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SNX27–retromer assembly recycles MT1-MMP to
invadopodia and promotes breast cancer metastasis
Priyanka Sharma1, Sameena Parveen1, Lekha V. Shah1, Madhumita Mukherjee2, Yannis Kalaidzidis3,4, Anthony J. Kozielski5, Roberto Rosato5,
Jenny C. Chang5, and Sunando Datta1

A variety of metastatic cancer cells use actin-rich membrane protrusions, known as invadopodia, for efficient ECM
degradation, which involves trafficking of proteases from intracellular compartments to these structures. Here, we
demonstrate that in the metastatic breast cancer cell line MDA-MB-231, retromer regulates the matrix invasion activity by
recycling matrix metalloprotease, MT1-MMP. We further found that MT2-MMP, another abundantly expressed
metalloprotease, is also invadopodia associated. MT1- and MT2-MMP showed a high degree of colocalization but were located
on the distinct endosomal domains. Retromer and its associated sorting nexin, SNX27, phenocopied each other in matrix
degradation via selectively recycling MT1-MMP but not MT2-MMP. ITC-based studies revealed that both SNX27 and retromer
could directly interact with MT1-MMP. Analysis from a publicly available database showed SNX27 to be overexpressed or
frequently altered in the patients having invasive breast cancer. In xenograft-based studies, SNX27-depleted cell lines
showed prolonged survival of SCID mice, suggesting a possible implication for overexpression of the sorting nexin in tumor
samples.

Introduction
MT1-MMP–mediated ECM degradation
Metastasis to a secondary site is among the major causes of tumor
relapse and cancer-associated fatalities around the world. Invasive
cancer cells form actin-rich plasma membrane protrusions called
invadopodia that facilitate breaching of the underlying basement
membrane. Invadopodia act likemolecular scissors, where various
proteases are continuously delivered to degrade ECM (Linder
et al., 2011). Membrane type 1 matrix metalloproteinase (MT1-
MMP), amember of theMMP family, is awell-studied invadosome-
associated protease (Jabłońska-Trypuć et al., 2016; Itoh, 2015;
Holmbeck et al., 2003; Jiang et al., 2006; Sodek et al., 2007; Qiang
et al., 2019; Artym et al., 2006; Poincloux et al., 2009). It was
initially characterized as an interstitial collagenase which de-
graded ECM by directly cleaving its substrate and activating a
secretory matrix metalloprotease, MMP-2 (Ohuchi et al., 1997;
Sato et al., 1994; Al-Raawi et al., 2011; Clark et al., 2007). Although
other membrane-type metalloproteases are also involved in
cancer metastasis, their molecular role in ECM remodeling is less
explored (Wells et al., 2015; Tatti et al., 2011, 2015; Shen et al.,
2017; Yip et al., 2017; Huang et al., 2009; Wu et al., 2017; Wang
et al., 2015; Jiang et al., 2017). MT2-MMP is overexpressed in

breast cancer and is involved in basement membrane transmi-
gration in breast cancer (Kousidou et al., 2004; Benson et al.,
2013; Hotary et al., 2006; Ota et al., 2009), but the molecular
mechanism governing its role in cancer metastasis is unexplored.

A rapid and tightly regulated recycling of MT1-MMP to in-
vadopodia conforms with the dynamicity of these ECM remodel-
ing structures, which is exclusively governed by intracellular
trafficking (Jacob and Prekeris, 2015; Poincloux et al., 2009;
Linder, 2015; Frittoli et al., 2011; Castro-Castro et al., 2016). Some
of the components of recycling circuitries, including Exocyst
complex, SNAREs, and Rabs, have been identified to play a crucial
role in transport of MT1-MMP to invadopodia (Monteiro et al.,
2013; Steffen et al., 2008; Williams and Coppolino, 2011; Williams
et al., 2014; Macpherson et al., 2014; Wiesner et al., 2013; Frittoli
et al., 2014; Kajiho et al., 2016). All these studies collectively imply
that disruption of the protease-recycling axis has a pronounced
impact on the invasive properties of the cancer cell.

Retromer complex in endosomal sorting and recycling
Retromer, an evolutionarily well-conserved complex, plays a
vital role in the sorting and recycling of various transmembrane
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cargoes (Seaman et al., 1997; Burd and Cullen, 2014; Cullen and
Steinberg, 2018). It was discovered in yeast to recycle Vps10, a
sorting receptor for vacuolar carboxypeptidase Y, from endo-
somes to the TGN (Seaman et al., 1998; Arighi et al., 2004;
Seaman, 2004; Johannes and Popoff, 2008). Retromer is a het-
eromeric protein complex comprising vacuolar protein sorting
(Vps) subunits, i.e., Vps35, Vps26, and Vps29, that form the core.
The trimer is unable to get recruited on the endosomal mem-
brane on its own, which is prerequisite for its cargo-retrieval
activity. To accomplish this, core retromer components are
shown to be associatedwith small GTPase Rab7A and some of the
members of the sorting nexin (SNX) family (Gallon and Cullen,
2015; Rojas et al., 2007; Cullen and Korswagen, 2011; Seaman
et al., 2009, 1998; Rojas et al., 2008; Harrison et al., 2014;
Wassmer et al., 2009). The retromer-mediated cargo recycling is
crucial for lysosomal functioning, nutrient uptake, and Dro-
sophila melanogaster wing development, maintaining apical po-
larity and neuronal functions (Burd and Cullen, 2014; Seaman
et al., 1997; Cui et al., 2019; Vardarajan et al., 2012; Harterink
et al., 2011). Thus, perturbation of retromer is linked to pa-
thologies like metabolic myopathy, neurodegenerative
disorders, etc. (Wang and Bellen, 2015; Small and Petsko, 2015).
Retromer also interacts with WASH (Wiskott-Aldrich syndrome
protein and Scar homologue), an endosomal actin nucleator, to
facilitate cargo sorting (Harbour et al., 2010; Derivery et al.,
2009; McGough et al., 2014). It is now well established that, in
metazoans, retromer plays a central role in plasma membrane
recycling of various cargoes (Seaman et al., 2013; Chamberland
and Ritter, 2017; Burd and Cullen, 2014). This expanded function
is dependent on its association with WASH and SNX27, a PDZ
(PSD95, Dlg1, and zo-1) domain-containing member of the SNX
family. Glucose transporter (GLUT1), β-adrenergic receptor
(β-AR), and parathyroid-receptor hormone are among the well-
studied cargoes that are directed to the plasma membrane by
retromer and its associated SNX27 (Steinberg et al., 2013;
Temkin et al., 2011; Lauffer et al., 2010; McGarvey et al., 2016).
The loss of SNX27 or retromer trimer resulted in missorting and
lysosomal degradation of these cargoes. Temkin et al. (2011) have
shown that SNX27 associates with the cargo and mediates its
entry to retromer-decorated tubules, thus giving new insight
into endosomal sorting by SNX27 and retromer. A plethora of
cargoes has been found comprising of a PDZ-binding motif in
their cytoplasmic tail. This motif is required for the recognition
of these cargoes by SNX27 (Steinberg et al., 2013; Lunn et al.,
2007; Gallon et al., 2014). Lauffer et al. (2010) have shown that
mutation of a single conserved His residue in the PDZ domain of
SNX27 significantly reduced the recycling of β2-AR, which has
PDZ-ligand in its cytoplasmic tail. Thus, these studies have es-
tablished the role of SNX27 protein in cargo selection and acting
as a cargo adaptor.

In the present study, we investigate the sorting and recycling
mechanism of MT1-MMP andMT2-MMP, abundant membrane-
type proteases in the metastatic breast cancer cell line. We hy-
pothesized that retromer might be facilitating the recycling of
these MT-MMPs conferring ECM-degrading abilities to the
breast tumor cells. Retromer preferentially recycled MT1-MMP
to the cell surface. Further, among retromer-associated SNXs,

SNX27 was found to assist retromer for recycling of the pro-
teases. Perturbation of either retromer or SNX27 abrogated the
ECM degradation activity of the cancer cells. The mechanism
governing sorting of the proteases by the retromer–SNX27 as-
sembly is studied using microscopy and biochemical assays.
Finally, the in vivo implication of our observations was tested in
a metastatic breast cancer xenograft model.

Results
Retromer contributes to matrix degradation and invasion in
breast cancer cells
Targeted trafficking and recycling of the cargoes is critical for
the life cycle/turnover of invadopodia. Thus, we sought to in-
vestigate the consequences of disrupting retromer, a key player
of endosomal protein sorting and recycling (Klinger et al., 2015;
Burd and Cullen, 2014), on the invasive properties of MDA-MB-
231. We used ON-TARGETplus SMARTpools for targeted siRNA-
mediated downregulation of Vps26A, Vps35, MT1-MMP, and
syntaxin 8 (STX8). The knockdown (KD) efficiency was mea-
sured at the protein or mRNA level (Fig. 1 A). Subsequently, the
cells were seeded on fluorescently labeled gelatin or Matrigel-
coated cell inserts and allowed to degrade or invade, after which
they were fixed and processed. The percentage of invaded cells
or degradation index were quantified for control and siRNA-
treated cells. Control cells showed matrix degradation and
Matrigel invasion, thus confirming the formation of functional
invadopodia, whereas depletion of Vps subunits (retromer)
significantly abrogated matrix degradation and cellular ability to
invade Matrigel-coated inserts (Fig. 1, B and C). A similar phe-
notype was observed for the cells with reduced expression of
MT1-MMP. However, cells depleted of STX8, a member of the
SNARE family, which are crucial machinery for the endosomal
trafficking route (Chen and Scheller, 2001; Jahn and Scheller,
2006; Risselada and Grubmüller, 2012), could still degrade the
matrix similar to that of control cells (Fig. 1, B and C). This
suggests that STX8 might not be involved in intracellular traf-
ficking of the cargoes required for the degradative activity of
invadopodia.

Additionally, the depletion of Rab5A isoforms did not affect
the degradation index. Previously, it has been shown that Rab5
isoforms show redundancy in their function, and cells depleted
of a single isoform could degrade the matrix (Frittoli et al., 2014).
However, the downregulation of its activator (guanine nucleo-
tide exchange factor [GEF] for Rab5A/B/C), RABGEF1, reduced
the matrix degradation (Fig. S1 A). These observations demon-
strated the sensitivity of this assay.

Further, the observed phenotype for retromer was cross-
validated using four individual oligos. Among these, oligo1 and
oligo3 showed maximum KD of Vps26A (Fig. S1 B) and thus
impaired the gelatin degradation and Matrigel invasion activity
(Fig. S1, C and D). Validation using individual oligos also helped
us in ruling out the off-target effect, if any occurred, due to the
use of SMARTpool siRNA.

Next, we asked whether the downregulation of retromer
hampered invadopodia formation. Retromer-depleted cells were
immunostained for well-known invadopodia markers Tks5 or
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Figure 1. Retromer contributes to the invasive properties of breast cancer cells. (A) The KD efficiency of the respective genes was confirmed byWestern
blot or quantitative PCR (qPCR; n = 3). Values in the graph represent means ± SEM. Two-tailed Student’s t test, ** P < 0.01. (B) Retromer, MT1-MMP, or STX8
were depleted via siRNA and cells were seeded on Alexa Fluor 568–labeled gelatin-coated coverslips for 12 h. Degradation activity was quantified as deg-
radation index, described in the Materials and methods (N = 4, n = 300; scale bar = 10 µm). Arrowheads represent degradation spots. One-way ANOVA, *** P <
0.001. The graph represents means ± SEM. (C) Cells depleted for indicated molecules were seeded onMatrigel-coated cell inserts and allowed to invade for 20 h.
Invasive cells were counted and the percentage of invaded cells were plotted (N = 3, scale bar = 30 µm). One-way ANOVA, *** P < 0.001. The graph
represents means ± SEM. (D and E)MDA-MB-231 cells treated with indicated siRNA were immunostained for invadopodia markers cortactin (D) or Tks5 (E)
and stained with phalloidin to label actin. Images were analyzed on the confocal microscope and the percentage of cells forming invadopodia was quantified
and plotted (N = 3, n = 400; scale bar = 10 µm, inset = 4 µm). The inset represents the actin-cortactin– or Tks5-actin–rich invadopodia. Invadopodia (Tks5/
actin dots) per cell were counted (N = 3, n = 50). The graph represents means ± SEM. One-way ANOVA, ** P < 0.01, *** P < 0.001. N, number of experimental
repeats.
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cortactin. The cells could form invadopodia, as marked by actin-
cortactin– or actin-Tks5–positive dots, comparable to that of
control (Fig. 1, D and E). On the contrary, cells suppressed for
MT1-MMP showed a reduced ability to form invadopodia, which
is in line with the previous reports (Clark et al., 2007; Steffen
et al., 2008). Altogether, these results suggested that the endo-
somal sorting and recycling pathways are crucial for the in-
vadopodiamaturation, perhaps via their role in the trafficking of
some of the maturation factors like proteases.

Retromer preferentially recycles MT1-MMP but not MT2-MMP
from endosomes to the cell surface
Next, we asked which cargo might be transported via retromer
to invadopodia. Since retromer-depleted cells formed nonfunc-
tional invadopodia, we focused on investigating the recruitment
of the proteases on these structures. MT1-MMP is known to be
overexpressed in various cancers, including breast cancer, and
promotes tumor invasion (Sato et al., 1994; Okada et al., 1995;
Jiang et al., 2006; Perentes et al., 2011; Al-Raawi et al., 2011; Rossé
et al., 2014; Li et al., 2015). Also, elevated transcript levels of
MT2-MMP, a member of the MT-MMP family that shares 73.9%
similarity with MT1-MMP, were reported in the MDA-MB-231
cell line (Hotary et al., 2006; Ota et al., 2009). We performed a
comparative expression analysis using an antibody againstMT2-
MMP and found its overexpression in the invasive MDA-MB-231
cell line, compared with nontransformed MCF10A or poorly
invasive MCF7 cell lines (Fig. 2 A). To understand the functional
relevance of the overexpression of the protease inMDA-MB-231,
we performed a Matrigel invasion assay in the cells depleted of
MT2-MMP and observed a significant reduction in the percent
of invaded cells (Fig. 2 B). This was consistent with the previous
reports, where this protease is shown to facilitate basement
membrane degradation (Hotary et al., 2006; Ota et al., 2009).
Interestingly, MT2-MMP was also found to be invadopodia
associated since it showed colocalization with GFP-Tks5 and
cortactin, as revealed by fixed-cell (Fig. 2 C and Fig. S2 A) and
live-cell imaging (Video 1). We decided to focus on investigating
the role of retromer in the recycling of MT1-MMP and MT2-
MMP. Consistent with the previous reports, retromer was found
to be distributed on endosomes positive for EEA1 (45 ± 3%, n =
100), Rab7 (28 ± 4%, n = 80), and GFP-Rab4 (25 ± 3%, n = 40) in
PFA-fixed MDA-MB-231 cells (Fig. S2 B; Seaman, 2004; Rojas
et al., 2008; Temkin et al., 2011).

Additionally, retromer showed colocalization with both MT1-
MMP (40 ± 6%, n = 80) andMT2-MMP (22 ± 4%, n = 52; Fig. 2 D).
Notably, the two proteases showed a high percentage of coloc-
alization (40 ± 4%, n = 60), suggesting that they share a common
endosomal pool (Fig. S2 C). Next, we investigated if the per-
turbation of retromer affects the cell surface population of the
proteases. Cells with reduced expression of retromer were al-
lowed to express pHluorin-tagged MT1-MMP or MT2-MMP.
pHluorin is a pH-sensitive GFP mutant that is often used to
study exocytic events at the cell surface (Monteiro et al., 2013;
Kajiho et al., 2016). The total internal reflection fluorescence
(TIRF) microscopy–based analysis revealed that KD of either
Vps26A or Vps35 subunits of retromer significantly reduced
the cell surface population of MT1-MMP, whereas MT2-MMP

remained unaffected (Fig. 2 E and Videos 2 and 3). This result
indicated that retromer might be specifically involved in the
sorting and recycling of MT1-MMP. Therefore, from here on-
wards, we focused on understanding the retromer-mediated cell
surface recycling of MT1-MMP.

In the live-cell confocal microscopy, dynamic MT1-MMP
endosomes were found to be cotransported with Vps29, which
was associated as a distinct puncta on these endosomes (Fig. 2 F
and Video 4). This cotrafficking indicated that retromer carries
MT1-MMP from the sorting endosomes and ensures its re-
cycling. Next, we measured the surface levels of MT1-MMP by
performing biotinylation assay, which has been used extensively
to measure the surface proteome over a large population
(Steinberg et al., 2013; Qiang et al., 2019). Controls and the cells
with reduced expression of Vps26A of retromer were incubated
with noncleavable biotin, EZ-link Sulfo-NHS-Biotin, and lysed.
The labeled proteins were captured using Neutravidin beads and
analyzed by immunoblotting. Compared with controls, these
cells showed a significant reduction in the levels of MT1-MMP at
the plasmamembrane (Fig. 2 G). This observation prompted us to
measure the recycling kinetics of MT1-MMP in these cells. For
this, proteins at the cell surface were labeled with the cleavable
biotin, i.e., EZ-link Sulfo-NHS-SS-Biotin, followed by treatment
with 2-mercaptoethanesulfonic acid (MeSNa) to remove biotin
from the recycled population of protein, as described previously
(Remacle et al., 2003). The depletion of retromer slowed down
the recycling of MT1-MMP without perturbing its rate of endo-
cytosis (Fig. S2 D). On the contrary, total levels of the protease
were unaffected in cells suppressed for retromer (Fig. S2 E),
suggesting that retromer is vital for replenishing the surface
population of MT1-MMP.

Further, these observations were supported by MT1-MMP
antibody uptake assay (Remacle et al., 2003) in cells depleted of
retromer or VAMP7. VAMP7 was included as a control since it is
an established regulator of MT1-MMP recycling (Steffen et al.,
2008; Williams et al., 2014; Castro-Castro et al., 2016). Image
analysis revealed a substantial reduction in the uptake of anti-
bodies, thus suggesting that the cells had a reduced surface pool
of the protease to begin with (Fig. 2 H). Further, to ensure that
the reduced uptake is not because of a defect in endocytosis, we
performed the transferrin uptake assay in retromer-depleted
cells. The quantification of the intensity of the internalized
transferrin revealed that the cells could endocytose transferrin
similar to that of control (Fig. S2 F), thus suggesting that reduced
MT1-MMP uptake was because of the low abundance of protease
on the surface and not due to its reduced rate of endocytosis in
retromer-depleted cells.

WASH, a heteropentameric complex, generates endosomal
actin patches and facilitates protein sorting (Derivery et al.,
2009; Gomez and Billadeau, 2009). It is also known that ret-
romer subunit Vps35 interacts with the FAM21 subunit of the
WASH complex, thus facilitating its recruitment on the en-
dosomal membrane (Harbour et al., 2010, 2012; McGough
et al., 2014). In agreement with these studies, we found that
retromer depletion led to a reduction in WASH1 punctae on
the MT1-MMP endosomes in MDA-MB-231 cells (Fig. S2 G).
Further, the biochemical assay also revealed lower levels of
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Figure 2. Retromer mediates cell surface recycling of MT1-MMP but not MT2-MMP. (A–C) MT2-MMP is overexpressed and invadopodia associated in
MDA-MB-231 cells. (A) Indicated cells were lysed and immunoblotted with anti–MT2-MMP and anti-actin antibody. (B) Control and MT2-MMP–depleted cells
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WASH1 in the membrane fractions of Vps26A-depleted cells
(Fig. S2 G9).

SNX27 contributes tomatrix degradation and is overexpressed
in patients having invasive breast cancer
Association of retromer with some of the SNXs members, which
include SNX3, SNX27, SNX1/SNX2, and SNX5/SNX6, is crucial
for the efficient retrieval of cargoes (Harterink et al., 2011;
Steinberg et al., 2013; Wassmer et al., 2007; Rojas et al., 2007).
Next, we sought to identify the retromer-associated SNX that
would facilitate endosomal sorting and recycling of MT1-MMP.
Using siRNA-mediated KD, we screened a few of the retromer-
associated SNX proteins (SNX1, SNX2, SNX5, SNX6, SNX3, and
SNX27) for their effect on gelatin degradation activity in MDA-
MB-231 cells. SNX1 and SNX2 were codepleted since they
showed functional redundancy among themselves (Schwarz
et al., 2002; Rojas et al., 2007). Likewise, SNX5 and SNX6 are
also functionally similar and thus were cosuppressed (Wassmer
et al., 2007). Analysis of degradation indices revealed that the
silencing of SNX3 and SNX27 remarkably reduced matrix deg-
radation activity (Fig. 3 A). Also, we observed colocalization of
these two SNXs with MT1-MMP and retromer-positive endo-
somes (Fig. S3 A). Further, in line with the previous reports, KD
of SNX3 affected the membrane association of retromer as re-
vealed by the biochemical membrane fractionation assay (Fig. S3 B;
Harterink et al., 2011; Vardarajan et al., 2012). A similar effect was
also observed for SNX27 depletion. However, this was pro-
nounced in SNX3/SNX27 codepletion. In support of the bio-
chemical observation, immunofluorescence (IF) microscopy
analysis showed a significant reduction in the number of
retromer-positive MT1-MMP endosomes upon SNX3 or SNX27
depletion (Fig. S3 C).

Next, we set out to study the clinical relevance for SNX in
breast cancer invasion. Information was mined from the pub-
licly available database cBio Cancer Genomics Portal (http://
www.cbioportal.org/public-portal/). Eight published datasets
were selected that had gene expression information from pa-
tients diagnosed with invasive breast carcinoma (sample size =
4,431). Studies with overlapping data to that of the selected

datasets were discarded. We analyzed the alterations in the
expression of all the members of the human SNX family, as well
as the components of the Vps subcomplex. While SNX27 was
found to be the second-most frequently altered (14%) among all
the SNX family members, preceded by SNX31 (16%; Fig. 3 B),
expression of Vps subunits was minimally altered (Vps35, 2.3%;
Vps26A, 1%; Vps29, 0.2%). We also checked the genetic altera-
tion frequency of SNX27 across tumors associated with different
organs. It showed >25% alterations in breast cancers, with am-
plification being the major representative of alterations
(Fig. 3 C).

Further, we investigated the expression pattern of SNX27 in
two of The Cancer Genome Atlas datasets: TCGA Breast and
TCGA Breast 2, available on Oncomine, a cancer microarray
database (https://www.oncomine.org). Both the datasets re-
vealed significantly higher SNX27 expression in the invasive
breast tumor compared with the normal breast tissue (Fig. 3 D).
Interestingly, using an independent breast dataset (Curtis breast
cancer dataset, 534 samples), we also observed that the higher
expression of SNX27 is anticorrelated to patient survival (P =
0.028; Fig. 3 E).

SNX27 plays a crucial role in cell surface transport of
MT1-MMP in MDA-MB-231 cells
To understand the cellular implication of SNX27 overexpression
in the invasive breast tumor samples, we performed Matrigel
invasion assay in SNX27-depleted MDA-MB-231 cells. Down-
regulation of SNX27 significantly reduced 3D Matrigel invasion,
whereas double depletion of SNX1/2 showed no effect (Fig. 4 A).
This supported the previous observation, where SNX27-depleted
cells exhibited reduced gelatin degradation (Fig. 3 A). Also, cells
with reduced expression of SNX27 could form Tks5-enriched
actin dots, suggesting their retained ability to form invadopodia
(Fig. 4 A9). To further validate these findings and rule out the off-
target effect, we conducted a rescue experiment where siRNA-
resistant GFP-SNX27 was overexpressed in the SNX27 KD
background. The cells overexpressing GFP-SNX27 could recover
gelatin degradation activity, ensuring the gene-specific effect
(Fig. 4 B) of KD.

were lysed and immunoblotted to determine KD levels. Subsequently, cells were seeded on Matrigel-coated cell inserts and allowed to invade for 20 h. The
number of invasive cells was quantified and plotted (N = 3, scale bars = 50 µm). Values in the graph represent means ± SEM. Two-tailed Student’s t test, *** P <
0.001. (C) MDA-MB-231 cells transiently expressing mCherry–MT2-MMP and GFP-Tks5 were stained with phalloidin and DAPI and analyzed with a confocal
microscope. The number of MT2-MMP endosomes positive for Tks5 was counted and plotted (N = 3, n = 45; scale bar = 10 µm, inset = 4 µm). The insets show
the MT2-MMP vesicles positive for actin and Tks5. (D) Confocal images of MDA-MB-231 cells that were stably expressing GFP–MT1-MMP or transfected with
mCherry–MT2-MMP and immunostained to label Vps26 and Vps35 (N = 3, n = 40; scale bars = 10 µm, inset = 4 µm). The insets show Vps35 and Vps26
localizing on the MT1-MMP or MT2-MMP endosomes. (E) MDA-MB-231 cells depleted of Vps26A and Vps35 were transfected with pHluorin–MT1-MMP or
pHluorin–MT2-MMP and analyzed by TIRF microscopy. The number of vesicles and their total area was quantified and plotted (N = 3, n = 40; scale bars =
10 µm). Values are means ± SEM. One-way ANOVA, ** P < 0.01, *** P < 0.001, **** P < 0.0001. (F)mCherry–MT1-MMP and GFP-Vps29 were cotransfected in
MDA-MB-231 cells and subjected to live-cell confocal imaging (Scale bars = 5 µm, inset = 4 µm). The insets show the multiple events over time where retromer
is associated with the MT1-MMP endosome. (G) Surface levels of MT1-MMP were measured in control and Vps26A-depleted cells. Biotin labeling was done at
4°C for 45 min, followed by quenching and lysing the cells (refer to Materials and methods). The lysate was allowed to bind with Neutravidin beads followed by
immunoblotting. Quantification of immunoblots was done to measure intensity of MT1-MMP (refer to Materials and methods; N = 3). Additional blots in Fig. S5.
Values in the graph are means ± SEM. Two-tailed Student’s t test, * P < 0.05.WCL, whole cell lysate. (H) The KD efficiency of VAMP7wasmeasured by qPCR (N = 3).
Two-tailed Student’s t test. MDA-MB-231 cells treated with indicated siRNA were surface labeled with MT1-MMP antibody at 4°C for 1 h, shifted to 37°C, fixed at
15 min, and immunostained to label with EEA1. Cells positive for MT1-MMP and EEA1 were counted and the percentage of cells that endocytosed MT1-MMP
antibody was calculated. The insets represent the MT1-MMP–positive EEA1 endosome. The arrowheads in the enlarged insets show the internalized MT1-MMP
antibody inside the vesicles positive for EEA1. (N = 4, n = 300; scale bars = 10 µm, inset = 4 µm). The graphs represent three independent experiments; values are
means ± SEM. One-way ANOVA, * P < 0.05, ** P < 0.01. N, number of experimental repeats.
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Previously, a quantitative surface proteomics study com-
bined with interactome analysis has demonstrated that deple-
tion of either SNX27 or retromer in HeLa cells led to a significant
reduction in various cell surface cargoes, including nutrient
transporters, suggesting their role in endosomal recycling itin-
eraries (Steinberg et al., 2013). The authors also found MT1-
MMP as one of the cargoes enriched in the SNX27 interactome.
In the present study, SNX27 phenocopied retromer (Figs. 3 A and
4 A) in matrix degradation and invasion. Also, we demonstrated
that retromer recruits WASH on MT1-MMP endosomes and
facilitates recycling of the protease (Fig. S2 G). Interestingly,
SNX27 is also known to interact with the WASH complex (Lee
et al., 2016). Based on these observations, we then asked
whether SNX27 takes part in retromer-mediated recycling of
MT1-MMP. We performed TIRF microscopy and found a re-
duced cell surface population of MT1-MMP in the SNX27 de-
pleted cells, whereas MT2-MMP remained unaffected (Fig. 4 C
and Videos 5 and 6).

Further, to measure the protein levels of MT1-MMP at the
cell surface, we performed surface biotinylation by labeling cells
with the noncleavable biotin as described in the previous
section. Immunoblotting analysis showed that, compared to
control, there was a marginal but significant reduction in the
MT1-MMP surface population in SNX27-depleted cells. However,
SNX27 depletion did not affect the total levels of MT1-MMP
(Fig. 4 D).

Next, we determined the effect of reduced SNX27 expression
on the recycling kinetics of MT1-MMP. Surface proteins were
labeled with cleavable biotin and lysates were collected at dif-
ferent time points (as described earlier) for immunoblot analy-
sis. SNX27-depleted cells showed a reduction in MT1-MMP
recycling compared with the control cells, although the effect
was subtle (Fig. S3 D). To further confirm this observation and
ensure the effect over a large population, we performed anMT1-
MMP uptake assay. An extensive analysis was done over a large
set of images collected from control (∼3,000 cells) and SNX27-
depleted cells (∼4,400 cells). An automated image analysis
program was used to measure the integral intensity of the MT1-
MMP puncta. Indeed, SNX27-depleted cells showed a significant
reduction in the MT1-MMP uptake, thus supporting our previ-
ous observations (Fig. 4 E). Since SNX27 colocalized with en-
dosomes positive for endogenous MT1-MMP and Vps26 (Fig. S3
A), we asked whether SNX27 traffics MT1-MMP from the en-
dosomal population. Using live-cell confocal microscopy, we
visualized numerous mCherry–MT1-MMP and GFP-SNX27 en-
dosomes, which were cotransported. Also, as observed for

retromer, GFP-SNX27 was associated as a puncta on the MT1-
MMP endosomes (Fig. 4 F and Video 7). Further, we found them
associated near the cell surface when imaged using TIRF mi-
croscopy (Fig. 4 G and Video 8). Collectively, these data dem-
onstrated the contribution of SNX27 to the cancer cell invasion
by facilitating the trafficking of MT1-MMP from endosomes to
the plasma membrane.

SNX27–retromer assembly localizes on endosomal domains
and facilitates matrix degradation by recycling MT1-MMP
SNX27 is shown to be localized on early/sorting endosomes that
are enriched in phosphatidylinositol 3-phosphate (Lunn et al.,
2007; Rincón et al., 2007). Consistent with these observations,
we also found that SNX27 primarily localized on EEA1- and
CD63-positive endosomes (Fig. S4 A). In the present study, the
depletion of SNX27 reduced the recycling of MT1-MMP to the
cell surface and thus phenocopied retromer (Fig. 4, C–F).
Therefore, we investigated their proximity to the MT1-MMP
endosomes in MDA-MB-231 cells. GFP–MT1-MMP–expressing
cells were fixed and labeled for endogenous Vps26 and SNX27.
Analysis by super-resolution 3D-SIM (structured illumination
microscopy) showed retromer and SNX27 punctae on the
subdomains of MT1-MMP endosomes (Fig. 5 A), perhaps indi-
cating their physical association. These observations prompted
us to hypothesize that the SNX27–retromer complex recycles
MT1-MMP from discrete subdomains on the endosomes to the
cell surface.

To understand the mechanistic details of SNX27-mediated
MT1-MMP recycling, we asked two crucial questions. First,
which domain of SNX27 is involved in the MT1-MMP recycling
and second, how retromer–SNX27 assembly is contributing to
this recycling axis. To address these, we used different deletion
mutants of SNX27, i.e., SNX27 lacking PDZ (SNX27ΔPDZ) or
FERM domains (SNX27ΔFERM). We also used a retromer
binding-deficient mutant of SNX27, lacking residues in the PDZ
domain crucial for its interaction with Vps26 (SNX27Δ67–77;
Fig. 5 B). These mutants were employed in earlier studies where
the role of SNX27 and retromer was found to be crucial in the
transport of the associated cargoes, like β-AR (Lauffer et al.,
2010; Temkin et al., 2011) and GLUT1 (Steinberg et al., 2013;
McGough et al., 2014). We investigated whether these mutants
could rescue the gelatin degradation activity of MDA-MB-231
cells lacking SNX27. siRNA-resistant SNX27WT or its mutants
were overexpressed in the SNX27-depleted cells. As shown in
Fig. 5 C, while SNX27WT could rescue the degradative activity,
the SNX27ΔPDZ or SNX27Δ67–77 mutant failed to do so. On the

Figure 3. SNX27 contributes to MDA-MB-231 matrix degradation and is overexpressed in invasive breast tumor patients. (A)MDA-MB-231 cells were
treated with indicated siRNA for SNX27 and SNX3 and codepleted of SNX1/2 or SNX5/6 and efficacy of gene silencing was detected by immunoblotting, where
vinculin was used as a loading control, or qPCR (N = 3). Two-tailed Student’s t test, *** P < 0.001. Subsequently, gelatin degradation assay was performed as
mentioned above and the degradation index was analyzed (N = 3, n = 250; scale bar = 10 µm). The graph represents three independent experiments; values are
means ± SEM. One-way ANOVA, ** P < 0.01, *** P < 0.001. Arrowheads represent degradation dots. (B) From the publicly available database cBio Cancer
Genomics Portal, various breast tumor datasets were analyzed for alteration frequency among SNX family members. (C) The SNX27 alteration frequency, types
of alteration, availability of mutation analysis, and copy number alteration in the various tumor cohorts are shown. (D) SNX27 expression in normal versus
invasive breast carcinoma reported in two different TCGA datasets was analyzed for fold change. (E) In the Curtis dataset, samples were separated for high and
low SNX27 expression populations (n = 534). The Kaplan-Meier survival curve was plotted among these separated populations. N, number of experimental
repeats.
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Figure 4. SNX27 carries MT1-MMP to the cell surface and contributes to its recycling. (A)Matrigel invasion assay was performed (as described earlier) in
MDA-MB-231 cells transfected with control siRNA and siRNA targeting indicated molecules. The number of invasive cells was counted. One-way ANOVA,
*** P < 0.001. The graph represents means ± SEM. (A9) Cells depleted for SNX27 were fixed after 72 h and immunostained with Tks5. Phalloidin was used to
label actin. Images were acquired with a confocal microscope and the number of Tks5/actin (invadopodia) per cell were counted (N = 3, n = 30; scale bars = 10
µm, inset = 4 µm). The insets display the Tks5/actin-rich structures. One-way ANOVA, *** P < 0.001. The graph represents means ± SEM. (B) Cells were
treated with siRNA against SNX27 and 60 h after treatment were transfected with GFP vector or GFP-SNX27WT. After 12 h, cells were fixed and imaged using a
confocal microscope (N = 3, n = 60; scale bars = 10 µm, inset = 4 µm). The insets show the degradation spots. (C) MDA-MB-231 cells were transfected with
control siRNA and siRNA targeting SNX27. 60 h after transfection, pHluorin–MT1-MMP and pHluorin–MT2-MMP were transfected. Cells were allowed to
adhere to the gelatin-coated imaging dishes for 6 h and then subjected to TIRF microscopy. The number of vesicles and their total area was quantified and
plotted. (N = 3, n = 30; scale bars = 10 µm). Two-tailed Student’s t test, **P < 0.01, *** P < 0.001. The graphs represent means ± SEM. (D) Cells were treated
with control and SNX27 siRNA and subjected to biotinylation to measure only the surface MT1-MMP levels. Cells were labeled with noncleavable biotin and
lysed, followed by binding with Neutravidin beads (refer to Materials and methods). The graph represents the quantification from the three individual blots for
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contrary, cells expressing SNX27ΔFERM could degrade fluores-
cent gelatin, almost comparable with the WT.

Furthermore, TIRF analysis showed a significantly reduced
cell surface population of MT1-MMP in the SNX27Δ67–77 mu-
tant compared with SNX27WT-expressing cells (Fig. 5 D). These
observations possibly suggest that the association of SNX27 and
retromer is required for recycling of the protease.

Next, we examined whether these mutants affect the endo-
somal population of retromer or proteases and thus perturb the
recycling axis. We attempted to overexpress the siRNA-resistant
WT and mutant constructs in SNX27-depleted cells and im-
munostained for endogenous Vps26 and MT1-MMP. Cells ex-
pressing SNX27WTor SNX27ΔFERMshowed a punctate localization
of the retromer, and it could colocalize with the MT1-MMP en-
dosomes (Fig. S4 B). The SNX27ΔPDZ or SNX27Δ66–77 mutant–
expressing cells showed a substantial reduction in retromer
punctae. Contrarily, the MT1-MMP endosomes were unaffected
in these cells, suggesting that SNX27 does not have an impact on
the intracellular pool of the protease. Collectively, these results
supported our hypothesis that retromer association with the PDZ
domain of SNX27 is indispensable for MT1-MMP recycling and
thus its matrix degradation activity at the cell surface.

Direct interaction of SNX27 with Vps26 is reported to be
crucial to divert cargoes from lysosomal degradation by directing
them to the cell surface (Steinberg et al., 2013). Defects in cargo
recycling should ideally enhance its lysosomal degradation. To
confirm whether it is valid for MT1-MMP, we determined the
turnover kinetics of endogenous MT1-MMP upon depletion of
retromer or SNX27. We blocked protein translation using cyclo-
heximide and depleted either Vps26A or SNX27 (Fig. S4 C).
Indeed, compared with the control cells, retromer- or SNX27-
depleted cells showed significantly faster lysosomal degradation
of endogenous MT1-MMP, suggesting a possible role of the
retromer–SNX27 in MT1-MMP recycling. In MDA-MB-231,
overexpressed MT1-MMP also showed membrane localization on
the entire cell surface as revealed by live-cell imaging (Fig. S4 D).
We studied whether depletion of retromer and SNX27 also affects
peripheral cell surface MT1-MMP. We measured the cell surface
intensity of GFP–MT1-MMP at the entire periphery of the cell and
could find a significant reduction in the protease at the mem-
brane upon perturbation of retromer or SNX27 (Fig. S4 D).

MT1-MMP interacts with SNX27 and the Vps26 subunit of the
retromer
Sorting of MT1-MMP from a pool of various endosomal cargoes
requires the selective recognition of the protease by the

retromer–SNX complex. This recognition could either be direct
or via an adaptor molecule. We used biochemical approaches to
investigate if the retromer–SNX27 complex is associated with
the protease. GST pull-down assay was performed using lysate
from the MDA-MB-231 cells stably expressing GFP–MT1-MMP
or GFP–MT2-MMP. While the recombinantly purified GST-
Vps35 or GST-SNX27 could pull down endogenous Vps26 and
GFP–MT1-MMP, they failed to associate with GFP–MT2-MMP
(Fig. 6 A). A similar observation was also made for endogenous
MT1-MMP in MDA-MB-231 cells (Fig. S4 E). The lack of MT2-
MMP association might be because of the distinct amino acid
residues in its cytoplasmic tail.

To validate the above observation, we performed a GFP-trap
pull-down assay, also called the GBP pull-down. This assay is a
modified immunoprecipitation where the GFP antibody is re-
placed by GFP-binding protein (GBP). GBP is used to efficiently
isolate GFP-tagged proteins from the cell lysate, similar to anti-
GFP antibodies (Rothbauer et al., 2006, 2008). GST–GBP–bound
glutathione sepharose beads were incubated with the lysates
prepared from the cells overexpressing GFP-tagged proteins,
i.e., GFP-Vps29 or GFP-SNX27, or GFP vector. The complex
formed between GST–GBP and GFP-tagged protein was eluted,
separated on SDS-PAGE gel, and analyzed by Western blotting
(Gujrati et al., 2019). We detected endogenous MT1-MMP,
Vps26, and Vps35 from the above lysates (Fig. 6 B) being pulled
down together with GFP-Vps29 and GFP-SNX27. Thus, this
confirmed our observations from the GST pull-down and
showed that the SNX27–retromer assembly interacts with MT1-
MMP in vivo.

Often, the sequence motifs recognized by the sorting ma-
chinery are present in the cytoplasmic tail of transmembrane
cargo molecules. SNX27 and retromer are known to directly
interact with their associated cargoes via specific motifs in their
cytoplasmic tails. MT1-MMP’s cytoplasmic tail is shown to be
crucial for its internalization and localization on invadopodia
(Lehti et al., 2000; Uekita et al., 2004; Yudowski et al., 2009;
Qiang et al., 2019). We next probed whether MT1-MMP directly
interacts with the individual retromer components or SNX27.
We employed a GST pull-down assay where the GST tag fused a
20-amino acid–long cytoplasmic tail to the MT1-MMP (GST-
MT1-CT) was used as bait. His-tagged SNX27, as well as retro-
mer components Vps26, Vps35, and Vps29, were expressed and
purified from Escherichia coli and probed as potential binding
partners for MT1-MMP. Immunoblotting using an anti-His an-
tibody showed that both SNX27 and the Vps26 subunit of ret-
romer could interact with the MT1-MMP tail (Fig. S4 F).

surface MT1-MMP levels (N = 3; additional blots in Fig. S5). Two-tailed Student’s t test, * P < 0.05. (E) Cells were treated with control and SNX27 siRNA. After
72 h, cells were incubated with antibodies against MT1-MMP at 4°C for 1 h, then shifted to 37°C for 15min. Cells were fixed, stained with DAPI, and imagedwith
a confocal microscope. The total intensity of the MT1-MMP vesicles per frame was calculated and plotted (N = 3, n = 3,000; scale bars = 10 µm, inset = 4 µm).
The insets show the MT1-MMP antibody uptake by the cells. Two-tailed Student’s t test, **** P < 0.0001. The graph represents means ± SEM. (F) MDA-MB-
231 cells were cotransfected with GFP-SNX27 and mCherry–MT1-MMP and 12 h after transfection were imaged by a live confocal microscope (N = 3, n = 25;
scale bars = 5 µm, inset = 4 µm). The insets represent various events from different time points of the live-cell imaging, where SNX27 was associated with MT1-
MMP vesicles. (G)MDA-MB-231 cells transfected with mCherry–MT1-MMP and GFP-SNX27 were subjected to TIRF microscopy, and endosome dynamics near
the cell surface were analyzed using a TIRF microscope. The inset panel represents a series of frames (along with the time point) from a captured video (inset
scale bars = 5 µm). Arrowheads show vesicles positive for SNX27 and MT1-MMP near the cell surface (N = 3, n = 12). N, number of experimental repeats; WCL,
whole cell lysate.
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Figure 5. SNX27 and retromer reside on the endosomal subdomains of MT1-MMP to facilitate its recycling andmatrix degradation activity. (A)MDA-
MB-231 cells expressing GFP–MT1-MMP were fixed, immunostained with an antibody against SNX27 and Vps26, and analyzed by super-resolution microscopy
3D-SIM. Boxed regions are labeled with the corresponding enlarged view of the inset on the right. These insets represent the multiple events of SNX27–
retromer on MT1-MMP endosomal subdomains (N = 2, n = 6; scale bars = 5 µm, inset = 2 µm). (B) Diagrammatic representation of SNX27WT and its different
deletion mutants used in the study. (C)MDA-MB-231 cells transfected with control siRNA or siRNA against SNX27 for 48 h and transfected again with siRNA-
resistant GFP-fused SNX27WT and mutants. Cells were seeded on labeled gelatin and were fixed and stained with DAPI before the effect of gene suppression
diminished. The degradation index was calculated as described earlier. Arrows represent the degradation dots. (N = 4, n = 200; scale bar = 10 µm). One-way
ANOVA, * P < 0.05, ** P < 0.01, *** P < 0.001, **** P < 0.0001. The graph represents means ± SEM. (D) GFP-SNX27WT and GFP-SNX27Δ67–77 mutants were
cotransfected along with mCherry–MT1-MMP. 12 h after transfection, cells were analyzed with a TIRF microscope. The number of MT1-MMP endosomes was
counted (N = 3, n = 45; scale bar = 10 µm). Values in the graph represent mean ± SEM. Two-tailed Student’s t test, *** P < 0.001. N, number of experimental
repeats.
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Figure 6. Interaction analysis of SNX27 and retromer with MT1-MMP. (A) Lysates were prepared from MDA-MB-231 cells stably expressing GFP–MT1-
MMP or GFP–MT2-MMP and allowed to bind recombinant GST-fused SNX27 and Vps35 immobilized on the glutathione sepharose beads. The protein complex
was eluted and run on denatured SDS gel. Immunoblotting was performed using anti-GFP and anti-Vps26 antibodies. Amino acid sequences represent the
cytoplasmic tail sequences of MT2-MMP and MT1-MMP. (B) GBP pull-down was performed with lysates from MDA-MB-231 cells expressing GFP vector, GFP-
Vps29, and GFP-SNX27. Purified GST–GBP was incubated with glutathione sepharose beads and allowed to bind with the respective lysates for 1 h. Beads were
washed and boiled, samples were run on SDS gel, and analysis was done by Western blotting. (C) Purified GST or GST-MT1 tails bound to glutathione sepharose
beads were incubated with His-Vps26 or SNX27 in the binding buffer (see Materials and methods). Immunoblotting was done using an anti-Vps26 or anti-SNX27
antibody. (D) Calorimetric titrations of the MT1-MMP–CT peptide (400 µM) with His-tagged SNX27, Vps26, and Vps29 were performed. The upper panel shows
raw ITC data for the Vps26 (40 µM) obtained from the 25 automated injections (2 µl in each injection). The lower panel shows integrated peak areas fitted using
a 1:1 independent model of binding. (D9) The quality of proteins used in ITC was determined by running on SDS gel. Table 1 represents the analyzed ther-
modynamic parameters for the measured protein–peptide interaction. In all the performed experiments, the heat of ligand dilution was subtracted from the raw
data to obtain normalized integrated heats. All ITC titrations were performed at 17°C. (E)MDA-MB-231 cells expressing the GFP–MT1-MMP or MT1-MMPΔDKV
mutant were lysed and subjected to GBP pull-down as described above. Immunoblotting was performed using an antibody against Vps35, SNX27, and GFP.
(F) Cells cotransfected with GFP–MT1-MMP and mCherry–MT2-MMP were fixed and analyzed by super-resolution microscopy, 3D-SIM. Images were obtained
after 3D reconstruction (scale bar = 5 µm). The insets show the localization of MT1-MMP andMT2-MMP on discrete endosomal domains. WCL, whole cell lysate.
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However, we could also detect a measurable amount of signal
for SNX27 where only GST protein was used as a bait. To ensure
if there is genuine interaction between GST-MT1 tail and Vps26
or SNX27, the pull-down assay was reperformed with a modi-
fied protocol. In the binding buffer, 0.5% BSA was added to
block nonspecific binding and protein-specific antibodies were
used for immunoblotting. A clear binding was observed on the
MT1 tail with SNX27 and Vps26 (Fig. 6 C).

To further validate these results and determine the affinity of
the interactions, we set out to perform isothermal titration
calorimetry (ITC). We used a 20-mer peptide derived fromMT1-
MMP cytosolic tail (MT1-MMP-CT) andmeasured its interaction
with SNX27 and Vps26. While SNX27 and Vps26 interacted with
the peptide with a Ka of 1.87 × 107 and 1.6 × 106, respectively,
Vps29 did not show any interaction (Fig. 6, D and D9). Impor-
tantly, the analysis of the obtained thermodynamic parameters
revealed that different guiding factors are contributing to these
interactions. While Vps26 binding is entropically favored, the
interaction to SNX27 is driven by enthalpic factors.

These results prompted us to identify the sequence motif
in the MT1-MMP cytoplasmic tail that might be governing
retromer–SNX27 interaction. A previous study performed in
MDCK cells suggested a role for the last three amino acids of the
MT1-MMP cytoplasmic tail, DKV, in the recycling of the protease
(Wang et al., 2004). Interestingly, a study has shown that the
DKV motif is required for the association of MT1-MMP with the
LIM kinase, which possesses a PDZ domain (Lagoutte et al.,
2016). We generated a MT1-MMPΔDKV mutant and proceeded
with the GBP pull-down. Compared with the full-length MT1-
MMP, the ΔDKV mutant showed weak interaction with retro-
mer and SNX27 (Fig. 6 E). Significantly, this recycling-deficient
MT1-MMP mutant also showed less MT1-MMP population near
the cell surface as measured by TIRF microscopy (Fig. S4 G).
These observations suggest the role of retromer–SNX27, possi-
bly by associating to DKV motif, which is unique to MT1-MMP,
and thus mediates the proteases’ cell surface recycling. The
absence of interaction of MT2-MMP with the assembly perhaps
also explains why the cell surface population of MT2-MMP
is unaffected by depletion of retromer or SNX27 as shown in
(Fig. 2 E and 4 C). Corroborating with this observation, 3D-SIM
revealed that MT1-MMP and MT2-MMP are located on spatially
distinct domains on the same endosomes (Fig. 6 F and Video 9).
TIRF analysis revealed that the motile MT1-MMP vesicles were
not colocalizing to MT2-MMP (Video 10). Altogether, these re-
sults suggest that retromer–SNX27 specifically interacts with
endosomal MT1-MMP and helps in its sorting from the endo-
somal pool for cell surface recycling. Additionally, MT1-MMP
and MT2-MMP possibly follow distinct trafficking routes to be
delivered to invadopodia.

SNX27 depletion leads to delayed metastasis and prolonged
survival in vivo
So far, our study focused on MDA-MB-231, as it is a well-studied
cell line model, to understand the metastatic property of breast
cancer. Therefore, we set out to perform immunoblot analysis
to determine the SNX27 expression in MDA-MB-231 and com-
pared it with that in MCF7 (poorly invasive cell line) and

nontransformed MCF10A cell lines (Fig. 7 A). While the ex-
pression was high in MDA-MB-231 compared with MCF10A, it
was even higher in MCF7. Further, we checked whether this
expression level is similar in other breast cancer cell lines,
i.e., metastatic BT-549 and SUM-159, as well as MDA-MB–derived
cell lines. Indeed, we found that SNX27 protein levels were com-
parable across these cell lines, indicating it as a breast tumor-
associated protein (Fig. 7 A9). This was in line with our tumor
sample-based analysis (Fig. 3 D).

Using the CRISPR-Cas9–mediated gene depletion strategy, we
generated an SNX27 knockout (SNX27KO) to study its effect on
tumor metastasis in vivo. Various clones were screened and
downregulation of gene expression was confirmed at the protein
level (Fig. 7 B). Although the SNX27KO clones C6 and C24 could
form invadopodia (Fig. 7 C), their invasive potential was mark-
edly impaired asmeasured byMatrigel invasion assay (Fig. 7 C9).

The established SNX27KO cell lines were used in vivo where
an equal number of the control (as mentioned earlier) and
SNX27KO cells (clone C24) were xenografted into the mammary
fat pad of immunocompromised SCIDmice. Animal survival was
accounted for as a major readout for tumormetastasis since once
the cancer cells spread out of the primary site of implantation,
animals suffer from multiple organ failure and hence show se-
vere symptoms of sickness. After 7 wk, the primary tumor was
removed and animals were kept alive until they showed signs of
any illness as we have previously shown (Tanei et al., 2016;
Liang et al., 2016). While control animals displayed significantly
earlier signs of sickness and reduced survival, most likely as the
result of metastasis to local and distal organs, those engrafted
with the SNX27KO cells displayed prolonged survival (i.e., control:
70.4 ± 5.4 d versus SNX27KO: 112.4 ± 7.8 d; P < 0.01; Fig. 7 D). This
further correlates with our analysis of the breast cancer patients’
survival index, where patients with low SNX27 expression
showed amarginally longer life span (Fig. 3 E). Thus, the extended
survival in SNX27KO-injected mice may suggest a correlation
between survival and delayed onset of metastasis. However, to
conclude the role of SNX27 in the progression of tumormetastasis,
one needs to track the growth and development of secondary
tumors in real-time using bioluminescence or fluorescence-based
imaging assays in vivo.

Next, we sought to also test this hypothesis and to establish
the effect of SNX27 in tumor colonization. An equal number of
either control or SNX27KO cells were injected intravenously via
the tail vein. After 70–80 d, both groups of animals were eu-
thanized and investigated for the appearance of tumor forma-
tion. Animals in both groups showed the presence of tumors,
although estimation of the percentage of tumor infiltration in
lungs suggested no differential effects on lung colonization
(measurement indicated as the percentage of total organ in-
volvement; control: 83 ± 9.7% versus SNX27KO: 84 ± 6.5%; Fig. 7
E). However, there was a marginal delay in the growth of the
primary tumor inmice injected with the SNX27KO cell line. This
might be due to reduced proliferation and hence suggests the
possible role of SNX27 in cellular proliferation as reported in
recent studies (Yang et al., 2018; Zhang et al., 2019).

Together, these results suggest the involvement of SNX27
in facilitating metastasis, although it appears not to be
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Figure 7. SNX27 depletion prolonged animal survival in a xenograft model. (A and A9) For comparative analysis of SNX27 expression, indicated cell lines
were lysed and subjected to immunoblotting using anti-SNX27 and anti-actin antibodies (loading control). (B) Different clones of MDA-MB-231 SNX27KO were
obtained after cells were transfected with Cas9 protein complexed with either control sgRNA or sgRNA-targeted SNX27. The knockout efficiency was
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required for tumor colonization while establishing at a new
site. Also, these findings provide evidence supporting the
notion that SNX27 deletion may improve survival rate in
breast cancer xenograft models by delaying the onset of
metastasis.

Discussion
Invadopodia are actin-rich membrane protrusions involved in
ECM remodeling, which contributes to cancer cell invasion and
tumor dissemination (Paterson and Courtneidge, 2018; Linder
et al., 2011). Along with a host of proteins, proteases are re-
cruited on invadopodia where they act as molecular scissors for
efficient matrix degradation (Weaver, 2006; Watanabe et al.,
2013; Beaty and Condeelis, 2014; Poincloux et al., 2009;
Murphy and Courtneidge, 2011). MT1-MMP is a key enzyme
associated with invadopodia and is required for degrading the
matrix (Jacob and Prekeris, 2015; Castro-Castro et al., 2016).
MT2-MMP, the other member of the MT-MMP family, is also
overexpressed in various cancers. It is involved in cancer cell
transmigration via ECM, thus promoting tumor invasion (Chen
et al., 2014; Nakada et al., 1999; Gilles et al., 1996; Jiang et al.,
2006; Asano et al., 2008; Ito et al., 2010; Hotary et al., 2006). In
the current study, we are able to demonstrate a high level of
MT2-MMP expression in the MDA-MB-231 cell line at the pro-
tein level (Fig. 2 A). Previously, an in vitro assay-based study has
reported the broad spectrum of substrate activity for MT1- and
MT2-MMP (d’Ortho et al., 1997). The authors demonstrated that
both of the proteases cleaved fibronectin and tenascin, whereas
only MT2-MMP could degrade laminin. Also, MT1-MMP is well-
characterized as an interstitial collagenase that could digest type
I, II, and III collagens (Ohuchi et al., 1997; Holmbeck et al., 2003;
Itoh et al., 2006). In cell line–based assays, MT1-MMP and MT2-
MMPwere shown to activate proMMP2, thereby contributing to
the remodeling of the basement membrane (Morrison et al.,
2001; Nishida et al., 2008). Also, two independent studies
showed that depletion of endogenous MT1-MMP or MT2-MMP
reduced the basement membrane invasive activity in the MDA-
MB-231 cell line (Hotary et al., 2006; Ota et al., 2009). Further,
MT2-MMP is shown to degrade E-cadherin by its proteolytic
activity, leading to epithelial–mesenchymal transition, and
thereby facilitates cell invasion (Liu et al., 2016). Consistent with
these reports, we observed that depletion of MT2-MMP led to
abrogation of Matrigel invasion activity (Fig. 2 B).

The present study reveals that MT2-MMP mediates focalized
matrix degradation by associating with invadopodia (Fig. 2 C
and Fig. S2 A). Since invadopodia are the site of action for
these proteases, we hypothesized that MT2-MMP facilitates
cancer invasion along with MT1-MMP by getting recruited on
these membrane protrusions. These proteases colocalized in the
endosomal storage pools, where they get accumulated and
are available for recycling. However, they were localized on
distinct endosomal subdomains. This corroborated with our
observations where retromer or SNX27 depletion perturbed the
population of MT1-MMP at the cell surface, but MT2-MMP re-
mained unaffected (Figs. 2 E and 4 C). Subsequently, MT1-MMP
but not MT2-MMP was found to be associated with retromer
and SNX27 (Fig. 6 A). The unique sorting signals in the cyto-
plasmic tail of the transmembrane proteins are recognized by
sorting molecules to mediate cargo trafficking (Gallon and
Cullen, 2015). MT1-MMP has a DKV motif, distinct from MT2-
MMP, at its C-terminal tail (Fig. 6 A). Our interaction studies
from the cytosolic extracts revealed that MT1-MMP lacking the
DKV motif failed to associate with the retromer–SNX27 assem-
bly compared with the WT protease (Fig. 6 E), thus explaining
the reduced cell surface transport of this mutant protease (Fig.
S4 G). The dissimilarity in cytosolic tail sequences of these two
proteases unveils the possibility of MT2-MMP sorting from the
endosomal subdomains by associating with distinct trafficking
machinery.

WASH, an endosomal Arp2/3 activator, was shown to in-
teract with the exocyst complex to facilitate MT1-MMP exocy-
tosis from the late endosomes to invadopodia (Monteiro et al.,
2013). It is also required for the cell surface recycling of trans-
ferrin receptor, α5β1–integrin complex, β2AR, and GLUT1
(Derivery et al., 2009; Zech et al., 2011; Puthenveedu et al., 2010;
Piotrowski et al., 2013). Retromer is known to regulate mem-
brane recruitment of the WASH1 complex. We also found re-
duced membrane recruitment of WASH upon retromer
depletion (Fig. S2, G and G9); however, it was not completely
abolished, suggesting a possible role of additional players. Re-
cently, the ESCRT-0 component of HRS has been shown to re-
cruit WASH in a retromer-independent pathway and regulate
cargo recycling (MacDonald et al., 2018). Additionally, retromer
directly interacts with VARP (Vps9-ankyrin repeat protein), a
Rab32 effector, and recruits it on the endosomal membranes
(Hesketh et al., 2014). This interaction governs the retromer,
VARP, and VAMP7-mediated cell surface transport (Hesketh

determined by immunoblotting for SNX27 and vinculin (loading control). (C) Control sgRNA transfected MDA-MB-231 cells and SNX27KO clones were seeded
on gelatin-coated coverslips, and after fixation immunostained with the anti-cortactin antibody. DAPI and phalloidin were used to label the nucleus and actin,
respectively. Images were acquired with a confocal microscope, and the number of cells forming invadopodia were plotted. The inset is representing the actin-
cortactin–rich invadopodia. (N = 3, n = 80; scale bars = 10 µm, inset = 4 µm). The graph represents means ± SEM. Two-tailed Student’s t test. (C9) Control
MDA-MB-231 cells and two clones of SNX27KO MDA-MB-231 were plated on Matrigel-coated inserts. The cellular invasion was measured and plotted as
described earlier (N = 3). The graph represents means ± SEM. One-way ANOVA, *** P < 0.001, **** P < 0.0001. (D and E) An equal number of control MDA-
MB-231 cells and SNX27KO cells were injected in the mammary fat pad (D) or intravenous (E) of the mice. (D) 7 wk after primary tumor removal, animals were
sacrificed upon developing secondary tumors, as determined by the general health condition of the animals. The number of days for which animals survived
was plotted (n = 5 mice/group). Arrows indicate the presence of secondary metastatic tumors in the lungs and liver. (E) Intravenous injection of control MDA-
MB-231 cells and SNX27KO cells was evaluated in terms of the appearance of lung metastasis and survival. Tables in D and E use a scoring system based on the
level of tumor infiltration: +, at least one tumor nodule present; ++, multiple (three ormore) nodules present. Two-tailed Student’s t test was used to determine
significance. LN, lymph node; Mets, metastasis; N, number of experimental repeats.
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et al., 2014). VARP is also required for the directed movement of
VAMP7 vesicles (Burgo et al., 2012). Moreover, the recycling of
MT1-MMP from the late endosomes is known to be mediated by
VAMP7 (Steffen et al., 2008; Williams and Coppolino, 2011;
Williams et al., 2014). In light of these facts, there is a possibility
that retromer-mediated exocytosis of MT1-MMP involves
WASH, VARP, and VAMP7.

For the recycling of transmembrane cargoes, one of the
crucial steps is their association with sorting machinery. Our
in vitro interaction studies have demonstrated that both Vps26
or SNX27 could directly interact with the cytoplasmic tail of
MT1-MMP (Fig. 6, C and D). However, the results from the
rescue-based functional assays and TIRF microscopy revealed
that association of Vps26 with SNX27 is crucial for the recycling
of the protease (Fig. 5, C and D). Thus, the exact mode of binding
of the protease with retromer–SNX27 in the cellular environ-
ment remains elusive. Previously, Gallon et al. (2014) demon-
strated that the binding affinity of SNX27 for its cognate cargoes
was allosterically increased when it was bound to Vps26. They
also found that the SNX27 mutant, deficient in binding to ret-
romer, showed abrogation of this observed cooperative effect. It
is possible that the association of Vps26 with SNX27 enhances
the latter’s affinity for the protease.

Alternatively, the protease might bind at the interface between
Vps26 and SNX27. This mode of binding of retromer, SNX pro-
teins, to the cargo is already known in the literature (Lucas et al.,
2016). In a structure-based study, the authors have shown that the
binding of the recycling motif of divalent metal transporter 1-
isoform II (DMT1-II), a retrograde cargo, required its coincident
interaction with retromer and SNX3 (Lucas et al., 2016).

It is already established that retromer recognizes cargoes,
including cation independent mannose-6-phosphate receptor
(CIMPR) and sortilin-related receptor (SorLA) via F/W-L-M/V
and FANSHYmotifs, respectively (Seaman, 2007; Fjorback et al.,
2012). However, it has also been shown recently that SNX5 and
SNX6 could recognize CIMPR via WLM motif in the tail, inde-
pendent of retromer (Simonetti et al., 2017; Kvainickas et al.,
2017). SNX27, the only member of the SNX family with a PDZ
domain, binds to PDZ binding motif (PDZbm) present in the
C-terminal region of the PDZ ligands such as β2AR, Kir3 (po-
tassium channel inwardly rectifying), and SDC2 (syndecan2; Cao
et al., 1999; Lauffer et al., 2010; Lunn et al., 2007; Steinberg et al.,
2013). Nonetheless, the cytoplasmic tail of MT1-MMP does not
harbor any of these PDZbm’s. However, it is interesting to note
that DKV motif in its tail possesses the features of ClassIII
PDZbm, i.e., X[DE]Xϕ (Nourry et al., 2003). Our results suggest
that the SNX27–retromer assembly binds to MT1-MMP via its
DKV motif (Fig. 6 E).

Further delineation of the molecular mode of binding ofMT1-
MMP with retromer–SNX27 assembly would require extensive
biophysical and structural studies.

Taken altogether, our study establishes that the two major
abundant membrane-type metalloproteases localize on the dis-
tinct endosomal domains in the metastatic cancer cell line.
Retromer and SNX27 selectively recognize MT1-MMP by direct
interaction with its tail and promote cell surface recycling of the
protease, thereby mediating ECM degradation (Fig. 8). Our

xenograft model-based studies, as well as expression analysis
from the invasive breast tumor samples, suggest that abundance
of SNX27 might play an important role in tumor metastasis.
Accordingly, the elevated expression of SNX27 could be related
to the marginally shorter survival of the patients.

Materials and methods
Plasmids, antibodies, and reagents
The following antibodies were kind gifts and used at the men-
tioned dilutions: α-rabbit EEA1 antibody from Professor M.
Zerial used at 1:1,000 (IF); α-rabbit WASH antibody from Pro-
fessor Alexis Gautreau, used at 1:1,000 (immunoblotting [IB])
and 1:300 (IF); α-rabbit GST antibody from Dr. Ram Kumar
Mishra (Indian Institute of Science Education and Research,
Bhopal, India) used at 1:500 (IB). The following antibodies were
purchased commercially: α-mouse MT1-MMP (Millipore,
MAB3328), 1:1,000 (IB) and 1:400 (IF); α-rabbit MT2-MMP
(Abcam, ab135562); α-mouse SNX27 (Abcam, ab77799), 1:1,000
(IB) and 1:400 (IF); α-mouse Vps35 (Santa Cruz, sc-374372), 1:500
(IB) and 1:300 (IF); α-rabbit Vps26 (Abcam, ab23892), 1:1,000 (IB
and IF); α-mouse vinculin (Sigma, V9131), 1:1,000 (IB); α-mouse
cortactin (Millipore, 05–180), 1:300 (IF); α-mouse transferrin
receptor (Invitrogen), 1:1,000 (IB); α-rabbit actin (Sigma,
A2066), 1:1,000 (IB); α-mouse GFP (Roche, 11814460001), 1:2,000
(IB); α-rabbit Rab7 (CST, D95F2), 1:200 (IF); α-mouse Rab5 (BD
Biosciences, 610724), 1:300 (IF); α-mouse CD107a (LAMP1; BD
Biosciences, 555798), 1:300 (IF); α-mouse His (ThermoFischer
Scientific), 1:1,000 (IB).

MT2-MMP gene was amplified from MT2-MMP pCR3.1
(Professor Stephen Weiss’s laboratory) and cloned into pEGFP-
N1 and pmCherry-N1 mammalian expression vectors with en-
zyme sites XhoI/EcoRI using the following primers: Fwd, 59-AAA
CTCGAGATGGGCAGCGAC-39 and Rev, 59-CCCGAATTCGACCCA
CTCCTG-39. For the generation of MT2-MMP pHluorin con-
struct, MT2-MMP was first cloned into pcDNA 3.1 plasmid with
enzyme sites NheI/EcoRI using the following primers: Fwd, 59-
TTTAAGCTTATGGGCAGCGACCCGAGC-39 and Rev, 59-GAATTC
TCAAGCGTAATCTGGAACATCGTATGGGTAGACCCACTCCTG
CAG-39. Chimeric pHluorin–MT2-MMP was then generated in
this construct by Mutagenex, Inc., wherein the tag was inserted
between the hemopexin domain and the transmembrane domain
of the protein after residue number 1863 in the gene sequence. The
mCherry–C1-SNX27 construct was generated by amplifying SNX27
from pEGFP–C1-SNX27 (Professor Peter Cullen) with enzyme sites
HindIII/BamHI using the following primers: Fwd, 59-GAAAGCTTA
TGGCGGACGAGGACG-39 and Rev, 59-CTGGATCCCTAGTATTCC
TCTTTTCTCC-39. A pEGFP–N1–MT1-MMP mutant lacking DKV
motif is generated by PCR amplifying MT1-MMP lacking DKV
encoding nucleotides using the following primers: Fwd, 59-TCG
AATTCGGTGGTCTCGGACCATGTCT-39 and Rev, 59-CCGCGGCAG
CAGGGAACGCTGGCAGTA-39. Amplified product was digested
with enzymes EcoRI/SacII and ligated into the pEGFP-N1 vector.

Cell culture and transient transfection
MDA-MB-231 (HTB-26), MCF10A (CRL-10317), and MCF7 (HTB-
22) cell lines were purchased from ATCC. MDA-MB-231 cells
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were maintained in L-15 (Invitrogen) media with 10% FBS,
100 µg ml−1 penicillin, and 100 µg ml−1 streptomycin at 37°C in
CO2-free conditions. MCF10A cells were cultured in DMEM/F12
Ham’s Mixture (Invitrogen) supplemented with 5% horse se-
rum, 20 ng ml−1 EGF (Sigma), 10 µg ml−1 insulin (Sigma), 0.5 mg
ml−1 hydrocortisone (Sigma), and 100 ng ml−1 cholera toxin
(Sigma), and cells weremaintained at 37°C in 5% CO2. MCF7 cells
were grown in DMEM high glucose (Invitrogen) supplemented
with 10% FBS, 100 μg ml−1 penicillin, and streptomycin. Cells
were maintained in an incubator at 37°C and 5% CO2.

The MDA-MB-231 stable cell line was grown in L-15, sup-
plemented with 10% FBS, 100 µg ml−1 penicillin, 100 µg ml−1

streptomycin, and 500 µg ml−1 G418. For transient transfection,
cells were grown on coverslips in 24-well plates 1 d before the
experiment. Cells were transfected at 50–60% confluency with
0.5 µg of plasmid DNA using LTX/Plus transfection reagent (Life
Technologies).

Generation of stable cell lines
To generate a stable cell line, 2 × 106 cells per mlwere seeded in a
30-mm dish and after 24 h were transfected with GFP–MT1-
MMP or GFP–MT2-MMP using Lipofectamine LTX. 48 h after
transfection, the antibiotic selection was proceeded by adding
G418 to the transfected cells at a concentration of 800 µg ml−1 in
L-15 complete media supplemented with 10% FBS. The media
was changed every fourth day since the antibiotic degrades at
37°C. Cells that survived antibiotic stress proliferated and
formed colonies. Several such clones were collected and grown.
Each clone was detected for GFP expression by performing im-
munoblotting. Clones with high GFP expression were further
grown in 150-mm dishes, followed by passing through a cell
sorter (FACS). Different cell populations with high, medium, and
low GFP expressions were collected and grown separately. After
sorting, cells were grown in L-15 media with G418 concentration
at 500 µg ml−1. In all the experiments, cells with medium GFP
expression were used.

siRNA transfection
Cells were seeded 24 h before performing siRNA transfection.
Standard protocol, available at Dharmacon (https://dharmacon.
horizondiscovery.com/uploadedFiles/Resources/basic-dharmafect-
protocol.pdf), was used for transfection using Dharmafect as the
transfection reagent. SMARTpool siRNAs targeting the gene of
interest were purchased from Dharmacon. All siRNA were used

at the working concentration of 10–20 nM. MDA-MB-231
cells were transfected with negative control, Scr siRNA, and
SMARTpool siRNA against MT1-MMP, MT2-MMP, VAMP7,
Vps35, Vps26A, SNX27, SNX1, SNX2, SNX3, SNX5, and SNX6. A
set of four individual oligos was used at a working concentra-
tion of 30 nM against Vps26A. The sequences of oligonucleo-
tides are oligo1, 59-GCUAGAACACCAAGGAAUU-39; oligo2,
59-UAAAGUGACAAUAGUGAGA-39; oligo3, 59-UGAGAUCGA
UAUUGUUCUU-39; and oligo4, 59-CCACCUAUCCUGAUGUUA
A-39. The sequences of SMARTpool siRNAs are provided in
Table S1.

RNA extraction and quantitative real-time PCR
Total RNA was extracted from the cells using RNA easy kit
(Qiagen, Cat. 74104), and cDNA was prepared using the High
Capacity RNA-to-cDNA kit (Life Technologies, Cat. 4387406).
Real-time qPCR reactions were performed using the SYBR Green
Kit and corresponding primers on Applied Biosystems 7300 Real-
Time PCR System.

IF microscopy and colocalization analysis
Cells were fixed in 4% PFA for 18 min at room temperature.
Indirect IF was performed on fixed cells permeabilizedwith 0.1%
Triton X-100 for 15 min at room temperature, followed by
blocking with 5% FBS in PBS before staining with respective
antibodies. The coverslips were mounted using Mowiol (Cal-
biochem, Cat. 475904) on glass slides and imaged using Zeiss
LSM 780 laser-scanning confocal microscope with the Zen 2010
software. Data from three independent experiments were sub-
jected to analysis by the automated image analysis program,
Motion Tracking (http://motiontracking.mpi-cbg.de; Rink et al.,
2005; Collinet et al., 2010). The cells were randomly selected for
imaging. At least 15 images were acquired for each condition in a
given experimental setup, and all the images have been pro-
cessed together for quantification. The objects were identified as
vesicles in each channel based on their size, fluorescence in-
tensity, and other parameters by Motion Tracking software
(Rink et al., 2005; Collinet et al., 2010). Objects detected in two
different channels were considered to be colocalized if the rel-
ative overlap of respective areas was >35%. The apparent co-
localization value was calculated as the ratio of integral
intensities of colocalized objects to the integral intensities of all
objects carrying a given marker and varied from 0.0 to 1.0. The
colocalization-by-chance (random colocalization) was estimated

Figure 8. The proposed model showing
SNX27–retromer assembly directly interacts
with MT1-MMP and mediates its recycling to
invadopodia.MT1-MMP and MT2-MMP reside on
distinct endosomal domains. Retromer and SNX27
localize on the subdomains of the sorting endo-
somes carrying MT1-MMP and MT2-MMP. This
sorting machinery selectively recycles MT1-MMP
and recognizes the cargo by directly interacting
with its cytoplasmic tail.
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by random permutation of objects localization in different
channels. The apparent colocalization was corrected for random
colocalization.

MT1-MMP antibody uptake assay
MDA-MB-231 cells were trypsinized, counted, and 30,000 cells
per well were seeded on the gelatin-coated coverslips for 24 h
and transfected with siRNA. After 72 h of transfection, antibody
uptake was performed. Cells were incubated at 4°C with 10 µg
ml−1 MT1-MMP antibody diluted in L-15 complete media for
30min. The unbound antibody was removed after washing with
1× PBS. L-15 complete media was added, and cells were shifted to
37°C to allow internalization of the surface-bound antibody. At
the 15-min time point, cells were fixed by adding 4% PFA, fol-
lowed by permeabilization, and were immunolabeled with anti-
EEA1 antibody.

Gelatin degradation assay
MDA-MB-231 cells after 60 h of transfection were trypsinized
and 50,000 cells were plated on Alexa Fluor 568–labeled fluor-
escent gelatin for 12 h. Cells were then fixed and stained with
DAPI. Images were captured using Zeiss LSM 780 confocal laser-
scanning microscope with 40× oil immersion objective, 1.4 NA.
Images were processed in Motion Tracking software, where
degradation area was identified as an object and degradation
index was calculated using the following formula:

Mean background intensity −Mean intensity of the degradation spots
Mean background intensity

� �

×
X

Area of degradation objects[ ] ÷No. of cells per frame

8><
>:

9>=
>;

The mean background intensity is the intensity of the gelatin
normalized to the frame size of the image (512 × 512 pixels).

Matrigel invasion assay
Matrigel invasion assay was performed by transfecting MDA-
MB-231 cells with 20 nM siRNA targeting genes of interest. After
60 h of transfection, cells were trypsinized and counted, and
50,000 cells per well were resuspended in serum-free media
and seeded on BD Transwell cell inserts (8-µm pore size) coated
with 0.5 mg ml−1 of Matrigel (BD Biosciences, Cat. 354277).
Complete media with 10% FBS was added to the lower chamber.
Transwell plates were kept at 37°C for 16–18 h. Cells on the in-
serts were fixed with 4% PFA for 20 min, washed three times
with 1× PBS, and permeabilized by adding 100% methanol for
15 min. Staining was done by adding 1× Giemsa dye (from 20×
stock) and noninvaded cells were removed using a cotton swab.
Inserts were dried for 6 h at room temperature and imaged using
an inverted epifluorescence microscope using 10× objective at
bright field mode. Cells were counted using ImageJ software.

Live-cell imaging
Cells were cotransfected with GFP and mCherry-fused proteins
for 12 h, followed by trypsinization, and were seeded on glass-
bottom dishes coated with gelatin. Cells in L-15 complete media
were incubated for 4 h at 37°C in an incubator and further imaged
with an Olympus FV3000 confocal laser-scanning microscope

with a 60× Plan ApoN objective (oil, 1.42 NA) on an inverted stage.
Dual-color sequential imaging was performed using 488-nm and
561-nm lasers to excite GFP and mCherry-fusion proteins, re-
spectively. Images were acquired and processed using FV31S-SW
software.

SIM
Sample preparation was similar to that for confocal imaging.
High-resolution imaging was performed using a Nikon N-SIM
with a 100× Apochromat objective (oil, 1.49NA) using the 561-nm
and 633-nm laser lines and an Andor iXon 897 electron multi-
plying charge-coupled device camera. To obtain super-resolution
images, optimal intensity settings were maintained. Images
acquired were processed for reconstruction using Nikon NIS-
Elements software version 4.30.

TIRF microscopy
To capture events specifically near the cell surface, images were
captured with a Nikon Eclipse Ti inverted microscope equipped
with TIRF setup and a temperature controller. MDA-MB-231
cells cotransfected with GFP- and mCherry-fusion proteins were
plated on gelatin-coated, glass-bottom dishes filled with L-15
complete media. Sequential dual-color imaging was done using a
100× Apochromat objective (oil, 1.49 NA), and an Agilent laser
combiner MCL400 (Agilent Technologies) with an electron
multiplying charge-coupled device camera (Photometrics Inc.).
Image acquisition was done with Micro-Manager software
version 1.4.23. To excite GFP and mCherry, 488-nm and 562-nm
lasers were used, respectively. Bandpass filters were selected to
control fluorescent emission. Cells were transfected with siRNA
followed by pHluorin-fused MT1-MMP or MT2-MMP and im-
ages were acquired at an exposure time of 500 ms. Objects were
identified using Motion Tracking software, and the density of
the proteases was calculated.

Western blotting
Cells were harvested and lysed in lysis buffer (50 mM Tris-HCl,
pH 7.4, 150 mM NaCl, 2 mM DTT, 1% Triton X-100, and 1 mM
EDTA) supplemented with 10 µg ml−1 protease inhibitor cocktail
(PIC). Cell debris was removed by centrifuging at 16,000 g for
15 min at 4°C. Protein concentration was estimated using the
Bradford assay. Samples were prepared by adding 1× SDS load-
ing dye and separated by running on SDS-PAGE, followed by
transfer to a nitrocellulose membrane (0.45 µm; GE Healthcare,
Cat. 10600002). The membrane was blocked with 5% BSA then
incubated for 1 h at room temperature with the respective pri-
mary antibody. To detect the bound antibody signal, the mem-
brane was incubated with HRP-conjugated or fluorescently
labeled secondary antibody, and protein bands were detected
using chemiluminescence-based ECL Western blot detection
reagent (Bio-Rad, Cat. 1705060) or on a Li-Cor Odyssey Infrared
Scanning System, respectively.

MT1-MMP surface biotinylation
To measure surface population, MDA-MB-231 cells (9 × 104 cells
per ml) were grown in a 35-mm plate for 24 h. Cells were then
transfected with siRNA. At the 72-h posttransfection time point,
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biotinylation was performed. The culture medium was removed
and the cells were washed carefully with 2 ml PBS (6.7 mM
NaHPO4, 3.3 mM NaH2PO4, and 140 mM NaCl, pH 7.2) and in-
cubated with noncleavable biotin and EZ-link Sulfo-NHS-Biotin
(Invitrogen, Cat. 21217) at 4°C for 45 min. Further, to quench
unreacted biotin, cells were treated with a quenching solution
(50 mM Tris-HCl, pH 8.0 ). After quenching, cells were washed
with 1× PBS and solubilized in lysis buffer. The lysate was in-
cubated with Neutravidin beads for 1 h at room temperature.
Biotin-labeled proteins were eluted from the beads and sub-
jected to immunoblotting.

The intensity of the biotinylated MT1-MMP was quantified
for Scrambled (Scr) and siRNA-treated samples for Vps26A and
SNX27 using ImageJ software. The scanned Western blot image
was converted to grayscale for its densiometric analysis. Using
the square selection tool, a square box was plotted on the lanes
that represented MT1-MMP bands and another box of the exact
same dimension was plotted to measure the background for the
corresponding lanes (normalized intensity of MT1-MMP in Scr =
ScrMT1-MMP intensity − Scr background; normalized intensity of MT1-
MMP in Vps26A KD = Vps26A KDMT1-MMP intensity − Vps26A KD

background; normalized intensity of MT1-MMP in SNX27 KD =
SNX27 KDMT1-MMP intensity − SNX27 KD background).

The normalized intensities of MT1-MMP in Scr were com-
pared and plotted to those of Vps26A KD or SNX27 KD.

To measure recycling kinetics, cells were transfected with
siRNA as mentioned above, and surface proteins were labeled
with cleavable biotin and EZ-Link Sulfo-NHS-SS-Biotin (0.2 mg
ml−1; Invitrogen, 21331) for 45 min at 4°C. Unreacted biotin was
quenched with the quenching solution. To measure internali-
zation, cells were allowed to endocytose biotinylated proteins at
37°C for 30 min and then shifted to 4°C. After 30 min of endo-
cytosis (0 min, MeSNa−), cells were immediately lysed to
measure the total biotinylated population. However, other cells
werewashed and givenMeSNa treatment, i.e., 50mMMeSNa in
MeSNa buffer (50 mM Tris-HCl, pH 8.0, 100 mM NaCl, 1 mM
EDTA, and 0.2 wt/vol BSA, pH 8.6) to remove noninternalized
biotin-labeled proteins, followed by quenching. After 30 min of
endocytosis (0 min, MeSNa+), cells were solubilized in the lysis
buffer. Recycling was measured by reshifting the remaining
cells at 37°C and incubating for different time points (15, 30, 45,
and 60 min). At each recycling time point, cells were shifted to
4°C, washed, MeSNa treated, quenched, and solubilized. The
biotin-labeled proteins (lysate) were incubated with Neu-
travidin beads (Pierce, Cat. 29200) for 1 h and eluted by boiling
the beads in 1× SDS loading dye. Immunoblotting was performed
to detect protein levels.

The percentage of recycling was calculated as

Amount recycled at time t1 �
�
A − B
A

�
× 100,

where time t = 0, intensity = A, t = t1, and intensity = B.

Assay to measure membrane-associated proteins
This was performed as demonstrated earlier (Seaman et al.,
2009; Breusegem and Seaman, 2014). An equal number of cells
for control and KD were grown in 6-well plate tissue culture

dishes 1 d before the experiment. siRNA transfection for SNX27
and Vps26A was performed. After 72 h of transfection, media
was removed and cells were washed with ice-cold PBS, snap-
frozen using liquid nitrogen, and then thawed at room tem-
perature. The cells were scraped off the dish using lysis buffer
containing 0.1 M MES-NaOH, pH 6.5, 1 mMmagnesium acetate,
0.5 mM EGTA, 200 µM sodium orthovanadate, 0.2 M sucrose,
and PIC. These were centrifuged at 10,000 g for 10 min and the
supernatant was collected in a fresh tube. The pellet was then
solubilized in lysis buffer containing 50 mM Tris-HCl, pH 7.4,
150 mM NaCl, 1 mM EDTA, 1% Triton X-100, and 0.1% SDS,
followed by centrifugation at 10,000 g for 10 min. This super-
natant comprises of all the membrane-associated proteins. Col-
lected samples were run on SDS-PAGE and proteins detected by
immunoblotting.

Recombinant protein purification
To express and purify the recombinant proteins, both GST
(pGEX-6P-1) and His (pET28a) gene constructs were trans-
formed into E. coli BL21 (DE3) cells. The bacterial culture was
grown at 37°C and induced at an OD600 of 0.6 by adding 200 µM
IPTG. The induced bacterial culture was grown at 16°C (for
Vps26, 500 µM IPTG at 18°C) overnight. The freshly grown
culture was harvested and cells were resuspended in lysis
buffer, 1× PBS containing 1.25mMNaCl, 5 mMDTT, 1 mMEDTA,
0.5% Tween 20, 10 µg ml−1 PIC, and 200 mM PMSF for GST-
tagged proteins, and 20 mM Tris-HCl, pH 8.0, 200 mM NaCl,
10 mM β-mercaptoethanol, 10 mM imidazole, 0.5% Triton X-
100, 10 µg ml−1 PIC, and 200 mM PMSF for His-tagged protein,
respectively. The lysed bacterial culture was centrifuged at a
speed of 15,000 rpm for 45 min at 4°C and separated into pellet
and supernatant. The supernatant was incubated for 1 h with
Glutathione Sepharose 4B (GE Healthcare), and for 15 min with
Ni-NTA beads (Qiagen) for GST- and His-tagged proteins, re-
spectively. Both glutathione sepharose and Ni-NTA agarose
beads were washed with the wash buffers containing 20 mM
Hepes and 1 M NaCl, and 50 mM Tris-HCl, pH 8.0, 300 mM
NaCl, and 10 mM imidazole, respectively. Finally, GST- and His-
tagged proteins were eluted with 10 mM reduced glutathione
dissolved in 50 mM Tris-HCl, pH 8.0, and 200 mM imidazole
dissolved in 20 mM Tris-HCl, pH 8.0, and 200 mM NaCl,
respectively.

GST pull-down assay
Cells were lysed in lysis buffer (50 mM Tris-HCl, pH 7.4,
150 mM NaCl, 2 mM DTT, 1% Triton X-100, 1 mM EDTA, and
10 µg ml−1 PIC) and centrifuged at 19,000 g for 15 min at 4°C
to remove cell debris. The recombinant proteins were
quantified. For each reaction, 0.5 µM of GST-tagged bait was
added to the glutathione sepharose beads and incubated for
1 h at 4°C on the rotamer. Unbound bait was removed by
washing beads three times with 1× PBS while spinning at 4°C
and 600 g for 3 min. Bait bound with beads were incubated
with the cell lysate followed by washes with high salt (0.5 M
NaCl, 1% Triton X-100) and low salt (0.1 M NaCl, 0.5% Triton
X-100) buffers. To elute protein complexes, beads were
boiled in 1× SDS loading dye for 5 min at 95°C. The samples
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were run on 4–12% SDS gradient gel and proceeded for
immunoblotting.

In vitro pull-down assay
In the pull-down assay, 0.5 µM GST-tagged MT1-MMP cyto-
plasmic tail was immobilized on glutathione sepharose beads
and incubated with an equimolar concentration of His-tagged
SNX27, Vps26, Vps35, or Vps29 in the binding buffer composed
of 50 mM Tris-HCl, pH 7.4, 200 mM NaCl, 1% Triton X-100, and
0.5% BSA. Subsequently, the beads werewashed twice with both
high salt (0.5MNaCl, 1% Triton X-100) and low salt (0.1 M NaCl,
0.5% Triton X-100) buffers. Bound proteins were eluted by
boiling in 1× SDS loading dye, separated on 4–12% SDS gradient
gel and detected by immunoblotting.

ITC
To understand the thermodynamic basis of protein–peptide in-
teractions, ITC experiments were performed on a Nano ITC in-
strument (TA Instruments). His-tagged SNX27, Vps26, and Vps29
proteins were purified using two-step purification, i.e., affinity
chromatography followed by size-exclusion chromatography. In
this study, 40 µM His-tagged proteins were titrated against the
synthetic peptide for the MT1-MMP cytoplasmic tail region
(GenScript). All the solutions were filtered and degassed before
the ITC run. 400 µM peptide was injected into the ITC cell con-
taining 40 µM His-tagged proteins in 25 automated injections
(2 µl in each injection at 200 rpm) at an interval of 180 s and
mixed homogeneously. The heat of interaction between both of
the components was measured after subtracting the heat of di-
lution. The data were processed to obtain thermodynamic pa-
rameters using the NanoAnalyze software.

GFP-trap pull down
GBP clone was purchased from Addgene and subcloned into the
pGEX-6P1 vector to express GST-tagged GBP. GFP vector or GFP
fusion proteins were overexpressed in 6-well format in the
MDA-MB-231 cell line. 16 h after transfection, cells were lysed in
20 mM Tris-HCl, pH 8.0, 137 mM NaCl, 10% glycerol, 2 mM
EDTA, and 1% NP-40, and cleared by centrifuging at 16,000 g at
4°C for 20 min. Cleared lysates were mixed with 15 µg of
GST–GBP and bound to the glutathione sepharose beads. The
beads bound with GBP–GFP protein complexes were then
washed three times with PBS, followed by elution using 1× SDS
sample loading buffer. Samples were then separated on 4–12%
SDS gradient gel followed by Western blotting.

Degradation experiment
Cells were plated for 24 h before experimenting. 30,000 cells
per well were seeded in 24-well plates and transfected with
control and siRNA targeting molecule of interest. After 68 h of
transfection, the media was removed and cells were washed
with sterile 1× PBS. L-15 complete media with cycloheximide at a
working concentration of 10 µg ml−1 were added in cells. At
different time points, cells were lysed by adding lysis buffer
(50mMTris-HCl, pH 7.4, 150mMNaCl, 2 mMDTT, 1% Triton X-
100, and 1 mM EDTA) supplemented with PIC. Cell debris was
removed by spinning lysate at 16,000 g for 15 min at 4°C. Protein

estimation was done by Bradford assay, and samples were pre-
pared by adding 1× SDS sample loading buffer and boiling at
95°C. Proteins were separated on SDS gel and proceeded for
Western blotting.

Generation of SNX27KO cell line using CRISPR/Cas9
Using an online CRISPR design tool (https://www.thermofisher.
com/in/en/home/life-science/genome-editing/geneart-crispr/
crispr-libraries/trueguide-grnas.html) from ThermoFisher Sci-
entific, a 20-nucleotide guide sequence was designed against
human SNX27 isoform 2. The targeted DNA sequence was 59-
GTGGTGGACCTGATTCGAGC-39 in exon2 with protospacer-
adjacent motif sequence AGG. A negative control, nontargeting
single gRNA (sgRNA) 59-AAAUGUGAGAUCAGAGUAAU-39, that
does not recognize any specific sequence was also used. 1,000 cells
per well were seeded for 24 h before transfection in a 96-well
plate. Cells were transfected with Cas9–sgRNA complex at a ra-
tio of 250 ng/1.5 pmol per protein using lipofectamine Cas9 plus
(Invitrogen, Cat. A36496) and lipofectamine CRISPRMAX (In-
vitrogen, Cat. CMAX00003) reagents. 48 h after transfection, cells
were serially diluted and grown until they reached 80% con-
fluency. CRISPR knockout was confirmed by Western blotting.

Xenograft studies
All the present study protocols involving mice followed the
standard regulations and were approved by the Houston
Methodist Research Institute Animal Care and Use Committee.

Mammary fat pad tumor metastasis development
Low-passage control MDA-MB-231 and SNX27KO–MDA-MB-231
cells were cultured under standard conditions (37°C) in CO2-
independent L-15 media (as recommended by ATCC) until they
were 80–90% confluent, after which they were trypsinized and
the number of viable cells was determined by counting after
Trypan blue staining. A cell suspension was prepared by mixing
with Matrigel at a 1:1 ratio. Under aseptic conditions, the cell
suspension containing 5 × 106 cells 0.1 ml−1 was injected into the
mammary fat pad (near the ninth nipple) of 8–10-wk-old female
NSG mice anesthetized with isoflurane. Tumor growth was
monitored weekly using calipers and tumor volume was calcu-
lated according to the formula L × W2 / 2 = mm3. Once primary
tumors approached∼1,000mm3 vol, theywere partially removed
in order to provide a source for developing a secondary tumor
and the incision was closed. Animals were maintained until they
showed signs of sickness, indicative of potential metastasis.

Lung colonization assay
Intravenous injection of experimental cell lines (5 × 105 cells
0.2 ml−1 per mouse) was performed through the mouse tail vein.
Briefly, conscious animals were placed in an appropriate restrainer
after which tails were warmed in a water bath to dilate the vein,
disinfected with an alcohol pad, and injected with the corre-
sponding cell line. Animals were then transferred to a clean cage.

Statistical analysis
For the statistical evaluation of the datasets from quantitative
Western blotting and quantitative image analysis, unpaired two-
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tailed Student’s t test or one-way ANOVA was performed using
GraphPad Prism6 software version 6.01. A P value <0.05 was
considered as statistically significant. Datasets are expressed as
means ± SEM. Data distribution was assumed to be normal but
this was not formally tested. The number of samples, images,
and experiments are mentioned in the respective figure legends.

Online supplemental material
Fig. S1 shows that the depletion of retromer via individual oligos
abrogates gelatin degradation and Matrigel invasion in breast
cancer cells (related to Fig. 1). Fig. S2 shows that MT2-MMP is
associated with invadopodia marker cortactin, localization of
retromer on various endosomal compartments in MDA-MB-231
cells, decreased recycling kinetics of MT1-MMP upon depletion of
retromer, and that retromer recruits WASH on the endosomes in
breast cancer cells (related to Fig. 2). Fig. S3 shows that SNX3 or
SNX27 localizes to retromer and MT1-MMP, that these SNXs
recruit retromer on the endosomes, and SNX27 is required for
recycling of MT1-MMP on the cell surface, measured by bio-
tinylation (related to Figs. 3 and 4). Fig. S4 shows endosomal lo-
calization of retromer in cells expressing various SNX27 mutants;
retromer and SNX27 rescues MT1-MMP from the lysosomal
degradation; MT1-MMP is associated with retromer or SNX27 in
breast cancer cells; MT1-MMP cytoplasmic tails do not interact
with Vps29 or Vps35; and DKV motif in the cytoplasmic tail of
MT1-MMP is required for its recycling at the cell surface (related
to Figs. 5 and 6). Fig. S5 shows all the additional immunoblots
used for the quantification (Figs. 2 G and 4, D and E; and Figs. S2 D
and S4 C). Table S1 lists oligonucleotides sequences of SMART-
pool siRNA used in this study. Video 1 shows the dynamics of
MT2-MMP on invadopodia marked by Tks5. Videos 2 and 3 show
MT1-MMP or MT2-MMP endosomes at the cell surface in control
or retromer-depleted cells, respectively. Video 4 shows the co-
transport of retromer withMT1-MMP. Videos 5 and 6 showMT1-
MMP or MT2-MMP endosomes at the cell surface in control or
SNX27-depleted cells, respectively. Video 7 and 8 show cotrans-
port of SNX27 with MT1-MMP endosomes in the endosomal
compartments or at the cell surface, respectively. Video 9 shows
the spatial distribution of MT1-MMP and MT2-MMP on the en-
dosomal subdomains. Video 10 shows that both the proteases are
carried to the cell surface via distinct endosomes.
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Supplemental material

Sharma et al., https://doi.org/10.1083/jcb.201812098

Figure S1. Retromer-mediated abrogation of the invasive potential of MDA-MB-231 is a gene-specific effect. Gelatin degradation assay is a sensitive
assay to measure matrix degradation activity of the cancer cells. (A) Cells were transfected with siRNA against Rab5A and RABGEF1. After 72 h, mRNA was
isolated and qPCR was performed to measure the efficacy of the KD. Subsequently, similarly treated cells were seeded on fluorescent gelatin for 12 h, followed
by fixation and DAPI staining to label nuclei. Cells were imaged with a confocal microscope and the degradation index was analyzed. Arrowheads represent the
degradation dots. (N = 3, n = 100; scale bar = 10 µm). The graphs represent means ± SEM. One-way ANOVA, *** P < 0.001, **** P < 0.0001. (B) To ensure the
target specificity by siRNA, individual oligos were used to deplete Vps26A. Cells were transfected with the four oligos targeting different sites on Vps26A and
subjected to immunoblotting. Of the four, oligo1 and oligo3 could efficiently deplete the Vps26A. (C and D) Similarly treated cells were subjected to gelatin
degradation (C) or Matrigel invasion (D), where cells were seeded on fluorescent gelatin or Matrigel-coated cell inserts, respectively. The degradation index and
percentage of invaded cells were analyzed and plotted. (N = 3, scale bars = 30 pixels). Values in the graphs represent means ± SEM. One-way ANOVA, * P <
0.05, ** P < 0.001, *** P < 0.001. N, number of experimental repeats.
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Figure S2. Retromer is distributed on early and late endosomes carrying MT1-MMP and recruits WASH on these endosomes in MDA-MB-231 cells.
MT2-MMP is invadopodia associated. (A) mCherry–MT2-MMP–expressing cells were fixed and labeled for endogenous cortactin and phalloidin. Images were
acquired using a confocal microscope. The insets show a magnification of the boxed region where MT2-MMP endosomes are localizing on actin-cortactin–rich
invadopodia. (N = 3, n = 40; scale bars = 10 µm, inset = 4 µm). Retromer localization on Rab4-, Rab7-, and EEA1-positive endosomes. (B) GFP-RAB4–expressing
cells were fixed and labeled with endogenous Vps26. Also, untransfected MDA-MB-231 cells were fixed and immunolabeled using antibodies against Vps35 and
EEA1 or Vps35 and Rab7. Images captured by confocal microscope were analyzed and percentage of colocalization was calculated. (N = 3, n = 50; scale bars = 10
µm, inset = 4 µm). (C) MDA-MB-231 cells stably expressing GFP–MT2-MMP were fixed and labeled with endogenous MT1-MMP. Cells were imaged with a
confocal microscope and analyzed for percentage of colocalization. The insets show the colocalization of MT1-MMP and the MT2-MMP endosomes. (N = 3, n =
40; scale bars = 10 µm, inset = 4 µm). (D) Cells treated with Scr siRNA (control) and siRNA targeting Vps26A were labeled with biotin at 4°C after 72 h of
treatment. Cells were then shifted to 37°C for 30 min to allow endocytosis and then reshifted to 4°C and treated with or without MeSNa (0 min + or −,
respectively) to remove noninternalized biotin. They were again shifted to 37°C, followed by MeSNa treatment to measure the recycling of biotin-labeled
surface protein, and were harvested at indicated recycling time points (15, 30, 45, and 60 min). Lysates were incubated with Neutravidin beads; bound protein
was eluted and separated on SDS gel. Immunoblotting was performed and the level of MT1-MMP intensity was quantified by densitometric analysis of Western
blots. For each time point, percentage of recycling was analyzed by calculating the relative loss of MT1-MMP intensity measured at 0 min, followed by MeSNa-
treated recycling time points. See Materials and methods for details. Three independent experiments were performed (N = 3; additional blots in Fig. S5). (E)
MDA-MB-231 cells were transfected with the siRNA against MT1-MMP, Vps26A, and Vps35. After 72 h, cells were lysed and subjected to immunoblotting to
measure levels of MT1-MMP. Vinculin was used as a loading control. (F) Vps26A- or Vps35-depleted cells were serum-starved for 2 h and labeled with
transferrin at 4°C for 30 min. Unbound transferrin was removed by PBS washing and cells were shifted to 37°C and fixed at indicated time points. Transferrin
uptake was calculated by measuring the integral intensity of the transferrin (N = 3, n = 300; scale bar = 10 µm). The graph represents means ± SEM. One-way
ANOVA. (G) Cells treated with indicated siRNA were fixed 72 h after transfection and immunostained with antibodies against MT1-MMP and WASH1, followed
by imaging and quantification of the number of WASH-associated MT1-MMP endosomes. The insets show the WASH1 puncta on the MT1-MMP endosomes. (N
= 4, n = 400; scale bar = 10 µm, inset = 4 µm). The graph represents means ± SEM. One-way ANOVA, ** P < 0.01. (G9) After 72-h treatment with indicated
siRNA, cells were lysed and proceeded for immunoblotting to detect WASH1 expression. Transferrin receptor was used as a control. Similarly, treated cells
were snap-frozen to isolate the membrane and soluble fraction. Protein fractions were separated on SDS gel, followed by immunoblotting against the
transferrin receptor and WASH antibody. Transferrin receptor was used as a control to ensure the quality of the membrane fractionation. The distribution of
WASH1 in membrane and supernatant was quantified by comparing the ratio of supernatant to total protein, i.e., Sup+pellet, or to that of pellet to total protein
for each condition. The numbers between the blots represent the quantified values. N, number of experimental repeats.
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Figure S3. SNX3 and SNX27, retromer-associated SNXs, contribute to matrix degradation in MDA-MB-231 and endosomal recruitment of retromer.
(A) GFP-SNX3– or GFP-SNX27–expressing MDA-MB-231 cells were fixed and immunolabeled with an antibody against Vps26 and MT1-MMP. Images were
acquired on the confocal microscope and analyzed for percentage of colocalization of Vps26 and MT1-MMP with SNX3 or SNX27. Magnified boxed regions
show SNX3 or SNX27 localizing on MT1-MMP and Vps26 endosomes (N = 3, n = 46; scale bar = 10 µm, inset = 4 µm). (B) Cells depleted of SNX3 or SNX27 or
codepleted of SNX3 and SNX27 were lysed at 72 h after transfection and immunoblotted for Vps26. Similarly, siRNA-treated cells were lysed to separate
membrane and soluble fraction and immunoblotted for Vps26 and transferrin receptor (TfnR), which is used as a control. The membrane distribution of Vps26
was analyzed by calculating the ratio of supernatant:pellet fraction for each condition independently. The numbers on the blot signify the ratio of supernatant
to total protein, i.e., Sup+pellet, or to that of pellet to total protein for each condition. (C) MDA-MB-231 cells were transfected with control and indicated
siRNAs. IF was proceeded 72 h after transfection using antibodies against Vps26 and MT1-MMP, imaged on a confocal microscope, and percentage of co-
localization of MT1-MMPwith Vps26 was calculated. Also, the number of Vps26 or MT1-MMP endosomes were counted and plotted. (N = 4, n = 300; scale bars
= 10 µm). Values in the graphs represent means ± SEM. One-way ANOVA, *** P < 0.001, **** P < 0.0001. (D) Cells transfected with siRNA targeting SNX27
were labeled with cleavable biotin and biotinylation was performed (as described earlier) to measure MT1-MMP recycling. MT1-MMP recycling percentage was
analyzed by quantifying the relative loss of MT1-MMP at each time point with respect to the total endocytosed population captured at 0 min. Three inde-
pendent experiments were performed (N = 3; additional blots in Fig. S5). N, number of experimental repeats.
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Figure S4. Retromer associates with SNX27 on MT1-MMP endosomes and prevents its lysosomal degradation. SNX27 largely localizes on EEA1- and
CD63-marked endosomes in MDA-MB-231. (A) GFP-SNX27 overexpressing cells were fixed and IF was performed where antibodies against EEA1 and CD63
were used. Cells were imaged with a confocal microscope and the percentage of colocalization was calculated. Insets show the SNX27 puncta associated with
CD63 and/or EEA1 endosomes. (N = 3, n = 60; scale bar = 10 µm, inset = 4 µm). (B) Cells were treated with siRNA against SNX27 and indicated siRNA-resistant,
GFP-tagged SNX27 constructs were expressed. Cells were fixed and labeled with antibodies against Vps26 and MT1-MMP, imaged with a confocal microscope,
and the number of MT1-MMP or Vps26 endosomes, as well as the percentage of colocalization of MT1-MMP with Vps26, were analyzed. (N = 4, n = 200; scale
bar = 10 µm). Values in the graphs represent means ± SEM. One-way ANOVA, **** P < 0.0001. (C) Vps26A and SNX27 expression were downregulated by
transfecting MDA-MB-231 cells with the respective siRNA. 68 h after transfection, media with the cycloheximide was added to cells at a working concentration
of 10 μg μl−1 and the lysate was collected at indicated time points. MT1-MMP protein levels were detected by immunoblotting with antibodies against MT1-
MMP, and vinculin was used as a loading control (N = 3). For additional blots, see Fig. S5. Values in the graph represent means ± SEM. One-way ANOVA, ** P <
0.01, *** P < 0.001, **** P < 0.0001. (D) GFP–MT1-MMP stably expressing MDA-MB-231 cells were treated with siRNA against Vps26A and SNX27. Live-cell
imaging was performed and MT1-MMP surface intensity was calculated (N = 3, n = 35; scale bar = 10 µm). Values in the graph represent means ± SEM. One-
way ANOVA, * P < 0.05, ** P < 0.01. (E) Lysates from MDA-MB-231 cells allowed to bind recombinantly expressed and purified GST-fused SNX27 and Vps35
bound to sepharose beads. The protein complex was eluted and run on denatured SDS gel. Immunoblotting was performed against antibodies for MT1-MMP
and Vps26. (F) Purified GST and the cytoplasmic tail of MT1-MMP (GST-MT1-CT) was incubated with indicated His-tagged proteins and pull-down was
performed using glutathione sepharose beads. Precipitates were immunoblotted with an anti-His antibody. (G) GFP–MT1-MMPWT and ΔDKV mutants were
expressed in MDA-MB-231 cells, and 8 h after transfection were monitored by TIRF microscope (N = 2, n = 35; scale bar = 10 µm). Values in the graph represent
means ± SEM, **** P < 0.0001. N, number of experimental repeats; WCL, whole cell lysate.
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Figure S5. Additional Western blots that were used for quantification are provided, along with their relevant figure numbers.
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Table S1. Oligonucleotide sequences for the siRNA SMARTpool

Gene SMARTpool siRNA sequence (5’–3’)

Scrambled #1 CGAACGGCCUGUACGAUGA

Scrambled #2 GGCCAGACGCCCAACCAUA

Scrambled #3 GCGAGCAGCCACCAAAUUG

Scrambled #4 GGGAGUACCUGGCGUUUCC

Vps26A #1 GCUAGAACACCAAGGAAUU

Vps26A #2 UAAAGUGACAAUAGUGAGA

Vps26A #3 UGAGAUCGAUAUUGUUCUU

Vps26A #4 CCACCUAUCCUGAUGUUAA

Vps35 #1 GAACAUAUUGCUACCAGUA

Vps35 #2 GAAAGAGCAUGAGUUGUUA

Vps35 #3 GUUGUAAACUGUAGGGAUG

Vps35 #4 GAACAAAUUUGGUGCGCCU

STX8 #1 AAUGAAACCAGGCGGGUAA

STX8 #2 GAAUGAGGGUGCCGAACCA

STX8 #3 GAUCUUGUAACUCGAGAGA

STX8 #4 GAGUGAAGAGGCUAAGCGA

VAMP7 #1 GUACUCACAUGGCAAUUAU

VAMP7 #2 GAACGUUCCCGAGCCUUUA

VAMP7 #3 CGAGUUCUCAAGUGUCUUA

VAMP7 #4 GCCAAGACAGGAUUGUAUA

RABGEF1 #1 AAAUUAAGCCUCCGAAUCA

RABGEF1 #2 GAAUUCAUGUGGAUCAAUC

RABGEF1 #3 GAAAGGAUGCAAACUCGUG

RABGEF1 #4 GAAAGUGCCUCCAGAAAGA

Rab5A #1 GCAAGCAAGUCCUAACAUU

Rab5A #2 UGACACUACAGUAAAGUUU

Rab5A #3 GGAAGAGGAGUAGACCUUA

Rab5A #4 AGAGUCCGCUGUUGGCAAA

MT1-MMP #1 GGAUGGACACGGAGAAUUU

MT1-MMP #2 GGAAACAAGUACUACCGUU

MT1-MMP #3 GGUCUCAAAUGGCAACAUA

MT1-MMP #4 GAUCAAGGCCAAUGUUCGA

MT2-MMP #1 CCGGUGUGCUCGACGAAGA

MT2-MMP #2 CAUCUGACCUUUAGCAUCC

MT2-MMP #3 GCACUGACCUGCAUGGAAA

MT2-MMP #4 GCUACUGGCUCUUUCGAGA

SNX1 #1 GAAAAGAAGUGAUACGGUU

SNX1 #2 GGAAAGAGCUAGCGCUGAA

SNX1 #3 CAAAGGCCAUCUCCUAAUG

SNX1 #4 GAAAGGGACUUCGAGAGGA

SNX2 #1 CCACAGAAGUUGUAUUAGA

SNX2 #2 GUGCUGCCAUGUUAGGUAA

SNX2 #3 AAUGAUGGUUGCUAACAAA

SNX2 #4 UGAAUCGGAUGCAUGGUUU
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Video 1. MDA-MB-231 cells cotransfected with mCherry–MT2-MMP and GFP-Tks5. Cells were analyzed on a TIRF microscope
(Fig. 2 C). Scale bars = 10 µm. 1,000 ms/frame.

Video 2. MDA-MB-231 cells transfected with indicated siRNA (Scr or Vps26A KD) for 60 h were transfected with
pHluorin–MT1-MMP. Cells were plated on a gelatin-coated imaging dish and videos were captured using a TIRF microscope (Fig. 2
E). Scale bar = 10 µm. 500 ms/frame.

Video 3. siRNA transfected cells (Scr or Vps26A) for 60 h, were transfected with pHluorin–MT2-MMP, and 12 h after
transfection imaging was performed using a TIRF microscope. Scale bar = 10 µm (Fig. 2 E). 500 ms/frame.

Video 4. MDA-MB-231 cells expressing GFP-Vps29 and mCherry–MT1-MMP. After 12 h of transfection, live-cell confocal mi-
croscopy was performed (Fig. 2 F). Scale bar = 5 µm. 800 ms/frame.

Video 5. MDA-MB-231 cells transfected with control and siRNA targeting SNX27 for 60 h and transfected again with
pHluorin–MT1-MMP. Cells were plated on a gelatin-coated imaging dish and videos were captured on the TIRF microscope (Fig. 4
C). Scale bar = 10 µm. 500 ms/frame.

Table S1. Oligonucleotide sequences for the siRNA SMARTpool
(Continued)

Gene SMARTpool siRNA sequence (5’–3’)

SNX5 #1 UAACAGAGCUCCUCCGAUA

SNX5 #2 ACAUGACACUCUUAUUGAA

SNX5 #3 UGACAUACCUGAUGCGCUC

SNX5 #4 GAAAGUAGAGGGUCGAGUU

SNX6 #1 AGUAAUCGUUUCAGGAGUA

SNX6 #2 AAACAUGGUUAAAUCAGCA

SNX6 #3 GAUGAAGACCUCAAACUUU

SNX6 #4 CGAAACUUCCCAACAAUUA

SNX3 #1 UAGAGGAGAUGAUGGAAUA

SNX3 #2 GAACCUGAAUGACGCCUAC

SNX3 #3 GAUGUGAGCAACCCGCAAA

SNX3 #4 CCAGCAACUUCCUCGAGAU

SNX27 #1 CAAAUUAGCUGCACGUAUA

SNX27 #2 GAGUAUAGAUUCCGGCUCA

SNX27 #3 GGAAUAUGGUUGAUUAGAU

SNX27 #4 GAGUACAAAACGUGAGAAU
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Video 6. Cells treated, as described in Video 5, for Scr and SNX27 KD and transfected with pHluorin–MT2-MMP (Fig. 4 C).
Scale bar = 10 µm. 500 ms/frame.

Video 7. MDA-MB-231 cells transfected with mCherry–MT1-MMP and GFP-SNX27. Live-cell imaging was performed using a
confocal microscope 12 h after transfection (Fig. 4 F). Scale bar = 5 µm. 800 ms/frame.

Video 8. Cells were cotransfected as described in Video 7, and live-cell imaging was performed using a TIRF microscope. The
video represent the inset from an observed cell. Inset scale bar = 3 µm (Fig. 4 G). 500 ms/frame.

Video 9. MDA-MB-231 cells cotransfected with GFP–MT1-MMP and mCherry–MT2-MMP were fixed with PFA 12 h after
transfection. Images were acquired by SIM. Z slices were set for 0.2 µm. The video represents 3D reconstruction along the x-y and
x-z plane (Fig. 6 F).

Video 10. MDA-MB-231 cells were plated on unlabeled gelatin and cotransfected with pHluorin–MT1-MMP and
mCherry–MT2-MMP. 12 h after transfection, live-cell video was captured with a TIRF microscope. Scale bar = 3 µm. 500 ms/frame.
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