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MT1-MMP recruits the ER-Golgi SNARE Bet1 for
efficientMT1-MMP transport to the plasmamembrane
Takuya Miyagawa1*, Kana Hasegawa1*, Yoko Aoki1*, Takuya Watanabe1*, Yuka Otagiri1, Kohei Arasaki1, Yuichi Wakana1, Kenichi Asano1,
Masato Tanaka1, Hideki Yamaguchi2, Mitsuo Tagaya1, and Hiroki Inoue1

Metastasis is a major cause of cancer-related death. Membrane type 1–matrix metalloproteinase (MT1-MMP) is a critical
protease for local invasion and metastasis. MT1-MMP is synthesized in the endoplasmic reticulum (ER) and transported in
vesicles to invadopodia, specialized subdomains of the plasma membrane, through secretory and endocytic recycling
pathways. The molecular mechanism underlying intracellular transport of MT1-MMP has been extensively studied, but is not
fully understood. We show that MT1-MMP diverts the SNARE Bet1 from its function in ER-Golgi transport, to promote MT1-
MMP trafficking to the cell surface, likely to invadopodia. In invasive cells, Bet1 is localized in MT1-MMP–positive endosomes
in addition to the Golgi apparatus, and forms a novel SNARE complex with syntaxin 4 and endosomal SNAREs. MT1-MMP may
also use Bet1 for its export from raft-like structures in the ER. Our results suggest the recruitment of Bet1 at an early stage
after MT1-MMP expression promotes the exit of MT1-MMP from the ER and its efficient transport to invadopodia.

Introduction
Metastasis, which includes many complex processes such as
invasion and dissemination to distant tissues, is a major cause
of cancer-related death (Chaffer and Weinberg, 2011). Inva-
sive cancer cells can degrade the ECM and migrate into the
surrounding tissues. During these steps, the cells form pro-
trusions of the plasma membrane called invadopodia, which
are actin-enriched structures with the ability to degrade the
ECM (Linder et al., 2011; Eddy et al., 2017; Paterson and
Courtneidge, 2018). Extracellular stimuli such as growth fac-
tors and cellular adhesion to the ECM through integrins ini-
tiate invadopodia formation by activating several protein and
lipid kinases such as Src tyrosine kinase and phosphatidyl-
inositol 3-kinase (Hoshino et al., 2013; Eddy et al., 2017). This
activation results in the recruitment of invadopodia-related
proteins, such as cortactin (Clark et al., 2007) and neural
Wiskott-Aldrich syndrome protein (Yamaguchi et al., 2005),
to invadopodia formation sites, leading to actin polymeriza-
tion and thereby inducing the protrusions of the plasma
membrane. Once invadopodia are formed, microtubules ex-
tend to and elongate them (Schoumacher et al., 2010) and
matrix metalloproteinases (MMPs), including the soluble/se-
creted MMPs MMP2 and MMP9 (Linder, 2007) and a
membrane-boundmembrane type 1–MMP (MT1-MMP), a master
regulator of invadopodia function (Castro-Castro et al., 2016),

are delivered to invadopodia via trafficking vesicles and/or tubu-
lovesicular transport carriers for their maturation (Schoumacher
et al., 2010; Jacob et al., 2013; Marchesin et al., 2015).

Intracellular trafficking of MT1-MMP is a complex process.
MT1-MMP is synthesized and integrated into the ER membrane
as an inactive precursor form (Seiki and Yana, 2003). The ER-
integrated MT1-MMP precursor is transported to the Golgi
apparatus and then to post-Golgi compartments, where it is
cleaved by proprotein convertases such as furin into an active
mature form (Yana andWeiss, 2000). After reaching the plasma
membrane, MT1-MMP is endocytosed and recycled back to in-
vadopodia of the plasmamembrane so that the ECM degradation
activity in the invadopodia is optimized. Late endosomes are a
major storage compartment for intracellular MT1-MMP (Castro-
Castro et al., 2016). A protein complex comprising kinesin-1/2,
Arf6, and JIP3/4 delivers MT1-MMP from this storage
compartment to invadopodia with tubulovesicular carriers
(Marchesin et al., 2015). The transport carriers are tethered to
and fused with the plasma membrane at invadopodia in a
manner dependent on the tethering complex exocyst and the
SNARE VAMP7 (Sakurai-Yageta et al., 2008).

SNAREs are single membrane-spanning or lipid-modified,
membrane-anchored proteins that mediate membrane fusion
between transport vesicles/carriers and target membranes (Jahn
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and Scheller, 2006). At least 39 genes encoding SNARE proteins
exist in the human genome, and all SNARE proteins have one or
two SNARE motifs, which are evolutionarily conserved ∼70–
amino acid stretches with α-helical structures. Three or four
SNAREs on opposing membranes (one located on transport
vesicles and the other two or three on the target membrane)
form a four-helical bundle complex through their SNARE motifs
to drive membrane fusion. Each SNARE is localized in a unique
organelle and forms specific complexes with cognate SNAREs to
ensure membrane fusion specificity. VAMP7 was identified as the
first SNARE protein that functions in the delivery of MT1-MMP to
invadopodia (Steffen et al., 2008). Later, syntaxin 4 (STX4) and
SNAP23 were defined as cognate SNAREs for VAMP7 in the
plasma membrane at invadopodia (Williams et al., 2014). In ad-
dition, another SNARE complex comprised of STX13, SNAP23, and
VAMP3 has been proposed to participate in MT1-MMP trafficking
to the cell surface and ECM degradation (Kean et al., 2009).

Given the complexity of MT1-MMP trafficking in invasive
cancer cells, it is reasonable to assume more SNAREs and their
complexes may regulate MT1-MMP trafficking. We therefore
screened all SNAREs (32 proteins) expressed in human invasive
breast cancer cell line MDA-MB-231 for their possible involve-
ment in MT1-MMP trafficking by means of dominant-negative
SNARE mutants. We found that Bet1, a SNARE protein that was
previously acknowledged to act in anterograde trafficking from
the ER to the Golgi apparatus, is localized in MT1-MMP–positive
late endosomes, as well as the Golgi, in invasive cancer cells, and
participates in efficient MT1-MMP transport to invadopodia and
ECM degradation. Strikingly, MT1-MMP appears to recruit Bet1
to post-Golgi compartments through their interaction in a
cholesterol-rich membrane subdomain. Our results reveal a
novel mechanism for MT1-MMP delivery to invadopodia: it
highjacks the Bet1 function for its own transport.

Results
Bet1 is required for efficient ECM degradation
To further identify SNARE proteins involved in ECM degrada-
tion, we first surveyed the expression of SNAREs in human
invasive breast cancer cell line MDA-MB-231 by RT-PCR. Of the
39 SNARE genes, the expression of 32 was clearly detected,
whereas that of the other 7 (STX1B, STX11, STX19, SNAP25,
SNAP47, VAMP1, and VAMP2) was not or only very slightly de-
tected (Fig. S1 A). We then examined gelatin degradation by
MDA-MB-231 cells, in which putative dominant-negative mu-
tants of SNAREs are transiently overexpressed. Consistent with
previous studies (Miyata et al., 2004; Steffen et al., 2008; Kean
et al., 2009; Williams et al., 2014), the dominant-negative mu-
tants of STX4, VAMP3, and VAMP7 strongly inhibited gelatin
degradation (Fig. 1 A), emphasizing the validity of this screening
method, although one of the SNAREs, SNAP23, that has been
reported to be involved in MT1-MMP transport (Kean et al.,
2009; Williams et al., 2014) was not identified in the screen-
ing, probably due to the low level expression of the dominant-
negative mutant, suggesting the limitation of our screening.

Including the above three, i.e., STX4, VAMP3, and VMAP7, 13
SNAREs whosemutants strongly or moderately inhibited gelatin

degradation (highlighted in yellow in Fig. 1 A) were endosomal
and plasma membrane SNAREs, consistent with the notion that
the endocytic pathway principally regulates the appearance of
MT1-MMP at invadopodia (Castro-Castro et al., 2016). The only
exception is Bet1 (Fig. 1 A and Fig. S1 B, right, bottom row), an ER-
Golgi SNARE (Zhang et al., 1997; Cosson et al., 2005; Inoue et al.,
2016). We therefore further explored the involvement of Bet1 in
ECM degradation. siRNAs targeting Bet1, MT1-MMP, and VAMP7
effectively knocked down their expression (Fig. S1 C) and
significantly inhibited gelatin degradation in MDA-MB-231 cells
(Fig. 1, B and C). This phenotype was compensated for by the
expression of C-terminally GFP-tagged Bet1 (Bet1-GFP), but not a
Bet1-GFP mutant (ΔSNARE) lacking the SNARE domain (Fig. 1 D).
The involvement of Bet1 in gelatin degradation was confirmed in
Bet1 knockout (KO) cells generated by CRISPR/Cas9-mediated gene
editing (Fig. 1, E and F; and Fig. S1 D). In addition, Bet1 depletion
impaired invasion activity (Fig. 1 G). These results unequivocally
demonstrated that Bet1 is required for ECM degradation.

Bet1 is localized in MT1-MMP–positive endosomes as well as
the Golgi apparatus
Because an antibody against Bet1 useful for immunofluorescence
analysis is not available, we looked at the localization of FLAG-
Bet1 in invasive cancer cells. To our surprise, FLAG-Bet1 was
found to be not only colocalized with the Golgi marker GM130
but also with MT1-MMP (Fig. 2, A and B), the latter of which has
been reported to be principally localized in late endosomes in
MDA-MB-231 cells (Steffen et al., 2008; Marchesin et al., 2015).
The presence of FLAG-Bet1 in late endosomes was confirmed by
the colocalization of FLAG-Bet1 with CD63 (Fig. 2, A and B).
Similar colocalization was observed between Tet-inducible
N-terminally triple FLAG–tagged Bet1 (3xFLAG-Bet1) expressed
at a level comparable to that of endogenous Bet1 and endogenous
MT1-MMP (data not shown), and also between FLAG-Bet1 and
stably expressed mCherry-tagged MT1-MMP (MT1-MMP-
mCherry; Fig. 2, C and D). Consistent with previous studies
(Steffen et al., 2008; Marchesin et al., 2015), MT1-MMP-
mCherry was found to be localized in late endosomes visualized
with FLAG-VAMP7 (Fig. 2, C and D). A similar distribution was
observed in other invasive breast cancer cell lines, BT549 and
Hs578T (Fig. S2). In contrast to FLAG-Bet1, FLAG-GS27, another
ER-Golgi SNARE whose dominant-negative form did not inhibit
ECM degradation (Fig. 1 A), did not show any colocalization with
MT1-MMP-mCherry (Fig. 2, C and D).

To exclude the possibility that the endosomal localization of
FLAG-Bet1 is an artifact due to overexpression, we expressed
FLAG-Bet1 in noninvasive cells. When expressed in HeLa cells
and noninvasive breast cancer cell lines MCF7, SK-BR-3, and
T47D, FLAG-Bet1 was found to be well colocalized with GM130
(Fig. S2, B and E), but not markedly with CD63 (Fig. S2, C and F).

Bet1 reaches the plasma membrane and is endocytosed to
intracellular compartments
Given that Bet1 is localized in late endosomes, it is tempting to
speculate that Bet1 is involved in the trafficking of MT1-MMP
from late endosomes to the plasmamembrane. If this is the case,
Bet1 must reach the plasma membrane in invasive cells. To
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address this possibility, we adopted a GFP antibody uptake as-
say. Because Bet1 is a type II membrane protein, the GFP portion
of Bet1-GFP is supposed to be exposed to the extracellular space
when it arrives at the plasmamembrane. Therefore, an antibody
against GFP added to the culturemedium should be incorporated
into cells. When MDA-MB-231 cells stably expressing Bet1-GFP
were incubated in GFP antibody–containing medium up to
120 min, the anti-GFP antibody was endocytosed and accumu-
lated in endosomal compartments over time (Fig. 2, E and F). On
the other hand, in noninvasive MCF7 and HeLa cells, in which
Bet1 was found to be exclusively localized in the Golgi (Fig. S2),
uptake and accumulation of an anti-GFP antibody were rarely
observed (Fig. 2, E and F). These data suggest that Bet1 can reach
the plasma membrane only in invasive cells.

Bet1 is required for MT1-MMP trafficking to the
plasma membrane
Given the finding that Bet1 is localized in late endosomes and can
reach the plasma membrane, and that its depletion inhibits ECM
degradation, we next examined whether Bet1 depletion affects
the level of MT1-MMP on the ventral cell surface in contact with
ECM. To this end, we used cells (MDA-MT1-mycHis) stably ex-
pressing C-terminally mycHis-tagged MT1-MMP (MT1-MMP-
mycHis) and an antibody that reacts with the extracellular
domain of MT1-MMP. In nonpermeabilized cells, mycHis-tagged
MT1-MMP gave punctate structures, some of which clearly
overlapped with the degraded areas of TRITC-gelatin (Fig. 3 A).
Bet1 depletion significantly decreased the MT1-MMP level on the
ventral surfacemarked by integrin β1 (Destaing et al., 2010; Fig. 3,
B–D), suggesting that Bet1 is required for efficient delivery of
MT1-MMP to the ventral cell surface. In contrast, depletion of
Bet1 did not affect the secretion ofMMP2 orMMP9 (Fig. S3, A and
B), suggesting that Bet1 specifically supports MT1-MMP traf-
ficking, but not that of other ECM-degrading MMPs. In addition,
the formation of cortactin-, F-actin–, Tks5-positive structures at
the ventral cell surface was not affected by Bet1 depletion (Fig. S3,
C and D). Taken together, these results suggest that Bet1 supports
the trafficking of MT1-MMP to the cell surface, but not the for-
mation of the actin-based invadopodia-like structure.

Bet1 moves together with MT1-MMP, and its depletion causes
swelling of endosomes
When Bet1 was depleted, MT1-MMP–positive endosomes be-
came significantly swollen (Fig. 3, E and F). This effect seemed

not to be related to Golgi dysfunction because depletion of
STX5 caused severer Golgi fragmentation than that caused by
Bet1 depletion (Fig. 3, E and G), with a milder effect on MT1-
MMP endosome swelling (Fig. 3, E and F). The protein levels
of MT1-MMP were comparable in mock, Bet1-, and STX5-
depleted cells (Fig. 3 H). Live cell imaging showed that swol-
len MT1-MMP–positive endosomes in Bet1-depleted cells are
less dynamic than smaller endosomes in mock cells (Fig. 3, I
and J; Fig. S3 E; and Videos 1 and 2).

Next, we compared the movement of Bet1-GFP with that of
MT1-MMP-mCherry in live cells. In live MDA-MB-231 cells
stably expressing MT1-MMP-mCherry (MDA-MT1-mCh cells),
a part of Bet1-GFP was persistently localized on some MT1-
MMP–positive endosomes showing dynamic movement (Fig.
S3, F and G; and Video 3). The endosomal Bet1-GFP was associ-
ated with degraded gelatin areas, possibly representing ongoing
invadopodia maturation (Fig. S3 H and Video 4). Most Bet1-GFP
endosomes left the degraded areas within 120 s, while some
were associated with them for over 300 s (Fig. S3, H and I; and
Video 4). Bet1 endosomes were more stably decorated or asso-
ciated with cortactin dots (Fig. S3, J and K; and Video 5), which
were highly similar to the punctate structures identified inMT1-
MMP–positive endosomes in a previous study (Monteiro et al.,
2013).

Overexpression of Bet1 increases ECM degradation and the cell
surface MT1-MMP level
We next examined whether overexpression of Bet1 enhances
gelatin degradation. In MDA-MB-231 cells stably expressing
Bet1-GFP or 3xFLAG-Bet1, the level of endogenous MT1-MMP
was comparable with that in the parental cells (Fig. 4 A). As
shown in Fig. 4 B and Fig. S4 A, both cell types showed signifi-
cantly enhanced gelatin degradation activity compared with the
parental cells. In Bet1-GFP and 3xFLAG-Bet1 stable cells, the
protein level of MT1-MMP on the ventral cell surface was also
elevated, as observed on flow cytometry (Fig. 4 C) and confocal
microscopy (Fig. S4, B–D).

When MT1-MMP-mCherry was overexpressed in noninva-
sive HeLa cells, it formed aggregates in the perinuclear region
(Fig. 4, D and E). The site of aggregation was likely the ER or an
ER subdomain defined by Bap31, but not the Golgi marked by
GM130 (data not shown). This aggregation was not observed in
invasive MDA-MB-231 cells (Fig. 4, F and G). Notably, coex-
pression of FLAG-Bet1 in HeLa cells relieved the accumulation of

Figure 1. Bet1 is required for efficient ECM degradation. (A) Screening of SNARE proteins involved in invadopodium-mediated gelatin degradation by
overexpression of dominant-negative SNAREs. MDA-MB-231 cells transiently expressing FLAG-tagged, TMD-deleted SNAREs were cultured on TRITC-gelatin
for 7 h, fixed, and stained for FLAG or cortactin, and then the cells exhibiting gelatin degradation were counted under a fluorescence microscope.
(B and C) siRNA-mediated knockdown of Bet1 reduces gelatin degradation. MDA-MB-231 cells transfected with the indicated siRNAs were subjected to gelatin
degradation assaying as in A. Representative pictures of gelatin degradation (B) and quantitation of the ratio of the cells exhibiting gelatin degradation (C) are
shown. (D) WT Bet1, but not its ΔSNARE mutant, rescues the reduced gelatin degradation with Bet1 knockdown. MDA-MB-231 cells stably expressing WT
Bet1-GFP or its ΔSNAREmutant were transfectedwith Bet1 siRNA#3, which targets the 39-UTR of Bet1 mRNA and depletes endogenous Bet1, but not Bet1-GFP
or its ΔSNARE mutant, and then gelatin degradation was examined as in A. (E and F) CRISPR-mediated KO of Bet1 genes abolishes gelatin degradation. MDA-
MB-231 cells in which the Bet1 gene was disrupted were subjected to gelatin degradation assaying as in A. Representative pictures of gelatin degradation (E)
and quantitation of the ratio of cells exhibiting gelatin degradation (F) in the Bet1-KO cells are shown. (G) Bet1 knockdown impairs invasion through a Matrigel
matrix. Invasion activity of Bet1-depleted MDA-MB-231 cells was assessed by Matrigel-coated Transwell assay using 10% FBS as an attractant. Scale bar:
10 μm. *, P < 0.05; **, P < 0.01; vs. mock in C; vs. parental MDA, mock in D; vs. parental MDA in F; vs. mock (+ serum) in G.

Miyagawa et al. Journal of Cell Biology 3358

Bet1-mediated transport of MT1-MMP to invadopodia https://doi.org/10.1083/jcb.201808149

https://doi.org/10.1083/jcb.201808149


Figure 2. Bet1 is localized in MT1-MMP–positive endosomes and reaches and is endocytosed from the plasma membrane. (A–D) Bet1 is colocalized
with MT1-MMP in endosomal structures. MDA-MB-231 (A) and MDA-MT1-mCh (C) cells transiently expressing FLAG-Bet1 were fixed and then visualized with
endogenous MT1-MMP, GM130, or CD63 (A) or MT1-MMP-mCherry (C) by confocal microscopy. In C, FLAG-VAMP7 and FLAG-GS27 were analyzed as FLAG-
Bet1. Their colocalization was evaluated with the Manders’ overlap coefficient (B and D). (E) Bet1 reaches the plasma membrane and is endocytosed in MDA-
MB-231 cells. MDA-MB-231, MCF7, and HeLa cells stably expressing Bet1-GFP were cultured in the complete medium containing anti-GFP antibodies for the
indicated times, fixed, permeabilized, stained with secondary antibodies for anti-GFP, and then visualized by confocal microscopy. (F) Quantitation of the ratio
of the cells that take up anti-GFP. Scale bar: 10 μm. *, P < 0.05; **, P < 0.01; vs. MT1-MMP in B; vs. FLAG-Bet1 in D; vs. MCF7/Bet1-GFP and HeLa/Bet1-GFP in F.
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MT1-MMP-mCherry aggregates and increased its level at the
cell edge (Fig. 4, D and E). Taken together, these results suggest
that Bet1 expression enhances the delivery of MT1-MMP from
intracellular compartments to the cell surface, including in-
vadopodia in invasive cancer cells.

Bet1 forms novel SNARE complexeswith endosomal SNAREs in
MDA-MB-231 cells
Bet1 has been reported to operate in anterograde transport from
the ER to the Golgi as a component of two distinct SNARE
complexes, the STX5-GS28-Bet1-Ykt6 and STX5-GS27-Bet1-
Sec22b complexes (Xu et al., 2000; Zhang and Hong, 2001). We
were interested in whether Bet1 in invasive cancer cells forms
different SNARE complexes, in addition to the change in its lo-
calization. To examine this, we performed immunoprecipitation
using MDA-MB-231 cells stably expressing 3xFLAG-Bet1 and
found that it is associated with a number of plasma membrane
and endosomal SNAREs (STX4, Vti1a, Vti1b, VAMP4, and
VAMP8), as well as conventional Bet1 partners such as STX5,
GS28, and Ykt6 (Fig. 5 A). The interaction between endogenous
Bet1 and STX4 in MDA-MB-231 cells was verified by immuno-
precipitation with an anti-STX4 antibody (Fig. 5 B, left). The
immunoprecipitate also contained Vti1a, Vti1b, VAMP4, and
VAMP8, as in the case of the immunoprecipitation with 3xFLAG-
Bet1. Of note is that no co-precipitation of Bet1 with STX4 was
observed in noninvasive HeLa cells (Fig. 5 B, right). These
coimmunoprecipitated SNAREs, but not non–co-precipitated
SNARE STX3, were also colocalized with Bet1 in endosomal
structures (Fig. 5, C and D; and Fig. S4 E).

To evaluate the specificity of immunoprecipitation, we ex-
amined whether the immunoprecipitation efficiency changes
upon depletion of each component of the complex. Indeed, the
immunoprecipitated amounts of STX4 and Vti1b with 3xFLAG-
Bet1 were significantly reduced by the depletion of Vti1b and
STX4, respectively (Fig. 5, E–G). These results suggest that Bet1
forms novel endosomal SNARE complexes with STX4 and Vti1b,
and perhaps with Vti1a and VAMP4/8 in MDA-MB-231 cells.

MT1-MMP is localized in close proximity to Bet1 in a
cholesterol-rich membrane domain
The finding that coexpression of Bet1 with MT1-MMP in non-
invasive HeLa cells facilitates the transport of expressed MT1-
MMP to the cell surface led us to hypothesize that MT1-MMP

itself utilizes and escorts Bet1 for its own transport. Indeed,
depletion of MT1-MMP reduced the endosomal localization of
Bet1-GFP (Fig. 6, A and B). Moreover, uptake of an anti-GFP
antibody by stably Bet1-GFP–expressing cells was markedly in-
hibited uponMT1-MMP depletion (Fig. 6, C and D). These results
suggest that MT1-MMP is a major factor that escorts Bet1 to
endocytic compartments and the plasma membrane. A prox-
imity ligation assay (PLA) revealed thatMT1-MMP and Bet1-GFP
are in close proximity to each other (Fig. 6, E and F). In
some cells, the PLA signals strongly accumulated in MT1-
MMP–positive endosomes (Fig. 6 G). Bimolecular fluorescence
complementation (BiFC) analysis, in which split Venus N- and
C-terminal fragments (Vn and Vc) were fused with Bet1 and
MT1-MMP, respectively, and expressed in MDA-MB-231 cells,
also strongly supports the idea that they interact with each other
in the endosomal compartment (Fig. 6 H). Importantly, the PLA
signals that were accumulated in endosomes were abrogated on
depletion of STX4 or Vti1b (Fig. 7, A and B), suggesting that the
assembly of novel endosomal SNAREs is important for the
proximity between Bet1-GFP and MT1-MMP.

Because MT1-MMP was not coimmunoprecipitated with Bet1
(data not shown), we assumed that the interaction between Bet1
and MT1-MMP is transient and/or dependent on the milieu
surrounding MT1-MMP. As MT1-MMP is localized in lipid rafts
(Yamaguchi et al., 2009), we examined whether cholesterol
depletion affects the interaction between Bet1-GFP andMT1-MMP.
As expected, depletion of cholesterol with methyl-β-cyclodextrin
(Ohtani et al., 1989) or nystatin (Rothberg et al., 1992) abrogated the
proximity between Bet1-GFP and MT1-MMP (Fig. 7, C and D).
Depletion of caveolin-1 (Cav1), a major component of cholesterol
rafts, also nearly abolished their proximity (Fig. 7, E and F).

Some membrane proteins that interact with cholesterol in
the plasma membrane and endosomal compartments, including
G protein–coupled receptors and SNAREs, have cholesterol
recognition/interaction motifs called CRAC (cholesterol recog-
nition/interaction amino acid consensus; Fantini and Barrantes,
2013), CARC (inverted CRAC; Fantini and Barrantes, 2013), and
R-W-L (a sequence with a combination of basic [R], aromatic
[W], and aliphatic [L/V] residues, which is a less stringent CARC
motif; Hanson et al., 2008). We found that Bet1 and MT1-MMP
have sequences similar to the cholesterol recognition/interac-
tion motifs (Fig. 8 A and Fig. S5 A), and speculated that
these motifs might mediate the interaction between Bet1 and

Figure 3. Depletion of Bet1 decreases theMT1-MMP level on the ventral cell surface and alters the morphology and dynamics of MT1-MMP–positive
endosomes. (A) Some of the MT1-MMP–positive dots on the ventral surface of the cells overlap gelatin degradation areas. MDA-MT1-mycHis cells were
seeded onto TRITC-gelatin and then incubated on ice with anti-MT1-MMP antibodies that recognize the extracellular domain before fixation and per-
meabilization. Then, the cells were fixed, permeabilized, stained with secondary antibodies, and visualized by confocal microscopy. (B) Depletion of Bet1
decreases MT1-MMP dots on the ventral surface. MDA-MT1-mycHis cells were treated with Bet1 siRNAs, and then MT1-MMP–positive dots on the ventral
surface of the cells were analyzed as described in A. Antibodies that recognize the extracellular domain of integrin β1 were used to confirm the ventral surface
localization of MT1-MMP. (C and D) Determination of the intensity (C) and number (D) of MT1-MMP–positive dots. (E) Bet1 depletion enlarges MT1-
MMP–positive endosomes. MDA-MB-231 cells treated with the indicated siRNAs were immunostained for MT1-MMP and GPP130 and then analyzed by
confocal microscopy. (F and G) Quantitation of enlarged MT1-MMP–positive endosomes (F) and the dispersed Golgi (G). (H) The protein level of MT1-MMP
was not affected by Bet1 knockdown. Total cell lysates were prepared from siRNA-treated MDA-MB-231 cells, and then immunoblotting for MT1-MMP and
calnexin (loading control) was performed. (I and J) Enlarged MT1-MMP–positive endosomes were less dynamic. Live cell imaging of MT1-MMP–positive
endosomes was performed in mock or Bet1 siRNA-transfected MDA-MT1-mCh cells. Scale bar: 20 μm in A and B; 10 μm in E; 3 μm in I and J. *, P < 0.05; **, P <
0.01; vs. mock in C, D, F, and G.
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Figure 4. Overexpression of Bet1 elevates gelatin degradation and the protein level of MT1-MMP on the cell surface. (A) Expression levels of MT1-MMP
and Bet1 proteins. Endogenous MT1-MMP and endogenous and stably expressed Bet1 proteins in the total cell lysates of parental MDA-MB-231 cells and stable
cells expressing Bet1-GFP or 3xFLAG-Bet1 were examined by immunoblotting using specific antibodies. GAPDHwas analyzed as a loading control. (B)Quantitation
of the ratio of cells exhibiting gelatin degradation. Parental and stable cells were subjected to gelatin degradation assaying as in Fig. 1 A. (C) Flow cytometry of the
MT1-MMP level on the cell surface. MT1-MMP on the cell surface was detected with an antibody to the extracellular domain of MT1-MMP without
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MT1-MMP in cholesterol-enriched membrane domains. In-
deed, some mutations in these motifs clearly reduced the
proximity between Bet1 andMT1-MMP (Fig. 8, B and C; and Fig.
S5, B and C). These results suggest that MT1-MMP is in prox-
imity to Bet1 in a cholesterol-rich membrane domain.

Discussion
In the present study, we found that in invasive breast cancer
cells, Bet1, a SNARE protein known to be localized and to
function in the early secretory pathway in noninvasive cells, is
localized inMT1-MMP–positive endosomes (Fig. 2, A–D; and Fig.
S2, A and D), reaches the plasmamembrane (Fig. 2, E and F), and
supports the transport of MT1-MMP to plasma membrane–
associated invadopodia (Fig. 3, A–D; Fig. 4 C; and Fig. S4, B–D), in
addition to its localization and basal function in the ER and Golgi.
Moreover, coexpression of Bet1 with MT1-MMP ameliorated the
aggregation of expressed MT1-MMP in noninvasive cells and
facilitated its transport to the plasma membrane (Fig. 4, D and E).
These results suggest that MT1-MMP “hijacks” Bet1 and forces it
to assist in the transport ofMT1-MMP to invadopodia. Our results
also suggest that MT1-MMP itself is a key factor for the change in
the Bet1 function. Depletion of MT1-MMP from MDA-MB-231
cells caused redistribution of Bet1 from endosomes to the Golgi
apparatus (Fig. 6, A and B) and abrogated the ability of Bet1 to
reach the plasma membrane (Fig. 6, C and D). These results and
our current working hypothesis are also summarized in Fig. 8 D.

The interaction/proximity between MT1-MMP and Bet1 de-
pends on Bet1-interacting SNAREs, i.e., STX4 and Vti1b (Fig. 7, A
and B), a cholesterol-rich milieu, and Cav1 (Fig. 7, C–F). It is of
note that STX4 and Vti1b are localized in cholesterol-enriched
membranes (Predescu et al., 2005; Reverter et al., 2011) and
interact with cholesterol (Hulce et al., 2013; Enrich et al., 2015).
Although association of Bet1 with cholesterol has not been
demonstrated, it possesses consensus motifs for cholesterol
recognition and/or interaction—CRAC, CARC, and R-W-Lmotifs
(Fig. 8 A)—predicting its potential to bind to cholesterol. One of
the Bet1-interacting SNAREs, Vti1b, also has the CRAC motif
(Enrich et al., 2015). Moreover, MT1-MMP is also localized in
cholesterol-enriched lipid rafts (Yamaguchi et al., 2009) and
possesses the CRAC motif (Fig. S5 A). As MT1-MMP is a key
factor that causes Bet1 recruitment to endosomes, it is tempting
to speculate that the expression of MT1-MMP per se creates a
cholesterol-rich microdomain by recruiting cholesterol through
its CRAC motif. Indeed, some mutations in the cholesterol rec-
ognition and/or interaction motifs of Bet1 and MT1-MMP abol-
ished the proximity between Bet1 and MT1-MMP (Fig. 8, B and
C; and Fig. S5, B and C).

SNAREs can be classified into v (vesicle)- and t (target)-
SNAREs on the basis of their relative positions in opposing
membranes, and Qa,b,c- and R-SNAREs (Q: Gln and R: Arg) on

the basis of amino acids located in the zero layer of the SNARE
complex (Jahn and Scheller, 2006). There is a rough correlation
between these two classifications: v-SNAREs, which provide one
helix from vesicles, and t-SNAREs, which supply three helices
from target membranes, correspond to R- and Q-SNAREs, re-
spectively. Although Bet1 is a Qc-SNARE (Hong, 2005), our re-
sults favor the idea that Bet1 may function as a v-SNARE on
tubulovesicular carriers. This is not surprising because the lip-
osome fusion assay demonstrated that yeast Bet1 appears to
function as a v-SNARE (Parlati et al., 2000), that is, a SNARE on
the membrane that provides one helix for membrane fusion.

Although the presence of Bet1 on endosomes has so far not
been reported in mammalian cells, a genome-wide interaction
study showed that CG14084, the Drosophila melanogaster ortho-
logue of mammalian Bet1, interacts with Drosophila endosomal
and plasma membrane SNAREs such as VAMP7, STX1A, and
STX4, in addition to ER-Golgi SNAREs (Guruharsha et al., 2011).
In addition, GS15, also known as Bet1L, which is an isoform of
Bet1, was originally identified as a Golgi-associated SNARE (Xu
et al., 2002), but later was shown to act in endosomes as well as
the Golgi (Tai et al., 2004). These results suggest that Bet1 po-
tentially functions in endosomes.

Our results revealed that invasive cancer cells exploit Bet1
through routes different from the original ones. This strategy of
invasive cancer cells may not be limited to Bet1. Recently, Rab2A,
a key small G protein for ER-Golgi transport (Tisdale et al., 1992),
was found to facilitate the trafficking of MT1-MMP from late
endosomes to the plasma membrane through interaction with
VPS39, a critical subunit of the homotypic fusion and vacuole
protein sorting complex, in invasive breast cancer cells (Kajiho
et al., 2016). As in the case of Bet1, Drosophila Rab2A also func-
tions in the endosome–lysosome pathway (Gillingham et al.,
2014; Lőrincz et al., 2017). Therefore, Bet1 and Rab2 have the
potential to function in the endocytic pathway as well as the
early secretory pathway. Invasive cancer cells exploit this po-
tential for the production of the ECM degradation machinery.

In conclusion, our findings suggest that MT1-MMP changes
the Bet1 function for its efficient transport to invadopodia. Bet1
is critical for the formation of functional invadopodia that de-
grade ECM, and therefore could be a novel target for diagnosis,
treatment, and prognosis prediction of the disease.

Materials and methods
Cell culture and stable-cell isolation
Human breast cancer cell lines, i.e., MDA-MB-231, BT549, and
Hs578T, were obtained from the American Type Culture Col-
lection and cultured as described previously (Yamaguchi et al.,
2009). Other cells were maintained as described previously
(Inoue et al., 2015). Stable cells were isolated using plasmids and
retrovirus vectors containing a tandem sequence of the internal

permeabilization and then analyzed by flow cytometry. MFI, mean fluorescence intensity. (D–G) Co-overexpression of Bet1 reduces the aggregation of MT1-MMP
and promotes its delivery to the cell edge in HeLa cells. Representative pictures of HeLa (D) and MDA-MB-231 (F) cells transiently transfected with MT1-MMP-
mCherry and FLAG-Bet1. Quantitation of the ratio of the cells with MT1-MMP aggregates (left) and at the cell edge (right) of HeLa (E) and MDA-MB-231 (G) cells.
Scale bar: 10 μm. *, P < 0.05; **, P < 0.01; vs. parental MDA in B and C; vs. MT1-MMP-mCh only in E.
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Figure 5. Bet1 forms novel SNARE complexes with endosomal SNAREs in MDA-MB-231 cells. (A) 3xFLAG-Bet1 interacts with STX4, Vti1b, and VAMP4 in
addition to STX5. MDA-MB-231 cells stably expressing 3xFLAG-Bet1 were lysed, and the lysate was subjected to immunoprecipitation using FLAG-beads, and
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ribosomal entry site (IRES), and selection markers such as pCI-
IRES-bsr, pCX4-bsr, and pMXs-IP (Akagi et al., 2000; Yonekawa
et al., 2011). Blasticidin S (Kaken Pharmaceutical Co. Ltd.) and
puromycin (Wako Pure Chemicals) were added to the culture
medium at 10 μg/ml and 1 μg/ml, respectively. Bet1 gene–
disrupted MDA-MB-231 cells were generated by the CRISPR/
Cas9-based method using pSpCas9(BB)-2A-GFP (Addgene). The
gRNAs for Bet1 were as follows: gRNA1 for clone 1, 59-GAGTAC
CTCCTGGCAACTAT-39, and gRNA2 for clone 2, 59-AACTATGGC
TATGCTAATAG-39.

DNA constructs, siRNAs, and transfection
Total RNA purified from subconfluent MDA-MB-231 cells was
subjected to reverse-transcription reaction to synthesize com-
plementary DNA, and the ORFs encoding SNAREs were then
PCR-amplified using specific primers. The amplified DNAs were
cloned into pFLAG-CMV-6 (Sigma-Aldrich), pEGFP (Clontech),
and the 3xFLAG vector pcDNA4/TO-3xFLAG (donated by Dr.
Craig R. Roy, Yale University, New Haven, CT; Ingmundson
et al., 2007). The dominant-negative mutants of transmem-
brane domain (TMD)–containing SNAREs were constructed by
deleting the TMD by PCR-based methods. The mutants of TMD-
less SNAREs (STX11, SNAP23, SNAP29, and Ykt6) were gener-
ated according to previous studies (Scott et al., 2003; Fukasawa
et al., 2004; Offenhäuser et al., 2011). For BiFC, Vn (aa 1–172) and
Vc (aa 154–236) fragments of Venus were fused with the
N-terminus of Bet1 and the C-terminus of MT1-MMP, respec-
tively, in the pCI vector (Promega). Site-directed mutagenesis
of Bet1 and MT1-MMP was performed by the QuikChange muta-
genesis method (Agilent Technologies). The target sequences of
the siRNAs used in this study were as follows: Bet1 siRNA#1, 59-
AAGCAAAGTAACTGCTATAAA-39; Bet1 siRNA#2, 59-AAGTTAA
AACCCAGAATAAAT-39; Bet1 siRNA#3, 59-AACATTCCTAGTGTT
CAAATA-39; STX4 siRNA, 59-GACAATTCGGCAGACTATTGT-39;
Vti1b siRNA, 59-AAGAAAAGAAGAAATTGATCA-39; VAMP7 siRNA,
59-ACGTACTCACATGGCAATTAT-39; and Cav1 siRNA, 59-AACAAT
TTATGAATTGAATTA-39. MT1-MMP and STX5 siRNAs were de-
scribed in previous papers (Steffen et al., 2008; Miyazaki et al.,
2012). Plasmids and siRNAs were transfected into cells using Lip-
ofectamine 2000 and RNAiMAX (Thermo Fisher Scientific), re-
spectively, according to the manufacturer’s instructions.

Immunofluorescence and live cell imaging
Immunostaining and confocal microscopy were performed as de-
scribed previously (Inoue et al., 2008, 2015). Briefly, cells were

cultured on gelatin- or fibronectin-coated glass coverslips, fixed
with 4% paraformaldehyde in PBS, permeabilized with 0.1% Triton
X-100 in PBS, and then stained with the antibodies and fluorescent
dyes indicated in each figure. To detect cell surface MT1-MMP,
cells were incubated with antibodies to the extracellular domain of
MT1-MMP (clone 128527; R&D Systems) in the complete medium
for 30min on ice before fixation and permeabilization. A FluoView
1000 laser-scanning confocal microscope equipped with a 60×,
1.35-numerical aperture objective lens (Olympus) was used to
capture images. For live cell imaging, cells were seeded on to gel-
atin- or fibronectin-coated glass-bottom dishes (AGC Techno
Glass), and images were captured at 1-s intervals for 5 min. Co-
localization of two channels was quantified with JACoP plugin in
ImageJ software (Bolte and Cordelières, 2006).

Gelatin degradation assay
Coverslips coated with TRITC-labeled gelatin were prepared as
described previously (Bowden et al., 2001). Cells were seeded
onto the coverslips and cultured for 7 h to allow them to degrade
fluorescent gelatin. After cells had been fixed and counter-
stained with the indicated antibodies, e.g., anti-cortactin or
FLAG, the numbers of total cells and cells over the areas of the
degraded gelatin were determined under a fluorescence micro-
scope. More than 100 cells were counted in each experiment,
and then the ratios of the cells to the degraded gelatin areas were
calculated. Alternatively, the degraded areas and whole-cell
areas were measured with ImageJ software, and the ratios of
the degraded areas were calculated. For each experiment, the
results are presented as relative values to the control cells.

Antibody endocytosis assay and FACS
Cells stably expressing Bet1-GFP were spread on fibronectin-
coated coverslips and incubated in the complete medium con-
taining antibodies to GFP (clone mFx73; Wako Pure Chemicals)
on ice for 30 min, and then heated up to 37°C and cultured for
the indicated periods of time. After extensive washing, the cells
were fixed, stained with Alexa Fluor 594–labeled anti-mouse IgG
and Hoechst 33342, and then analyzed by confocal microscopy as
described above. For FACS to detect MT1-MMP on the cell sur-
face, cells were harvested with PBS containing 5 mM EDTA,
incubated sequentially with antibodies to the extracellular do-
main of MT1-MMP and fluorescence-labeled secondary anti-
bodies in PBS containing 0.5% BSA and 5 mM EDTA on ice
without fixation or permeabilization, and then analyzed with a
flow cytometer (FACSVerse; BD Biosciences).

then the precipitate was subjected to immunoblotting for endogenous SNARE proteins. In the following blots, the brightness and contrast were adjusted so
that their input bands became comparable to those of other SNAREs: STX3, STX7, STX16, STX17, STX18, VAMP3, VAMP7, and Vti1b. (B) An endogenous
complex comprised of STX4, Bet1, Vti1b, and VAMP4 exists in MDA-MB-231 cells, but not in HeLa cells. Lysates of MDA-MB-231 and HeLa cells were subjected
to immunoprecipitation of STX4, and then the co-precipitation of Bet1, Vti1b, and VAMP4 was analyzed. In the following blots, the brightness and contrast
were adjusted so that their input bands became comparable to those of other SNAREs: Bet1 and VAMP4 in MDA-MB-231 cells and Bet1, VAMP4, and VAMP8 in
HeLa cells. (C and D) Bet1-interacting SNAREs are colocalized with Bet1-GFP in endomembrane compartments. MDA-MB-231 cells stably expressing Bet1-GFP
were transfected with FLAG-SNAREs and then subjected to immunofluorescence and confocal microscopy (C). Their colocalization was assessed by using the
Manders’ overlap coefficient (D). (E–G) Depletion of STX4 and Vti1b reduces the complex of Bet1 with Vti1b and STX4, respectively. MDA-MB-231 cells stably
expressing 3xFLAG-Bet1 were transfected with STX4 and Vti1b siRNAs, and then immunoprecipitation and immunoblotting (E) were performed as in A. Co-
precipitated endogenous STX4 (F) and Vti1b (G) were quantified. Scale bar: 10 μm in a regular image; 2 μm in an inset. **, P < 0.01; vs. STX4 in D; vs. FLAG
(Bet1), mock in F and G.
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Immunoprecipitation
Immunoprecipitation was performed as described previously
(Inoue et al., 2015). Briefly, subconfluent cells were lysed in
lysis buffer comprising 1% Triton X-100; 25 mM Hepes-KOH,
pH 7.2; 150 mM KCl; 2 mM EDTA; 1 mM DTT; and protease
inhibitors, and then the lysates were reacted with the indi-
cated antibodies or control IgG from nonimmunized animals
and Protein G beads (Jackson ImmunoResearch). After cen-
trifugation and extensive washing with the lysis buffer, the
precipitated materials were analyzed by immunoblotting
using the indicated antibodies.

PLA
The PLA was performed using a Duolink PLA kit (Sigma-
Aldrich) according to the manufacturer’s instructions and as
previously described (Arasaki et al., 2015) except for the use of
anti–MT1-MMP (R&D Systems) and anti-GFP (Thermo Fisher
Scientific), or anti-mCherry (GeneTex) and anti-FLAG M2
(Sigma-Aldrich). Cholesterol depletion was performed as de-
scribed previously (Ohtani et al., 1989; Rothberg et al., 1992).
Briefly, cells were spread on fibronectin-coated coverslips and
left for 7 h, and then treated with 5 μM methyl-β-cyclodextrin
(Wako Pure Chemicals) or 50 μg/ml nystatin (Sigma-Aldrich)
for 30 min at 37°C. After that, the cells were fixed and subjected
to PLA reactions. PLA signals were imaged by confocal micros-
copy and quantified by using ImageJ software.

Gelatin zymography
Cells were seeded at 0.7 × 105 cells/well in a 12-well plate. After
24 h, siRNAs were transfected as described above, and then the
cells were cultured for 24 h. The transfected cells were then split
at 1:2 and plated on gelatin-coated 12-well plates with 0.5 ml of
serum-free Opti-MEM (Thermo Fisher Scientific) and cultured
for 48 h. The conditioned media were collected and mixed with
an equal volume of nonreducing sample buffer (250 mM Tris-
HCl, pH 6.8; 25% glycerol; 10% SDS; and 0.01% bromophenol
blue), and then proteins secreted into the media were separated
by 1 mg/ml gelatin-containing SDS-PAGE. The gel was incubated
in renaturation buffer (2.5% Triton X-100) for 2 h at 37°C and in
substrate buffer (50 mM Tris-HCl, pH 7.4, and 5 mM CaCl2) for
24 h at 37°C and stained with Coomassie Brilliant Blue. Un-
stained bands, where MMP2 and MMP9 degraded gelatin in the
gel, were quantified using ImageJ software.

Transwell invasion assay
Transwell invasion assays were performed as described previously
(Shaw, 2005). Briefly, cells were seeded into Transwell chambers
(8-μm pores; Corning) coated with Matrigel (BD) with serum-free
medium and then cultured for 24 h with culture medium con-
taining 10% FBS as a chemoattractant in the bottom chambers to
allow the cells to invade into the Matrigel layer and reach to the
lower side of the Transwell porous membrane. The invaded cells
were stained with crystal violet and counted by microscopy.

Antibodies and other reagents
The commercial mouse monoclonal antibodies used here were
anti-FLAGM2 (Sigma-Aldrich), anti–MT1-MMP (R&D Systems),
anti-cortactin (clone 4F11; EMD Millipore), anti-Bet1 (clone 17;
Santa Cruz Biotechnology), anti-calnexin (clone 37; BD), anti-
GM130 (clone 35; BD), anti-EEA1 (clone 14; BD), anti-LAMP1
(clone H4A3; Developmental Studies Hybridoma Bank), anti-
α-tubulin (clone B-5-1-2; Sigma-Aldrich), and anti-integrin
β1 (clone 12G10; Santa Cruz Biotechnology). The commercial
rabbit polyclonal antibodies used were anti-FLAG (Sigma-Al-
drich), anti–MT1-MMP (EMD Millipore), anti-STX16 (Synaptic
Systems), anti-GFP (Thermo Fisher Scientific), and anti-GPP130
(Covance). The rabbit polyclonal antibodies to STX4, STX5,
STX7, STX17, and STX18 were as described previously
(Hatsuzawa et al., 2000; Mizoguchi et al., 2000; Arasaki
et al., 2015; Inoue et al., 2015). Anti-STX2, -STX3, -VAMP7,
and -Vti1b polyclonal antibodies were raised by immunizing
rabbits with the purified recombinant His-tagged cytoplasmic
domains of human STX2 (aa 1–264), STX3 (aa 1–263), VAMP7 (aa
1–188), and Vti1b (aa 1–209), respectively, and then the antisera
were affinity-purified. Secondary antibodies labeled with HRP
and fluorochrome were purchased from BioRad Laboratories and
Life Technologies, respectively.

Statistical analysis
The results of at least three experiments were expressed as
means ± SEM. Statistical analysis was performed using a two-
tailed, unpaired Student’s t test, with P < 0.05 considered to be
statistically significant.

Online supplemental material
Fig. S1 shows the expression of 39 SNAREs in MDA-MB-231
cells; dominant-negative effects of STX7, Vti1b, and Bet1

Figure 6. MT1-MMP recruits Bet1 to endocytic compartments, where they are in proximity to each other. (A) Depletion of MT1-MMP decreases the
endosomal localization of Bet1. MDA-MB-231 cells stably expressing Bet1-GFP were transfected with MT1-MMP siRNA, fixed, and immunostained, and then
Bet1-GFP and CD63 were visualized by confocal microscopy. (B) Quantitation of colocalization of Bet1-GFP with CD63 by using the Manders’ overlap co-
efficient. (C) Bet1-GFP reaching the plasma membrane is reduced through MT-MMP depletion. MDA-MB-231 cells stably expressing Bet1-GFP were cultured in
the medium containing GFP antibodies for the indicated periods of time, fixed, and stained, and then Bet1-GFP and the endocytosed GFP antibodies were
visualized by confocal microscopy. (D) Quantitation of the level of the endocytosed GFP antibodies. (E)MT1-MMP is in proximity to Bet1. PLA was performed
with antibodies to MT1-MMP and GFP in parental MDA-MB-231 cells and Bet1-GFP stable cells. (F) Quantitation of the ratio of the number of PLA dots.
(G) Representative pictures of the cells with PLA signals on Bet1-GFP–positive endosomes. (H) Interaction between MT1-MMP and Bet1 in endomembrane
compartments is detected by BiFC. Bet1 and MT1-MMP fused with the N- and C-terminal fragments of split Venus, Vn-Bet1 and MT1-MMP-Vc, respectively,
were transiently transfected to MDA-MB-231 cells, and the cells were spread on a fibronectin-coated coverslip, fixed, and counterstained with antibodies to
CD63 or GFP, and the BiFC signals, and the counterstained proteins were visualized by confocal microscopy. Of note is that the BiFC signal was observed only
when Vn-Bet1 and MT1-MMP-Vc were coexpressed, i.e., not when each of them was expressed together with a Vc or Vn fragment. Scale bar: 10 μm. **, P <
0.01; vs. mock in B; vs. mock at each time point in D; vs. GFP + MT1-MMP in F.
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ΔTMD mutants on gelatin degradation; knockdown levels of
Bet1, MT1-MMP, and VAMP7 proteins; and Bet1 protein levels
in Bet1 KO cell clones. Fig. S2 shows the localization analysis
of Bet1 in invasive and noninvasive breast cancer cell lines.
Fig. S3 shows gelatin zymography by secreted MMP2 and
MMP9 from Bet1-depleted MDA-MB-231 cells; Tks5-, cortac-
tin-, and F-actin–positive invadopodial structure in Bet1-

depleted cells; and live cell imaging of Bet1, MT1-MMP,
cortactin, and degraded gelatin spots. Fig. S4 shows gelatin
degradation and ventral surface MT1-MMP in Bet1-
overexpressing MDA-MB-231 cells, and colocalization of
Bet1 with Vti1b, VAMP4, and VAMP8. Fig. S5 shows a putative
CRAC sequence in the TMD of MT1-MMP, and PLA between
Bet1 and MT1-MMP CRAC mutants. Videos 1 and 2 show

Figure 7. MT1-MMP is located in proximity to Bet1 in a raft-
like, cholesterol-rich membrane domain. (A) Depletion of
STX4 and Vti1b reduces the PLA signals between MT1-MMP and
Bet1-GFP. MDA-MB-231 cells stably expressing Bet1-GFP were
transfected with STX4 and Vti1b siRNAs, and the PLA was
performed as in Fig. 6 E. Arrows indicate accumulated PLA
signals in endosomes, whereas asterisks indicate nonspecific
staining in nuclei. (B) Quantitation of PLA signals between MT1-
MMP and Bet1-GFP as in A. (C) Cholesterol depletion weakens
the interplay between MT1-MMP and Bet1. MDA-MB-231 cells
stably expressing Bet1-GFP were spread on a fibronectin-coated
coverslip for 7 h and then treated with 0.1% DMSO (vehicle),
5 mM methyl-β-cyclodextrin (MβCD) or 50 µg/ml nystatin for
30 min. After that, the cells were fixed and then subjected to
PLA for MT1-MMP and Bet1-GFP. (D) Quantitation of PLA sig-
nals between MT1-MMP and Bet1-GFP as in C. (E) Depletion of
Cav1 abolishes the proximity between MT1-MMP and Bet1-GFP.
The experiments were performed as in A except for the use of
Cav1 siRNA. (F) Quantitation of PLA signals between MT1-MMP
and Bet1-GFP as in E. Scale bar: 10 μm. *, P < 0.05; **, P < 0.01;
vs. mock in B and F; vs. vehicle in D.
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dynamics of MT1-MMP-mCherry in mock and Bet1-depleted
MDA-MB-231 cells, respectively. Video 3 shows dynamics of
colocalization between Bet1-GFP and MT1-MMP-mCherry.
Video 4 shows dynamic of Bet1-GFP vesicles associated with
degraded gelatin spots. Video 5 shows dynamics of associa-
tions between mCherry-Bet1 and cortactin-GFP.
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