~ competent cells. The cells were spread
on ampicillin-containing lysogeny broth plates and incubated at
37°C overnight. Each colony was inoculated in an ampicillin-con-
taining LB medium and shaken at 37°C overnight. A small amount
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of culture medium was added to a new ampicillin-containing LB me-
dium and shaken for 3.5 h at 37°C (ODggo = 0.9). Isopropyl thioga-
lactoside, 400 puM, was added to each culture medium and shaken
for 3 h at 30°C. Culture medium was then centrifuged at 8000 x g
for 5 min at 4°C. Each pellet was vortexed with cold phosphate-
buffered saline (PBS) containing a protease inhibitor cocktail (Com-
plete EDTA-free, Roche Diagnostics), sonicated for 10 s, and incu-
bated on ice for 30 s. The sonication process was repeated six times.
Each cell solution was rotated with 1% Triton X-100 for 30 min at 4°C
and centrifuged at 12,000 x g for 10 min at 4°C. The supernatant
was rotated with Glutathione Sepharose 4B (GE Healthcare) for 1.5
h at 4°C and centrifuged at 50 x g for 5 min at 4°C. Beads were
washed three times with cold PBS containing the protease inhibitor
cocktail and suspended in it.

GST pull-down assay

All processes were performed at 4°C. Caco-2 cells were washed two
times with cold PBS and harvested with cold PBS containing a pro-
tease inhibitor cocktail. After centrifugation at 190 x g for 5 min, the
pellet was suspended with TNE buffer (20 mM Tris-HCI, pH 7.5,
150 mM NaCl, 1 mM EDTA, 0.5% Triton X-100, 5% glycerol, 0.5 mM
dithiothreitol) containing a protease inhibitor cocktail and trans-
ferred to a tube. After rotation for 30 min and centrifugation at
17,000 x g for 5 min, the supernatant was decanted to another tube
and centrifuged similarly. After the secondary decantation to a new
tube, the supernatant was precleared with GST-immobilized beads
by rotation for 1 h. Thereafter the supernatant was prepared by
centrifugation at 300 x g for 5 min and mixed with GST-immobilized
beads or GST-tail-KIFC3—-immobilized beads. Each mixture was ro-
tated for 1.5 h and centrifuged at 100 x g for 5 min. The beads were
washed three times with wash buffer (20 mM Tris-HCI, pH 7.5,
150 mM NaCl, 1 mM EDTA, 5% glycerol) containing the protease
inhibitor cocktail and boiled with 2x SDS buffer (100 mM Tris-HCI,
pH 6.8, 2% SDS, 10% B-mercaptoethanol [B-ME], 20% glycerol, and
0.003% bromophenol blue).

Mass spectrometry

Proteins were separated on SDS-PAGE. The gel was stained with
2D-Silver Stain Il (Cosmo Bio, Tokyo, Japan), according to the manu-
facturer’s protocol. The gel pieces containing specific bands were
cut out and subjected to mass spectrometry analysis.

Preparation and transfection of siRNAs

siRNAs specific to hKIFC3 (#1; SASI_Hs01_00046906, #2;
SASI_Hs01_00046907, #3; SASI_Hs01_00046908), human USP47
(#1; SASI_Hs01_00112225, #2; SASI_Hs01_00112227, #3; SASI_
Hs02_00350956), human CBLL1/HAKAI (SASI_Hs01_00020900),
human CAMSAP3 (SASI_Hs02_00314756), human PLEKHA7 (SASI_
Hs01_00054762),andhuman CTNNDZ2/p 120(SASI_Hs01_00147132)
were purchased from Sigma-Aldrich. MISSION siRNA Universal
Negative Control (Sigma-Aldrich) was used as a control. siRNA
transfection was performed with Lipofectamine RNAIMAX Transfec-
tion Reagent (Life Technologies), according to the manufacturer’s
protocol.

Western blot analysis

Cells were harvested with RIPA buffer (25 mM Tris-HCI, pH 7.5,
150 mM NaCl, 1% NP-40, 1% sodium deoxycholate, 0.1% SDS,
25 mM NaF, 1 mM Na3VOy,) containing the protease inhibitor cock-
tail. After centrifugation at 17,000 x g for 20 min at 4°C, the super-
natant was decanted to another tube. Concentration of proteins
was measured using a DC Protein Assay (Bio-Rad, Hercules, CA).
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The supernatant was mixed with 4x SDS buffer (200 mM Tris-HClI,
pH 6.8, 4% SDS, 20% B-ME, 40% glycerol, 0.006% BPB) and boiled
for 5 min. Proteins were separated on SDS-PAGE and electrotrans-
ferred onto Immobilon-P Transfer Membranes (Merck Millipore) us-
ing a semidry transferring machine. Membranes were incubated in a
blocking buffer (Tris-buffered saline containing 5% skim milk and
0.05% Tween 20) for 1 h at room temperature and blotted with pri-
mary antibodies in the blocking buffer at 4°C overnight. After blot-
ting, the membranes were washed three times with Tris-buffered
saline containing 0.05% Tween 20 (TBS-T) and incubated with an
anti-mouse or anti-rabbit horseradish peroxidase (HRP)-linked sec-
ondary antibody (GE Healthcare) in the blocking buffer for 1 h at
room temperature. The membranes were washed four times with
TBS-T and contacted Western Lightning Plus-ECL (PerkinElmer,
Waltham, MA) or Chemi-Lumi One Super (Nacalai Tesque) for 1 min.
Protein bands reacting with antibodies were detected with x-ray film
(RX; Fuijifilm, Tokyo, Japan).

Immunoprecipitation assay

All processes were performed at 4°C. To test the binding between
KIFC3 and USP47, we transfected Caco-2 cells with pEGFP-C1-
mKIFC3. After 48 h, cells were harvested with TNE buffer containing
the protease inhibitor cocktail. The solution was centrifuged at
200,000 x g for 30 min, and the supernatant was rotated with Pro-
tein G Sepharose (GE Healthcare) for 1 h. Concurrently, anti-GFP
antibody (598) in TNE buffer was rotated with Protein G Sepharose.
The cell solution was centrifuged at 1900 x g for 1 s. The superna-
tant was transferred to another tube and rotated with anti-GFP anti-
body-immobilized Protein G Sepharose for 3 h. After centrifugation
at 100 x g for 5 min, the beads were washed three times with cold
PBS containing the protease inhibitor cocktail and boiled with
2x SDS buffer.

Detection of ubiquitination

Immunoprecipitation of ubiquitinated proteins was performed
based on Swaminathan and Cartwright (2012). At 48 h after trans-
fection of cells with respective siRNAs, the cells were harvested with
a lysis buffer (20 mM Tris-HCI, pH 7.5, 150 mM NaCl, 1 mM CaCl,,
1% Triton X-100, 0.25% N-ethylmaleimide, 250 mM NaF, 2.5 mM
NazVO,) containing 1% SDS and protease inhibitor cocktail. After
centrifugation at 17,000 x g for 20 min at 4°C, the supernatant was
diluted with a minimal amount of lysis buffer. After centrifugation at
17,000 x g for 10 min at 4°C, the supernatant was subjected to pro-
tein concentration measurement. Cell solutions containing 950 ug
of proteins were transferred to another tube, added with the lysis
buffer up to 5 ml in total, and rotated with anti-E-cadherin anti-
body-immobilized Protein G-Sepharose for 1 h at 4°C. After cen-
trifugation at 800 x g for 1 s, the beads were washed sequentially
with four different buffers—a lysis buffer containing 0.5 M NaCl, a
lysis buffer containing 0.1% SDS, the original lysis buffer, and TBS—
before boiling with 2x SDS buffer. Proteins were separated on SDS—
PAGE in a gradient gel (SuperSep 3-10%; Wako Pure Chemical) and
electrotransferred onto Immun-Blot PVDF Membrane (Bio-Rad Lab-
oratories) using a wet transferring machine at 4°C overnight. Mem-
branes were incubated in a blocking buffer (TBS-T containing 5%
bovine serum albumin) for 1 h at room temperature and blotted with
anti-ubiquitin antibody (D9D5) in the blocking buffer at 4°C over-
night. After blotting, the membranes were washed three times with
TBS-T and incubated with anti-rabbit HRP-linked secondary anti-
body in the same blocking buffer for 1 h at room temperature. The
membranes were washed four times with TBS-T, and subjected to
protein band detection.
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Immunocytochemistry

Cells were cultured on collagen |-coated coverslips (AGC Techno
Glass, Shizuoka, Japan), washed with PBS or TBS (PBS/TBS), and
fixed with 1% paraformaldehyde in PBS/TBS for 10 min at room
temperature. After washing with PBS/TBS, the cells were permeabi-
lized with PBS/TBS containing 0.1% Triton (PBS/TBS-T) for 10 min at
room temperature. For detection of a-tubulin and LAMP1, cells
were fixed with cold methanol at —20°C for 5 and 20 min, respec-
tively. After washing with PBS/TBS-T, cells were incubated with a
blocking buffer (Antibody Diluent, Dako, Glostrup, Denmark) for 30
min at room temperature and incubated with primary antibodies at
4°C overnight. The cells were then washed with PBS/TBS-T and in-
cubated with secondary antibodies for 1 h at room temperature.
After washing with PBS-T 4 times, the coverslips were mounted onto
the slides using Vectashield Mounting Medium (Vector Laborato-
ries, Burlingame, CA). Fluorescence images were acquired using a
Zeiss AxioPlan 2 microscope (Carl Zeiss, Oberkochen, Germany)
through a Plan-NEOFLUAR x40/1.30 numerical aperture (NA) oil-
immersion objective lens (Carl Zeiss) and an ORCA-R2 C10600 digi-
tal charge-coupled device camera (Hamamatsu Photonics, Shizuoka,
Japan). Confocal images were acquired with a Zeiss LSM710 confo-
cal microscope (Carl Zeiss) through a Plan-Apochromat x63/1.40
NA oil-immersion objective lens (Carl Zeiss). Projection of Z-stack
images (5-um sections for microtubules; 0.3 pm for cell junctions)
were acquired using Zen software (Carl Zeiss).

Antibodies

For primary antibodies, we used anti-KIFC3 antibody (H-300; Santa
Cruz Biotechnology), anti-USP47 antibody (4E7; Santa Cruz Biotech-
nology; ab72143; Abcam, Cambridge, UK), anti-GFP antibody (598,
Medical and Biological Laboratories, Nagoya, Japan; GFO90R,
Nacalai Tesque), anti-E-cadherin antibodies (H-108; Santa Cruz
Biotechnology; SHE78-7 and HECD-1; Takara Bio, Shiga, Japan; 36;
BD Biosciences, San Jose, CA; 24E10; Cell Signaling Technology,
Danvers, MA), anti-CBLL1/HAKAI antibody (Proteintech Group,
Chicago, IL), anti-PLEKHA7 antibody (Sigma-Aldrich), anti—p120-
catenin antibody (BD Biosciences), anti-o-tubulin antibody (DM1A,
Sigma-Aldrich; Abcam), anti-LAMP1 antibody (Santa Cruz Biotech-
nology), and anti-FLAG antibody (M2, Sigma-Aldrich). Rabbit poly-
clonal anti-CAMSAP3 antibody was produced previously (Tanaka
et al., 2012). For secondary antibodies, we used Alexa 488—conju-
gated anti-mouse secondary antibody, Alexa 555-conjugated anti-
mouse secondary antibody, Alexa 568-conjugated anti-mouse sec-
ondary antibody, Alexa 488-conjugated anti-rabbit secondary
antibody, Alexa 568-conjugated anti-rabbit secondary antibody,
Alexa 647-conjugated anti-rabbit secondary antibody, and Alexa
488-conjugated anti-rat secondary antibody (Life Technologies).

Cell surface biotinylation assay
To biotinylate cell surface proteins, Pierce Cell Surface Protein Isola-
tion Kit (Thermo Fisher Scientific, Waltham, MA) was used, accord-
ing to the manufacturer’s protocol.

Quantification of immunostained images

E-cadherin—positive vesicles were automatically detected using Im-
ageJ software (National Institutes of Health, Bethesda, MD) with a
home-made plug-in. We used the multiscale variance stabilization
transform (MSVST) method together with the isotropic undecimated
wavelet transform (IUWT) previously described (Starck et al., 2009).
Briefly, vesicle images were transformed three times using IUWT,
and the wavelet coefficients were obtained from the transformed
images. Denoising was performed by ignoring the coefficients
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smaller than a manually determined threshold. Denoised vesicle im-
ages were reconstructed with the coefficients, and in the recon-
structed images, signals stronger than that of the manually deter-
mined threshold were taken to be E-cadherin—containing vesicles.
To measure immunostaining intensities across cell junctions, we
used the plot profile function of Fiji software. To estimate the over-
lap between E-cadherin vesicles immunostained with different anti-
bodies, we analyzed images with Fiji. The images from two channels
were first converted into binary images, respectively. The binary im-
age was multiplied with another original image to show only merged
signals. Then merged vesicles were counted.

Statistical analysis

For analysis of the differences between control cells and KIFC3 or
USP47 knockdown cells in immunostained images, statistical com-
parisons were performed using the unpaired Student’s t test. Data
were considered statistically significant with values of p < 0.05 com-
pared with control.
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