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ABSTRACT
The ability of cancer cells to degrade the extracellular matrix and
invade interstitial tissues contributes to their metastatic potential. We
recently showed that overexpression of sorting nexin 9 (SNX9) leads
to increased cell invasion and metastasis in animal models, which
correlates with increased SNX9 protein expression in metastases
from human mammary cancers. Here, we report that SNX9
expression is reduced relative to neighboring normal tissues in
primary breast tumors, and progressively reduced in more aggressive
stages of non-small-cell lung cancers. We show that SNX9 is
localized at invadopodia where it directly binds the invadopodia
marker TKS5 and negatively regulates invadopodia formation and
function. SNX9 depletion increases invadopodia number and the
local recruitment of MT1-MMP by decreasing its internalization.
Together, these effects result in increased localized matrix
degradation. We further identify SNX9 as a Src kinase substrate
and show that this phosphorylation is important for SNX9 activity in
regulating cell invasion, but is dispensable for its function in regulating
invadopodia. The diversified changes associated with SNX9
expression in cancer highlight its importance as a central regulator
of cancer cell behavior.
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INTRODUCTION
In the last decades, considerable effort has been directed towards
understanding the complexity of tumorigenesis and metastasis. The
non-receptor tyrosine kinase Src, the first identified oncogene (see
Guarino, 2010; Irby and Yeatman, 2000 for review), induces the
formation of invadopodia (see Murphy and Courtneidge, 2011 for
review), which are dynamic and actin-rich protrusions detected in
many highly invasive cancer cell lines derived from solid tumors
such as breast, melanoma and fibrosarcoma (Linder et al., 2011;
Murphy and Courtneidge, 2011). Invadopodia are enriched in
matrix-metalloproteases (MMPs) and are necessary at many stages
of the metastatic process such as breaking through the basement

membrane (Kinjo, 1978) and extravasating through blood vessels
(Leong et al., 2014; see Lohmer et al., 2014; Paz et al., 2014 for
review). Invadopodia are regulated downstream of many
RhoGTPases (Beaty and Condeelis, 2014 for review), formed
downstream of Src activation (Chen et al., 1985) and induced in
response to a variety of external stimuli (see Linder et al., 2011;
Murphy and Courtneidge, 2011 for review). The stabilization and
maturation of these highly specialized plasma membrane domains
requires the recruitment of actin-regulators (e.g. N-WASP, WAVE,
Arp2/3, cortactin) and adaptor proteins [e.g. TKS5 (also known as
FISH, KIAA0418 or SH3MD1), TKS4, NCK1] (Buccione et al.,
2004; Murphy and Courtneidge, 2011).

Invadopodia function relies on vesicular traffic of key
molecules to and from the plasma membrane, including MMPs
e.g. MT1-MMP (also known as MMP14), and disintegrin and
metalloproteinase domain-containing protein enzymes (e.g.
ADAM12 or ADAM15) (Linder, 2007). Not surprisingly, key
endocytic regulators such as the large GTPase dynamin localize to
invadopodia (Baldassarre et al., 2003; Bruzzaniti et al., 2005;
Destaing et al., 2013; Kruchten and McNiven, 2006). Dynamin is a
multifunctional protein that, in addition to its role in endocytosis
(Doherty and McMahon, 2009; Schmid and Frolov, 2011), also
controls actin remodeling (Gu et al., 2010; Menon and Schafer,
2013). Dynamin depletion impairs local matrix degradation at
invadopodia (Baldassarre et al., 2003; Destaing et al., 2013;
Jiang et al., 2001; McNiven et al., 2004). In addition to dynamin,
the membrane-sculpting BAR (Bin–amphiphysin–Rvs) domain
proteins, FBP17 (formin-binding protein 17), CIP4 (Cdc42-
interacting protein 4) and ASAP1 (ArfGAP with SH3 domain,
ankyrin repeat and PH domain 1), have been localized to
invadopodia (Bharti et al., 2007; Hu et al., 2011; Kovacs et al.,
2006; Yamamoto et al., 2011).

Sorting nexin 9 (SNX9) is a ubiquitously expressed BAR domain
protein and a major binding partner of dynamin (Lundmark and
Carlsson, 2004, 2005, 2009; Soulet et al., 2005). SNX9 functions in
both actin- and clathrin-mediated endocytosis (CME) (Lundmark
and Carlsson, 2004, 2009; Soulet et al., 2005; Yarar et al., 2008) and
also in clathrin-independent endocytosis (CIE) (Bendris et al.,
2016; Yarar et al., 2007). Other studies have implicated SNX9 in
actin-rich dorsal ruffle formation (Yarar et al., 2007) and the
regulation of actin polymerization by directly binding to Arp2/3 and
activating N-WASP (Shin et al., 2008; Yarar et al., 2008, 2007). We
have previously shown that SNX9 regulates upstream actin
regulators, namely the RhoGTPases RhoA and Cdc42 (Bendris
et al., 2016). Consequently, SNX9 expression levels control the
motility of cancer cells. SNX9 has also been identified as a direct
partner for the invadopodial protein DOCK1 (dedicator of
cytokenesis 1), the Drosophila homolog of NCK1 (non-catalytic
region of tyrosine kinase adaptor protein 1) (Worby et al., 2002).
Finally, SNX9 binds to ADAM9 and ADAM15 and potentiallyReceived 12 February 2016; Accepted 26 May 2016
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contributes to their trafficking (Howard et al., 1999). Interestingly,
SNX9 expression is modified in numerous tumors including
invadopodia-expressing cancer cells (Bendris et al., 2016; Mao
et al., 2011) (www.nextbio.com, www.oncomine.org). Given these
properties, we explored a potential role for SNX9 in invadopodia
structure and function, hence in cancer metastasis.

RESULTS
SNX9 expression is lowered in primary tumors
We recently showed that SNX9 expression levels are higher in
metastases compared with their respective primary mammary
tumors. Consistent with this, we discovered that SNX9
overexpression enhances invasiveness of breast and lung cell lines
in vitro and metastasis of breast cancer cells in a chick embryo
model (Bendris et al., 2016). Based on these observations, we tested
whether SNX9 protein expression varies during tumor progression,
expecting to observe an increase in SNX9 levels in more aggressive
stages of the disease. Surprisingly, using an immunohistochemical
approach on a lung cancer tissue microarray (TMA) containing non-
small cell lung cancer (NSCLC) samples from early (stage I) to
advanced stage (stage III) disease (Table S1), we observed that
SNX9 protein staining was significantly decreased in later, more
aggressive stages (Fig. 1A). Similarly, we found that SNX9
expression levels in mammary invasive ductal carcinoma (IDC)
were significantly lower in the malignancies compared with normal
adjacent tissue (Fig. 1B). Thus, we hypothesized that in primary
tumors, as opposed to metastases, SNX9 might fulfill specific
functions unrelated to its role in the regulation of cell invasiveness.
Later, more aggressive, stages of cancers exhibit greater invasive

activities (Tsim et al., 2010). Given that local invasion by breaking

through the basement membrane is a crucial step for cancer cell
dissemination from the primary tumors, we tested the involvement
of SNX9 in invadopodia-mediated matrix degradation.

SNX9 localizes to invadopodia
The breast-cancer-derived cell line, MDA-MB-231, has been
extensively used as a model to study invadopodia (Artym et al.,
2006; Beaty et al., 2014). We first tested for SNX9 localization at
functional invadopodia by plating MDA-MB-231 cells on green
fluorescent gelatin; dark areas correspond to degraded matrix,
reflective of invadopodia activity. Epifluorescence microscopy
showed that SNX9 colocalized with actin puncta, some of
which corresponded to active areas of matrix degradation
(Fig. 2A, arrows). The molecular composition of invadopodia is
highly similar to other actin-related structures. Therefore, to
unambiguously identify these structures we used the specific
invadopodial marker, TKS5 (tyrosine kinase substrate with five
SH3 domains), an adaptor protein that is required for invadopodia
function (Sharma et al., 2013). Using total internal reflection
fluorescence (TIRF) microscopy, which selectively illuminates
molecules localized within ∼100 nm of the ventral cell surface, we
found that transiently expressed mCherry–SNX9 colocalized with
TKS5–GFP (Fig. 2B), further supporting the localization of SNX9
to invadopodia. Time-lapse, dual-channel TIRF microscopy
showed that SNX9 appears and disappears with either TKS5 or
actin in a dynamic manner at invadopodia (Movies 1–2); which can
be distinguished from membrane-bound endocytic structures by
their large size (0.5–1 μm).

In cells grown in 3D cultures, invadopodia extend into the
surrounding matrix and invadopodial components are specifically

Fig. 1. SNX9 expression in lung and breast cancers. (A) Example of immunohistochemical (IHC) staining of SNX9 in two human NSCLC tumors. Bar chart
represents quantification (H-score, seeMaterials andMethods) of SNX9 staining in stage I (n=97), stage II (n=36) and stage III (n=59) NSCLC. (B) Representative
image of IHC staining of SNX9 in human normal breast tissue versus in situ ductal breast carcinoma. Bar chart represents quantification of SNX9 staining in
normal versus patient tumor tissues. n=10 for each condition. Scale bars: 200 µm. Results are presented as mean±s.e.m. Statistical significance was evaluated
using one-way ANOVA. ****P<0.0001.
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distributed along these structures (see Murphy and Courtneidge,
2011 for review). Therefore, to further characterize their relative
localization within invadopodia, cells expressing mCherry–SNX9
and TKS5–GFPwere cultured in Boyden chambers with 1 μm pores
to allow invadopodia extension. Whereas actin staining extended
along their entire length, fluorescently tagged SNX9 colocalized
with TKS5 mainly at the tips of invadopodia (Fig. 2C).

Podosomes are invadopodial-like structures present in non-
cancerous cell types including osteoclasts; they are also induced in
Src-transformed fibroblasts (Chen, 1989; see Linder et al., 2011;
Murphy and Courtneidge, 2011 for review). Podosomes are highly
similar to invadopodia with some notable differences, for example,
the adaptor proteins NCK1 and GRB2 are differentially localized
to invadopodia or podosomes, respectively (Oser et al., 2011). Given

Fig. 2. SNX9 is localized to invadopodia and podosomes. (A) Staining of F-actin (phalloidin, in red) and endogenous SNX9 (purple) in MDA-MB-231 cells
plated on green fluorescent gelatin. Arrows indicate colocalization of SNX9 with actin at dark areas corresponding to matrix degradation at invadopodia. (B) TIRF
microscopy image of invadopodia of MDA-MB-231 cells transiently co-expressingmCherry–SNX9 and TKS5–GFP. Insets in A and B showenlargement of yellow
boxes. Scale bars: 10 μm, insets 2 μm. (C) Cells expressingmCherry–SNX9 and TKS5–GFP, plated on a filter containing 1-μm-diameter pores, were stained with
phalloidin (purple). Image shows a z-stack of confocal sections of invadopodia extending in through the filter. (D) Staining of endogenous SNX9 (red) in NIH-Src
cells plated on green fluorescent gelatin. Arrowheads indicate colocalization of SNX9 where matrix has been degraded at podosomes. (E) TIRF microscopy
image showing the colocalization of endogenous SNX9 (green) with actin (red) at podosomes on the ventral plasma membrane. (F) Staining of endogenous
SNX9 (red) in NIH-Src cells transiently expressing TKS5–GFP. Scale bars: 10 μm, insets 2 μm in A; 10 μm in C–F.
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this difference, we investigated if SNX9was also part of podosomes.
As for invadopodia, endogenous SNX9 colocalized with areas of
degraded gelatin (Fig. 2D). As previous studies have shown that
SNX9 is localized to dorsal ruffles (Yarar et al., 2007), we confirmed
that endogenous SNX9 is localizedwith actin at podosomes found at
the ventral plasma membrane by TIRF microscopy (Fig. 2E).
Finally, similar to invadopodia, endogenous SNX9 localized with
TKS5–GFP in Src-induced podosomes (Fig. 2F), indicating that
SNX9 might play similar roles in both structures.

SNX9 is a direct binding partner of the invadopodial marker
TKS5
Given that SNX9 and TKS5 are colocalized at invadopodia and that
TKS5 directly binds several SNX9 partners including dynamin,
N-WASP and NCK1 (Murphy and Courtneidge, 2011), we

hypothesized that SNX9 and TKS5 could be direct or indirect
binding partners. We first assayed for SNX9 interactions with TKS5
in cell extracts. MDA-MB-231 cells were transfected with either
GFP–SNX9 or TKS5–GFP. Cell extracts were subjected to GFP
pulldowns followed by western blotting using anti-SNX9 or anti-
TKS5 antibodies. SNX9 and TKS5 were detected in TKS5–GFP
and GFP–SNX9 pulldowns, respectively (Fig. 3A,B). Interestingly,
these experiments also illustrate that although a large fraction of
TKS5 is associated with SNX9 (Fig. 3B), only a small subfraction
of SNX9 binds TKS5 (Fig. 3A). These data suggest that SNX9
fulfills other functions independent of TKS5.

Functional domains of SNX9 include an N-terminal SH3 domain
followed by an unstructured low complexity region, the protein–
lipid interacting PX (phox homology) domain and the BAR domain
(Fig. 3C). To further dissect these interactions we co-transfected

Fig. 3. SNX9 directly binds TKS5.
(A,B) GFP pulldown assays of TKS5–GFP
with endogenous SNX9 (A) or GFP–SNX9
with endogenous TKS5 (B), using MDA-MB-
231 cell lysates. (C) Scheme of WT and
deletion mutants of SNX9 used in E.
(D) Scheme of WT and deletion mutants of
SNX9 used in F. (E) HA pulldown of HA-
tagged WT or mutant SNX9 using lysates
from MDA-MB-231 cells transiently co-
expressing exogenous SNX9 with TKS5–
GFP. (F) GST pulldown assay of bacterially
expressed and purified His–TKS5 using
GST–WT-SNX9 or its deletion mutants as
bait. Asterisks indicate GST–SNX9 proteins.

2807

RESEARCH ARTICLE Journal of Cell Science (2016) 129, 2804-2816 doi:10.1242/jcs.188045

Jo
u
rn
al

o
f
Ce

ll
Sc
ie
n
ce



TKS5–GFP with hemagglutinin (HA)-tagged SNX9 deletion
mutants in MDA-MB-231 cells. The deletion mutants used for
this experiment consisted of HA–ΔC197 that lacks the BAR
domain, HA–ΔC340 that lacks both the BAR domain and a fraction
of the PX domain, and HA–ΔC395 consisting of only the SH3 and
low complexity domains (Fig. 3C). Using HA–agarose beads, we
were able to pull down TKS5–GFP along with all the deletion
mutants including the HA–ΔC395 (Fig. 3E), indicating that the
region of interaction spans the SH3 and/or low complexity domains.
Moreover, although HA–ΔC197 and HA–ΔC340 mutants were
poorly expressed compared with wild type (WT) and HA–ΔC395,
they pulled down similar amounts of TKS5, suggesting that the
BAR domain is inhibitory to SNX9–TKS5 interaction.
Given that TKS5 and SNX9 share several binding partners, we

next tested whether the interactions above were direct by using
recombinant TKS5 and SNX9 proteins. GST-taggedWTor deletion
mutants of SNX9 (Fig. 3D) were tested for direct binding to full
length histidine-tagged TKS5 in vitro. WT-SNX9 was able to pull
down TKS5 protein, demonstrating a direct interaction. More
TKS5 was pulled down with ΔPX-SNX9 as compared with WT,
suggesting that the PX domain, similar to the BAR domain, has an
inhibitory effect on TKS5–SNX9 interactions. In this experiment,
SNX9–TKS5 interactions were not dependent on the SH3 domain
of SNX9 (Fig. 3F). This result, combined with the pulldown

experiments using recombinant proteins, demonstrates that SNX9
interacts directly with TKS5 through its low complexity region.
Further studies are needed to identify the specific sites required for
TKS5–SNX9 interactions.

SNX9 negatively regulates invadopodia formation
To explore the role of SNX9 at invadopodia, SNX9 expression
was suppressed by siRNA-mediated knockdown in MDA-MB-
231. We plated control and SNX9-depleted cells (231-siCTR and
231-siSNX9, respectively) on gelatin-coated coverslips and co-
stained for actin and cortactin to visualize invadopodia (Fig. 4A).
SNX9 depletion not only increased the number of cells
expressing invadopodia (Fig. 4B; see Materials and Methods)
but also increased the number of invadopodia per cell (Fig. 4C).
To ensure that the effect of SNX9 on invadopodia is not cell-
type-specific, we depleted SNX9 in other cancer cell lines,
namely SCC61 (oral squamous carcinoma) and HT1080
(fibrosarcoma). Consistent with the results obtained in MDA-
MB231 cells, SNX9 knockdown increased the number of
invadopodia in both cell lines (Fig. S1). Taken together, these
results show that SNX9 is a negative regulator of invadopodia
formation in cancer cells.

We have previously shown that SNX9 regulates RhoA and Cdc42
(Bendris et al., 2016). As RhoGTPases are master regulators of the

Fig. 4. SNX9 negatively regulates invadopodia formation. (A) 231-CTR or 231-siSNX9 cells were plated on gelatin and stained for cortactin (green) and
F-actin (phalloidin, in red) to visualize invadopodia. Insets represent enlargement of yellow boxes. Scale bars: 20 μm, insets 4 μm. (B,C) Quantification of
percentage of cells expressing invadopodia (B) or of the relative number of invadopodia (C) in conditions used in A. ∼200 cells were counted for each condition,
n=3; *P≤0.05, ****P<0.0001. Results are presented as mean±s.e.m. Statistical significance was evaluated using one-tailed Mann–Whitney test. (D) 231-CTR or
231-siSNX9 cells plated on a filter containing 1-μm-diameter pores. Images represent a z-stack of confocal sections of invadopodia extending through the filter.
F-actin is visualized in red and cortactin in green. Two independent siRNAs against SNX9 were used. (E) Western blot analysis of SNX9 expression under
conditions used inD showing knockdownof SNX9expression inMDA-MB-231 cells transfectedwith SNX9 siRNA#1and #2.GAPDHwas usedas loading control.
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actin cytoskeleton at invadopodia (Beaty and Condeelis, 2014), and
actin is one of the core components found throughout the structure,
we asked whether invadopodia were properly protruding from
SNX9-depleted cells. To address this question, 231-siCTR or 231-
siSNX9 cells were plated on collagen-coated filters, allowing the
cells to extend invadopodia through the 1-μm-diameter pores. The
structures were visualized using actin (red) and cortactin (green)
staining. We used confocal microscopy to reconstitute a z-stack
image of extending invadopodia. Although difficult to quantify,
the number of invadopodia extending through the pores was
consistently higher in 231-siSNX9 cells as compared with control.
This effect was also reproduced using two independent siRNAs
against SNX9 (Fig. 4D,E). Given that the two independent siRNA
against SNX9 gave similar results, we used siRNA #1 (Yarar et al.,
2007; Bendris et al., 2016), also used in Fig. 4A and in Fig. S1,

throughout this work. These results demonstrate that SNX9
depletion favors the formation of invadopodia in both 2D and 3D
cultures.

SNX9 depletion enhances invadopodia function by impairing
MT1-MMP endocytosis
To investigate whether the increased invadopodia formation in the
absence of SNX9 corresponds to enhanced function, we next
measured substrate degradation. 231-siCTR or 231-siSNX9 cells
were plated on green fluorescent gelatin matrix for 3 h and
invadopodial-associated degradation areas were quantified (see
Materials and Methods). 231-siSNX9 cells degraded the matrix
more efficiently compared with the controls (Fig. 5A,B). Similarly,
SNX9 knockdown increased the matrix degradation abilities of
NIH-Src cells (Fig. S2A,B).

Fig. 5. SNX9 regulates MT1-MMP internalization
and invadopodia activity. (A) 231-CTR or 231-
siSNX9 cells were plated on green fluorescent gelatin
and stained for F-actin (phalloidin, in red). Dark areas
on the green channel correspond to matrix
degradation. (B) Corresponding quantification of
invadopodia-dependent matrix degradation (see
Materials and Methods). n=3, ***P<0.005
(au=arbitrary unit). (C) 231-CTR or 231-siSNX9 cells
were incubated with anti-MT1-MMP–Alexa-Fluor-448
antibody at 37°C for 20 or 60 min to allow the
internalization of the antibody. The contours of
cells are outlined in yellow. Arrows point to vacuoles
containing MT1-MMP. 231-siSNX9 contain fewer
vacuoles compared with 231-siCTR cells.
(D) Corresponding quantification of anti-MT1-MMP
antibody internalization. n=3; *P≤0.05. (E) TIRF
microscopy image of 231-CTR or 231-siSNX9 stained
using red phalloidin and with anti-MT1-MMP–Alexa-
Fluor-448 antibody. Insets show enlargement of
yellow boxes. Results on bar charts are presented as
mean±s.e.m. Statistical significance was evaluated
using one-tailed Mann–Whitney test. Scale bars:
20 μm in A; 10 μm in C; 10 μm, insets 2 μm in
E. Arrows in E indicate colocalization of actin with
MT1-MMP at invadopodia.
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Previous studies have indicated that SNX18, which is closely
related to SNX9, can be functionally redundant with respect to its
role in CME (Park et al., 2010). Therefore, we tested whether
SNX18 is also involved in the regulation of matrix degradation.
Surprisingly, siRNA knockdown of SNX18 decreased matrix
degradation, suggesting that SNX18 and SNX9 are not
functionally redundant in regulating matrix degradation in this
regard (Fig. S2C–E). Further work is needed to investigate this
functional difference.
As only mature invadopodia are able to degrade the matrix and

TKS5 is a marker for mature invadopodia (Sharma et al., 2013), we
also stained for endogenous TKS5 in control and SNX9-depleted
MDA-MB-231 cells. In accordance with the previous results, the
number of TKS5- and actin-positive structures, indicative of mature
invadopodia (Fig. S2F, arrows), was increased in SNX9-deficient
cells. This observation suggests that in absence of SNX9 not only
the number of invadopodia is increased but also their maturation,
which is in accordance with the previous result showing increased
matrix degradation of 231-siSNX9 (Fig. 5A,B).
Degradation-active invadopodia are also characterized by the

local enrichment in matrix proteases, mainlyMT1-MMP (Poincloux
et al., 2009), whose localization is controlled by membrane
trafficking. SNX9 is involved in multiple endocytic pathways
including CME, CIE and actin-mediated bulk uptake (Bendris et al.,
2016; Ma and Chircop, 2012; Yarar et al., 2007). MT1-MMP is
internalized via clathrin- and caveolin-dependent pathways (Jiang
et al., 2001; Remacle et al., 2003; see Poincloux et al., 2009 for
review). Given that matrix degradation was enhanced following
SNX9 depletion, we hypothesized that SNX9 might be involved in
MT1-MMP internalization. We first approached the question by
measuring MT1-MMP uptake using a surface biotinylation assay.
Although we detected and measured an increase in surface MT1-
MMP in 231-MMP as expected (Fig. S3A,B), we could not
follow its internalization using this method because of low
signal:noise. We then developed a microscopy-based approach
using anti-MT1-MMP–Alexa-Fluor-488 antibody to quantify its
internalization. For this, cells were incubated in the continuous
presence of anti-MT1-MMP antibody at 37°C for either 20 or
60 min (Fig. 5C). Control cells showed accumulation of the
antibody in perinuclear vesicles whose size and intensity
increased over time. In contrast, SNX9-depleted cells showed
weaker signals and smaller vesicles at both time points (Fig. 5C).
Quantification of fluorescence intensities after 60 min of uptake
revealed that SNX9 depletion resulted in a significant decrease in
bulk MT1-MMP internalization (Fig. 5C,D). Correspondingly, we
observed an increase in cell surface MT1-MMP detected by
incubating 231-siCTR and 231-siSNX9 cells with anti-MT1-
MMP antibodies at 4°C (Fig. S3C,D). Taken together, these
observations indicate that in the absence of SNX9, MT1-MMP
internalization is impaired, which allows its accumulation at the
plasma membrane. Finally, by immunofluorescence labeling and
TIRF microscopy, we found a striking increase in localized
MT1-MMP staining (green) at invadopodia (actin labeled in red)
in 231-siSNX9 cells compared with 231-siCTR cells (Fig. 5E,
arrows). Taken together, these results demonstrate that SNX9
depletion enhances the recruitment of the maturation marker TKS5
to invadopodia and also directly impairs MT1-MMP internalization,
resulting in increased matrix degradation.

SNX9 is a Src substrate
SNX9 is subject to post-translational modifications such as tyrosine
phosphorylation by the protein kinase ACK (Lin et al., 2002). ACK

is activated by Cdc42 GTPase and by its phosphorylation
downstream of Src (Yang et al., 2001a). Src kinase is instrumental
in invadopodia biology as Src phosphorylates many invadopodia
and podosome components, including TKS5 and cortactin (Ayala
et al., 2008; Lock et al., 1998). Moreover, the oncogenic
transformation of NIH3T3 cells by Src overexpression induces
podosome formation and recruitment of TKS5 (Oikawa et al.,
2008). Based on this, we asked whether SNX9 might be
phosphorylated downstream of Src. We first assessed the SNX9
localization pattern in NIH-Src compared with NIH-3T3 cells.
Similarly to TKS5, we found that Src transformation also induced
an enrichment of SNX9 at podosomes (Fig. 6A, upper and middle
panels). As expected, the localization of SNX9 to podosomes was
disrupted following the treatment with the specific Src inhibitor
SU6656 (Fig. 6A, lower panels).

It has previously been suggested that Src kinase phosphorylates
SNX9 in Drosophila cells either directly or indirectly via ACK
(Worby et al., 2002). To determine whether SNX9 is a direct
substrate for Src, serum-starved NIH-Src cells transiently expressing
GFP–SNX9 were stimulated with serum-containing medium in the
presence or absence of 10 μM SU6656, followed by a GFP
pulldown. Using an anti-phospho-tyrosine antibody, we found that
SNX9 is indeed phosphorylated on tyrosine residue(s) and that this
phosphorylation is reduced upon inhibition of Src (Fig. 6B). We
next investigated whether Src directly phosphorylates SNX9 by
incubating recombinant SNX9 with purified Src. We observed a
time-dependent increase in SNX9 tyrosine phosphorylation,
confirming that SNX9 is a substrate for Src (Fig. S4A). To
identify Src phosphorylation sites on SNX9, HEK-293 cells were
transiently transfected with HA–Src and V5–SNX9 expression
plasmids. Immunoprecipitated V5–SNX9 was analyzed by liquid
chromatography mass spectroscopy (LC-MS-MS) (Fig. S4B). Five
tyrosine residues, Y177, Y239, Y269, Y294 and Y561, distributed
in multiple domains (Fig. 6C), were identified, which were not
detected when V5–SNX9 was expressed alone (not shown).

Finally, we generated SNX9 mutants in which all five tyrosines
were mutated together (5YF-SNX9) or individually. SNX9
phosphorylation mutants were then co-expressed with HA–Src,
immunoprecipitated and probed for tyrosine phosphorylation. Src
no longer phosphorylated 5YF-SNX9, confirming our
identification of the sites. Y177F, Y269F, Y294F and Y561F
mutants showed similar phosphorylation compared with WT-
SNX9. However, the SNX9-Y239F mutant showed a dramatic
decrease in phosphorylation, indicating that Y239 is the major Src
phosphorylation site on SNX9 (Fig. 6D).

Src phosphorylation differentially regulates SNX9 function
We have shown that SNX9 depletion increases matrix degradation.
Given that Src is essential for invadopodia formation, we
hypothesized that Src-induced phosphorylation of SNX9 might be
important for its function at invadopodia. We first evaluated if the
non-phosphorylatable SNX9 mutant is still able to bind to TKS5.
MDA-MB-231 cells were co-transfected with TKS5–GFP and
HA–WT-SNX9 or HA–5YF-SNX9. Cell extracts were used to
immunoprecipitate HA–SNX9. Both WT-SNX9 and 5YF-SNX9
efficiently co-immunoprecipitated TKS5, indicating that Src
phosphorylation of SNX9 was not important for SNX9–TKS5
binding (Fig. 7A), confirming in vitro binding results (Fig. 3E,F)
using non-phosphorylated recombinant proteins. We examined the
effect of 5YF-SNX9 on matrix degradation and on MT1-MMP
endocytosis. We used an siRNA directed against the 3′UTR of
SNX9 to specifically knockdown the endogenous without affecting
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the expression of transfected SNX9 (Fig. 7B), and first confirmed
that WT-SNX9 was able to restore matrix degradation to control
levels after SNX9 depletion (Fig. 7C,D). Surprisingly, 5YF-SNX9
was as efficient as WT-SNX9 in reducing matrix degradation after
SNX9 depletion (Fig. 7C,D), suggesting that Src phosphorylation is
not crucial for the contribution of SNX9 to matrix degradation
activity regulation.
We recently discovered that SNX9 is a regulator of cancer cell

invasion. Indeed, SNX9 depletion impairs (also see inset in
Fig. 7F), whereas the overexpression of low amounts of SNX9
increases cell invasiveness (Bendris et al., 2016). Therefore, we
assessed the effect of Src phosphorylation on the ability of SNX9 to
increase the invasive potential of MDA-MB-231. We used an
inverted invasion assay in which cells invade upwards through a 3D
collagen I matrix attracted by a gradient of serum present in the
overlying culture media (Arsic et al., 2012; Sanz-Moreno et al.,

2008; Bendris et al., 2016). The distribution of nuclei stained with
Hoechst was quantified on microscope z-sections spanning the
collagen plug. In this case, whereas the expression of WT-SNX9
increased cell invasion, the expression of 5YF-SNX9 had the
opposite effect (Fig. 7E,F, compare panel F with inset on same
panel), suggesting that Src phosphorylation of SNX9 is essential for
its function in cell invasion and that 5YF-SNX9 exerts a dominant-
negative effect on endogenous SNX9 function in cell invasion
(Fig. 7E,F). Taken together, these results establish that SNX9 has
diverse activities in invadopodia function and in cell invasion, and
that Src differentially regulates these functions.

DISCUSSION
SNX9 is a multifaceted scaffold regulating diverse cellular
processes that modulate cancer cell behavior. In this work, we
report that SNX9 is localized at invadopodia and negatively

Fig. 6. SNX9 is phosphorylated by Src.
(A) NIH-3T3 or NIH-Src were treated with
Src inhibitor SU6656 or DMSO (control).
Cells were then stained for F-actin and for
endogenous SNX9. Scale bars: 10 μm.
(B) Western blot comparing exogenous
SNX9 phosphorylation in NIH-Src cells
transiently expressing GFP–SNX9, mock-
treated or treated with SU6656. Tyrosine
phosphorylation was evaluated on
immunoprecipitated GFP–SNX9 using an
anti-phospho-tyrosine antibody.
GAPDH was used as loading control.
(C) Schematic presentation of SNX9
protein domains. Tyrosines, identified by
mass spectrometry (see Fig. S4B),
phosphorylated by Src are marked in red.
(D) HA–Src and V5–WT-SNX9 or the
indicated mutants were transiently co-
expressed in HEK293 cells. V5–SNX9
was then immunoprecipitated and
tyrosine phosphorylation was assessed
using an anti-phospho-tyrosine antibody.
5YF represents the quintuple mutant,
where all phosphorylated tyrosines were
mutated (Y177F, Y239F, Y269F, Y294F
and Y561F).
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regulates their formation and function. This activity likely reflects
both the direct interaction between SNX9 and the invadopodial
maturation marker TKS5 and the role of SNX9 in MT1-MMP
internalization. We also show that SNX9 is directly
phosphorylated by Src kinase and that this phosphorylation
alters its ability to regulate cancer cell invasiveness without
interfering with SNX9 regulation of invadopodia. We previously
showed by immunohistochemistry that SNX9 levels increase in
metastases relative to their parent breast cancer tumors (Bendris
et al., 2016) and here show that SNX9 levels decrease in more
invasive primary breast and NSCLC tumors. Together, these
observations reveal the complexity of SNX9 function in cancer
cells that can be regulated by differential, stage-specific changes in
SNX9 expression, and also, potentially, by post-translational
modification.
SNX9 is both a direct, via N-WASP (Yarar et al., 2008, 2007),

and indirect, via RhoGTPases (Bendris et al., 2016), regulator of the
actin cytoskeleton. We have previously shown a role for SNX9 in
the regulation of cell invasion that is likely independent of its role in
endocytosis and more reflective of its role in regulating the actin

cytoskeleton (Bendris et al., 2016). Here, we propose that the role of
SNX9 in regulating invadopodia results from at least three SNX9
activities that are not mutually exclusive. First, SNX9 can negatively
regulate invadopodia through inactivation of RhoA (Bendris et al.,
2016), as it is well-documented that formation of invadopodia is
triggered by the stimulation of RhoA in cancer cells (Roh-Johnson
et al., 2014; Bravo-Cordero et al., 2011). Second, our results suggest
that SNX9 might regulate invadopodia maturation, function and/or
turnover through its interactions with TKS5. For example, by
reducing TKS5 recruitment to these structures (i.e. maintaining
TKS5 in the cytosol) SNX9 might impair invadopodia maturation.
Alternatively, given that a larger fraction of TKS5 appears to interact
with SNX9 than vice versa, SNX9 binding might compete for the
interaction of other proteins that either recruit and/or are recruited by
TKS5 for invadopodia maturation and function. Third, SNX9
functions in MT1-MMP endocytosis and hence can regulate
invadopodia function. As TKS5 and SNX9 are preferentially
localized at the tip of invadopodia where MT1-MMP is also
concentrated (Yu et al., 2012), TKS5 might locally interfere with
SNX9 function in CME to stabilize MT1-MMP at these structures.

Fig. 7. Src phosphorylation differentially regulates SNX9 functions. (A) HA pulldown assay of HA–WT-SNX9 or HA–5YF-SNX9 transiently expressed with
TKS5–GFP in MDA-MB-231 cells. (B) Western blot analysis of SNX9 expression after SNX9 depletion and rescue with HA–WT-SNX9 or HA–5YF-SNX9.
GAPDH was used as loading control in A,B. (C,D) Cells depleted of endogenous SNX9 using a siRNA against its 3′UTR were either transfected with HA–WT-
SNX9 or HA–5YF-SNX9, and plated on green fluorescent gelatin. F-actin was subsequently stained using red phalloidin (C) and matrix degradation areas
quantified (D). (E) 231-CTR or 231-oxSNX9 cells expressing either WT-SNX9 or 5YF-SNX9 were used in an inverted 3D cell invasion assay through a collagen I
matrix. Cell nuclei were stained and images were taken every 25 μm. Figure shows Hoechst staining, showing nuclei distribution at 50 μm, from a representative
experiment. (F) Quantification of nuclei distribution in the inverted invasion assay described in E. Inset shows invasion ratio of 231-siSNX9 versus 231-siCTR,
confirming previous results (Bendris et al., 2016). n=3; *P≤0.05, ***P<0.005, ****P<0.0001. Results on bar charts are presented as mean±s.e.m. Statistical
significance was evaluated using one-tailed Mann–Whitney test. Scale bars: 20 μm in C, 25 μm in F.
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SNX9 appears to play distinct roles in the regulation of
invadopodia versus cell invasion through collagen, despite the
fact that the latter should increase local matrix degradation and
hence facilitate cell invasion. We speculate that the imbalance
between RhoA and Cdc42 activation resulting from SNX9
knockdown (Bendris et al., 2016) leads to changes in the actin
cytoskeleton that consequently impede cell invasion in spite of the
increased matrix degradation, revealing the complex nature of these
processes. Similarly, it was reported that focal adhesion kinase
(FAK) depletion increases invadopodia number and function but
failed to increase cell invasion of breast cancer cells (Chan et al.,
2009). Likewise, a non-phosphorylatable mutant of MT1-MMP is
retained at the plasma membrane and increases matrix degradation
downstream of MT1-MMP, yet negatively influences cell invasion
(Williams and Coppolino, 2011).
SNX9 expression levels vary in cancers and in this work we

discover that SNX9 is directly phosphorylated by Src.
Interestingly, mass spectrometry studies using various tumor
samples confirmed that the tyrosines Y177 and Y239 on SNX9
are phosphorylated (www.phosphosite.org) and that Y239
phosphorylation is particularly enriched in NIH-Src versus
NIH-3T3 cells (Luo et al., 2008; Rush et al., 2005), correlating
with our result that Y239 is the main phosphorylation site. Cells
depleted of endogenous SNX9 showed increased matrix
degradation. We found that phosphorylation of SNX9 by Src
does not control its activity in regulating invadopodia function
but does control SNX9 function in the regulation of cell
invasion. More experimental work is needed to investigate this
axis. Taken together, these results again point to the diversity of
the cellular functions of SNX9.
Invadopodia formation is triggered by external cues such as

EGF. Interestingly, SNX9 is degraded downstream of EGFR
internalization (Childress et al., 2006) and reciprocally, SNX9
also contributes to EGFR degradation, consistent with our
finding that SNX9 depletion enhances invadopodia formation
in vitro. In parallel, EGF also activates Src (Murphy and
Courtneidge, 2011; Osherov and Levitzki, 1994; Parsons and
Parsons, 2004), which in turn triggers a cascade of signaling
pathways including the activation of other kinases such as ACK2
(Yang et al., 2001a). In EGF-treated cells, SNX9 is directly
phosphorylated by ACK (Lin et al., 2002), suggesting that Src
induces SNX9 phosphorylation both directly and indirectly.
Consequently, although we report that Src does not directly
regulate SNX9 function at invadopodia, we cannot rule out an
indirect effect via ACK. Interestingly, ACK is also activated
downstream of Cdc42 (Yang et al., 2001b). Whether ACK is
localized at invadopodia and/or podosomes, as well as the role of
ACK-dependent phosphorylation of SNX9 on invadopodia
function and on cell invasion, has yet to be explored. Taken
together, these observations reveal an intricate regulation of
SNX9 functions by means of phosphorylation.
The potential contribution of SNX9 to cancer cell metastasis is

complex as the SNX9 expression level seems to be bimodal, where
it is lowered in primary tumors but then increased in metastases. We
showed experimentally that lowering SNX9 expression increases
invadopodia number, but, at the same time, maintaining a
substantial amount of SNX9 is crucial for cell invasiveness.
Correspondingly, SNX9 expression is not completely repressed in
primary tumors but rather overall diminished while also
heterogeneous between cells. We speculate that, to sustain SNX9-
mediated cell invasion, SNX9 levels might be locally down-
regulated in invadopodia. Another possibility would be that cells

with low levels of SNX9 do not disseminate, but rather facilitate, by
locally degrading the ECM, the dissemination of cancer cells with
higher amounts of SNX9, which correlates with the increase in
SNX9 expression in metastases (Bendris et al., 2016). Finally, low
amounts of SNX9 in the primary tumor might not be instrumental
for cell metastasis but could be important to sustain growth factor
signaling (e.g. by EGF), resulting from the impairment of
endocytosis, thereby enhancing other aggressive characteristics of
malignant cells.

Taken together, the results presented here and elsewhere (Bendris
et al., 2016) point to complex and diverse functions for SNX9 in both
primary tumors andmetastases, where, as a scaffold, it can coordinate
the activation of RhoGTPases, changes in actin cytoskeleton and cell
morphology, as well as endocytic membrane trafficking.

MATERIAL AND METHODS
Cell culture
Cell lines
MDA-MB-231 cells were a gift from R. Brekken (UT Southwestern
Medical Center, Dallas). HT1080 and SCC61 cells were a gift from
S. Courtneidge (Sanford Burnham, San Diego). MDA-MB-231, HT1080
and HEK293 cells were cultivated in DMEM (Invitrogen) supplemented
with 10% FBS (Sigma Aldrich). SCC61 cells were maintained in DMEM
supplemented with 20% FBS+0.4 µg ml−1 hydrocortisone (Sigma Aldrich).
H1299 cells were cultivated in RPMI (Invitrogen) supplemented with 5%
FBS. Cells were regularly tested for mycoplasma contaminations.

Transfections
Lipofectamine-RNAi-Max or Lipofectamine and Lipofectamine-2000
(Invitrogen) were used for siRNA or plasmid delivery into cells,
respectively.

siRNA
SNX9 siRNA #1 sense: UAAGCACUUUGACUGGUUAUU; SNX9 siRNA
#2 sense: AACAGUCGUGCUAGUUCCUCA; 3UTR-SNX9 siRNA sense:
GGGACUUUGUAGAGAAUUU. ON-TARGETplus SMART pool SNX18
siRNA (112574, Dharmacon). We used AllStars® negative control siRNA in
all knockdown experiments (Qiagen). siRNA was delivered to cells using
Lipofectamine-RNAi-Max. Two rounds of siRNA treatment were performed
on day 1 and 2. Cells were then used on day 3.

Generation of stable cell lines
Cells were transfected with the appropriate plasmid, followed by antibiotic
selection using 1 mg ml−1 G418 (Life Technologies). We generated and
used two independent non-clonal cell lines stably expressing WT or mutant
SNX9.

Cell culture in Boyden chamber
We used 12-well plates containing inserts with 1-μm-diameter pores. 5×104

cells from each condition were seeded on the upper part of the Boyden
chamber in medium containing 1% FBS. Inserts were immersed in medium
supplemented with 10% FBS+20 ng ml−1 EGF. Cells used in Fig. 2C were
transfected 24 h prior the plating. Invadopodia were allowed to extend for
∼16 h, cells were then fixed, permeabilized and stained with phalloidin only
(Fig. 2C) or with phalloidin and anti-cortactin antibody (Fig. 4D).

Plasmids
SNX9 and N-WASP constructs were previously described (Yarar et al.,
2007). pcDNA3-TKS5-GFP plasmid was a gift from S. Courtneidge. We
transferred TKS5 cDNA insert into a pGEX vector to allow bacterial protein
expression.

SNX9 deletion mutants
pcDNA3-SNX9 wild-type plasmid was used as a template to construct the
carboxyl-terminal deletion mutants. Briefly, DNA primers to generate each
deletion construct (SH3PX1-ΔC197, -ΔC339, -ΔC395) were engineered
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with BamH1 and EcoR1 restriction sites. The PCR products were ligated
into the pCR2-TOPO vector, followed by restriction digests with BamH1
and EcoR1. DNA products were resolved on a gel, and then the DNA inserts
were excised from the gel and purified with the Qiaquick Gel Extraction kit.
The resulting DNA inserts were ligated into the HA-tagged pcDNA3
expression vector using T4 DNA ligase.

SNX9 point mutants
Y177F, Y239F, Y269F, Y294F and Y561F mutants of SNX9, as well as the
quintuple mutant (5YF mutant), Y177F/Y239F/Y269F/Y294F/Y561F,
were generated by PCR with the QuikChange Site-Directed Mutagenesis
kit using pcDNA3-SNX9 wild-type construct as a template.

Antibodies and reagents
For western blot experiments, the following antibodies were used: anti-
SNX9 (Yarar et al., 2008, 2007; 1/2000), anti-SNX9 (HPA031410, Sigma
Aldrich; 1/1000); anti-TKS5 and anti-cortactin (#09-403 and #4F11,
Millipore; 1/1000); anti-SNX18 and anti-MT1-MMP (from Abcam,
ab111706 and ab51074, respectively; 1/2000) and anti-MT1-MMP–
Alexa-Fluor-448 (FAB9181G, R&D Systems; 1/400); anti-HA and anti-c-
Myc (MMS-120P and MMS-150P, respectively; 1/1000) from Covance;
anti-phosphotyrosine (94G10, Upstate Biotechnology; 1/500); anti-His
(#2365, Cell Signaling; 1/5000 and #27471001, GE Healthcare; 1/5000);
anti-GAPDH (G9545, Sigma Aldrich; 1/10000); and anti-V5 (R960-25;
1/1000) and HRP-conjugated antibodies were purchased from Invitrogen
[31460 (goat-anti rabbit) and 32430 (goat-anti mouse); 1/5000]. Oregon-
Green-488-conjugated gelatin (G13186; prepared according to the
manufacturer’s instructions), Alexa-Fluor-561-conjugated phalloidin
(A12380; 1/10,000) and Alexa-Fluor-conjugated secondary antibodies
(A-A11001, A-11008 and A-11011; 1/800) were obtained from Life
Technologies; and gelatin from bovine skin (G-6650), SU6656 (S9692)
were purchased from Sigma Aldrich. Protein-G agarose beads and T4 DNA
ligase were purchased from Invitrogen. QuikChange Site-Directed
Mutagenesis and Qiaquick Gel Extraction kits were purchased from
Stratagene and Qiagen, respectively.

Immunohistochemistry of cancer tissues
Non-small cell lung carcinoma (NSCLC) tissue microarray (see Table S1)
and breast patient samples were obtained and processed by the Department
of Translational Molecular Pathology at the University of Texas – MD
Anderson Cancer Center and the UT Southwestern Tissue Resource
facility, respectively. SNX9 staining was performed using a rabbit
polyclonal antibody (HPA031410, Sigma Aldrich; 1/700). TMA slides
were stained using an automated stainer (Dako Autostainer Plus), using a
1:850 dilution, following the Human Protein Atlas protocol (http://www.
proteinatlas.org). Human colon and kidney were used as positive control; a
non-primary antibody tissue section was used as negative control. The
TMA slides were read by two pathologists (H.L. and J.R.), who agreed on
the optimization, staining pattern and evaluation of the cases. SNX9 IHC
expression on the NSCLC TMA was analyzed using the H-score method,
which includes the evaluation of percentage of tumor cells positive (0 to
100) and intensity of the immunoreaction (0 to 3+) providing a final score
ranging from 0 to 300.

Breast tissues were processed using an identical protocol as above.
All breast tumors represented invasive ductal carcinoma, and for each
patient, we evaluated SNX9 expression in the tumor and in the normal breast
tissue.

Cell imaging
Fixed cells were imaged using a microscope with 40×, 60× or 100×1.49 NA
objective (Nikon) mounted on a Ti-Eclipse inverted microscope. Images
were collected using a charge-coupled device camera (CoolSNAP HD2;
Roper Scientific) driven by MicroManager software (Vale Lab, UCSF).

Extending invadopodia through Boyden chamber filters were imaged
using a Zeiss LSM 780 inverted confocal microscope with z-intervals of
0.5 μm, using a 63×/1.40 NA oil immersion objective. Image deconvolution
and z-stack reconstructions were performed using Imaris 7.2.2 sofware
(Bitplane).

Fluorescent matrix degradation and quantification
Fluorescent gelatin solutions were prepared as recommended by the
manufacturers. Gelatin-coated coverslips were prepared as in Diaz et al.
(2013). Briefly, 0.2 mg ml−1 gelatin solution was prepared in 2% sucrose.
Glass coverslips were coated with warm gelatin solution, air-dried, then
cross linked with 0.5% cold glutaraldehyde solution for 15 min followed by
extensive washing. Sodium borohydryde solution at 5 mg ml−1 was used to
quench gelatin auto-fluorescence, for 3 min. Before use, coverslips were
equilibrated with complete medium for at least 1 h. Cells were plated for
4–7 h for MDA-MB-231 or 7 h for HT1080 and SCC61.

Quantification of normalized matrix degradation relative to the total cell
area was done using the procedure as described in (Martin et al., 2012). In
brief, cells were first stainedwith phalloidin. Cell area onmicroscopy images
was quantified by manually segmenting cell area using phalloidin intensity,
and degraded areawasmeasured bymanually segmenting the inverted FITC-
gelatin intensity. Total cell area was estimated for ∼150 cells per condition
from three independent experiments. Data are presented as mean±s.e.m.

Anti-MT1-MMP antibody internalization and quantification
231-siCTR or 231-siSNX9 cells were deposited at 3×104 cells/well in 96-well
plates (black, clear bottom), in five replicates. We used the anti-MT1-MMP14
antibody for 20 min or 1 h at 37°C, or for 1 h at 4°C. Cells were then fixed,
permeabilized and stained with phalloidin. Corrected total cell fluorescence
intensities of one microscopy image for each well were calculated relative to
the cell area (using phalloidin staining on the same cells) and mean
fluorescence of background readings (100 cells/condition/experiment) using
ImageJ (NIH). Data are presented as mean±s.e.m. (normalized to control cells).

Biotinylation of surface-bound MT1-MMP and quantification
Cells were washed with cold PBS and maintained on ice. After 30 min, the
PBS was replaced by cold PBS containing 0.2 mg ml−1 of Sulfo-NHS-SS-
Biotin (21331, Thermo Fisher) and incubated for 1 h at 4°C. After extensive
washes to remove unbound biotin, cells were lysed (10 mMTris HCl pH 7.5,
150 mM NaCl, 0.5 mM EDTA, 0.5% NP40) and biotinylated proteins were
pulled down using 10 μl of streptavidin–agarose-bead slurry (69203-3,
Millipore) under agitation, for 1 h at 4°C. Surface-labeled MT1-MMP was
detected after SDS-PAGE and western blotting using anti-MT1-MMP
antibody. ‘Total’ fraction represents 1/50 of total lysate. We used ImageJ
software to measure band intensities. Results are expresses as the fraction of
surface-bound biotinylated MT1-MMP/total MT1-MMP normalized to
GAPDH intensity.

Immunoprecipitations, pulldowns and recombinant protein
interactions
Cells were lysed (10 mM Tris pH 7.4, 5 mM MgCl2, 150 mM NaCl, 1%
Triton X-100, 1 mM sodium orthovanadate, 5 mM beta-glycerol phosphate,
10 μg ml−1 aprotinin, 10 μg ml−1 leupeptin). Cell lysates were incubated
with anti-V5 antibody for 2–20 h, with rotation at 4°C. Protein-G agarose
beads were added, rotating for an additional hour. The beads were then
precipitated in a microfuge and washed 3–4 times with cold cell lysis buffer.

Pulldown assays were performed using GFP-trap beads®(Chromo-Tek)
according to manufacturer instructions as reported by Arsic et al. (2012).
After washes, beads were resuspended in Laemmli buffer for western blot
analysis. Input fraction represents 1/20 of total lysate. In vitro binding assays
were performed with bacterially produced GST-fused SNX9 or His-fused
TKS5 constructs. SNX9 proteins were purified on glutathione-conjugated
agarose beads (Agarose Beads Technology) according to standard methods
(Yarar et al., 2008). SNX9 beads were incubated in NP40 buffer (10 mM
Tris HCl pH 7.5, 150 mM NaCl, 0.5 mM EDTA, 0.05% NP40) with His–
TKS5 for 4 h at 4°C, extensively washed with the same buffer and
resuspended in Laemmli buffer. Input fraction represents 1/20 of total
recombinant TKS5. Acrylamide gels were either loaded for western blot
analysis and further blotted with TKS5 antibody or stained with Coomassie
Blue to visualize SNX9 recombinant proteins.

Mass spectrometry analysis
HEK293 cells were transfected with HA–Src and V5–SNX9 plasmids.
After 24 h, cells were lysed in the lysis buffer and V5–SNX9 was
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immunoprecipitated as previously described using ∼10 mg total protein
lysates. After boiling, samples were run on an SDS-PAGE gel, stained with
CoomassieBlue, andV5–SNX9bandwas excised. Aliquots from the samples
were set aside and tyrosine phosphorylation was confirmed by western
blotting. The samples were then submitted to the Cornell Biotechnology
Resource Center Proteomics and Mass Spectrometry Core Facility.

In vitro tyrosine kinase assay
In vitro tyrosine phosphorylation of SNX9 was determined by incubating
50 ng recombinant His–Src or His–FAK with 500 ng bacterially purified
His–SH3PX1 in kinase reaction buffer (50 mM Tris HCl pH 7.4, 2 mM
MgCl2, 10 mM MnCl2, 1 μM ATP, 10 μCi [32P]-ATP). Reactions were
carried out at room temperature for various lengths of time (5–120 min), and
then quenched with the addition of 5× SDS loading buffer.

Inverted invasion assay
Experimentswere performed according toArsic et al. (2012) andBendris et al.
(2016). Invasion assays were performed using 96-well plates (PerkinElmer).
Briefly, cells were suspended in 2.3 mg ml−1 serum-free liquid bovine
collagen I (Advanced Biomatrix) at 5×104 cells ml−1. Aliquots of 100 µl were
dispensed into the wells followed by a centrifugation at 1000 rpm of the plate
for 5 min at 4°C. The plate was then transferred at 37°C to allow collagen
polymerization, then 30 µl of medium containing 5% FBS was added on top.
After 36 h, cells were fixed with paraformaldehyde and stained with Hoechst-
33342 (Invitrogen). Quantification of invaded cells was performed according
to Bendris et al. (2016). Invasion ratio represents the sum of cell counts at
50, 100 and 150 μm over cell counts at 0 μm. Results were obtained from at
least three independent experiments including five replicates, on each day. Bar
charts are plotted as mean±s.e.m. of all experiments.

Statistical analysis
All experiments have been repeated at least three times. Data are reported as
arithmetic means±s.e.m. Statistical analyses were performed using either
nonparametric Mann–Whitney or column statistics, using GraphPad Prism
software. Statistical significance was defined as P≤0.05.
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