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Abstract

Sorting nexin 9 (SNX9) was first discovered as an endocytic accessory protein involved in
clathrin-mediated endocytosis. However, recent data suggest that SNX9 is a multifunctional
scaffold that coordinates membrane trafficking and remodeling with changes in actin dynamics to
affect diverse cellular processes. Here we review the accumulated knowledge on SNX9 with an
emphasis on its recently identified roles in clathrin-independent endocytic pathways, cell invasion
and cell division, which have implications for SNX9 function in human disease, including cancer.
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Protein scaffolds integrate cellular functions

Scaffold proteins typically encode multiple protein interaction domains and function to
spatially and temporally coordinate divergent cellular activities. Scaffolds can increase the
efficiency of signaling cascades by linking kinases with their substrates or regulatory
GTPases with their effectors, and/or target these signaling events to specific locations within
the cell. Other scaffold proteins gather and coordinate the functions of multiple factors
required for protein sorting and membrane deformation to create sites for vesicle formation
or delivery. Among the latter is sorting nexin 9 (SNX9, also named SH3PX1), first identified
and best studied for its role in clathrin-mediated endocytosis. As we describe in this review,
the SNX9 scaffold binds to specific cell surface receptors, recruits components of both the
endocytic and actin regulatory machineries, and interfaces with signaling GTPases and
kinases. Several recent studies have expanded the role of SNX9 suggesting that it functions
to coordinate membrane trafficking and actin dynamics in diverse cellular processes such as
migration, invasion, and cell division. Reflecting its role as the nexus of these processes,
recent studies suggest that SNX9 can play a critical role in controlling cancer cell invasion
and metastasis.
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Domain structure and biochemical properties of SNX9

SNX9 is a multidomain scaffold

SNX9 is a member of the sorting nexin (SNX) family of proteins that were first identified in
the context of endosomal sorting [1,2]. The SNX9 subfamily includes SNX18 and SNX33
(also called SNX30). Sorting nexin family members share a common phox-homology (PX)
domain that facilitates membrane binding v7a phosphatidylinositol (PtdIns) lipids, targeting
them to different cellular compartments, most commonly the endosome through binding to
PtdIns3P [3,4]. In addition to the PX domain, SNX9 subfamily members contain an SH3
domain at the N terminus, a low complexity (LC) domain, and a Bin—~Amphiphysin—Rvs
(BAR) domain at the C terminus (Figure 1A). The PX and BAR domains form a functional
unit termed the PX-BAR module that mediates membrane interactions [5,6,7], including
membrane deformation [3,4,8]. The BAR domain also mediates homo-dimerization between
SNX9 family members [9]. Despite one report suggesting that these proteins can form
heterodimers [10], other data suggest that this is unlikely at physiological levels of
expression [11,12]. In addition to binding lipids, the PX domain can also mediate protein-
protein interactions [13,14]. Given the multiple binding platforms provided by the SH3, LC,
PX and BAR domains, SNX9 can be functionally classified as a protein- and lipid- binding
scaffold, interacting with proteins involved in a variety of cellular processes (Table 1).

Membrane binding and curvature generation

While other PX and BAR domains show high specificity for binding to specific PtdIns
lipids, the lipid-binding pocket of SNX9 is rather large explaining its broad range of
interactions [14,15,16]. SNX9 binds equally well to liposomes bearing PtdIns(3,4,5)P3,
PtdIns(4,5)P,, PtdIns(3,5)P,, and PtdIns(3,4)P, [16], enabling it to be targeted to diverse
cellular compartments. SNX9 or its PX-BAR module alone can elicit membrane tubulation
when incubated with liposomes /n vitro [5] and can lead to dramatic tubulation of the plasma
membrane (PM) when highly overexpressed in cells [8,11,14,17]. Mutational analyses
confirm the role of the PX and BAR domains in membrane binding and tubulation /n vitro
and in cells [16,18,19,20]. Upon membrane binding SNX9 forms higher-order structures in a
BAR-domain dependent manner [16]. Given its comparatively weak ability to generate
membrane curvature on its own [21], it is likely that SNX9 normally functions in cells as a
curvature sensor to recruit other proteins through SH3 and/or LC domain interactions and
coordinate their membrane remodeling activities [14].

Regulation of actin assembly

SNX9 binds to N-WASP through its SH3 domain thereby stimulating N-WASP to trigger
Arp2/3-dependent polymerization of branched actin filaments [9,22]. SH3 domain
interactions are necessary, but not sufficient for this activity as dimerization through the
BAR domain and higher order assembly onto membranes enhances SNX9- and N-WASP-
dependent actin polymerization [9,16]. Hence, SNX9 dimerization and lipid binding
synergize to fully activate N-WASP. SNX9-dependent activation of N-WASP on liposomes
depends on both their lipid composition [16] and their curvature [23]. In this way, SNX9 can
activate actin assembly in the context of cellular processes involving membrane remodeling.
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In addition to direct activation of N-WASP and actin nucleation, SNX9 can also affect
cytoskeletal changes by indirectly regulating RhoGTPases. RhoGTPases, which are
regulators of actin dynamics, are activated and inactivated by Guanine Nucleotide Exchange
Factors (GEFs) and GTPase-Activating Proteins (GAPS), respectively. Increased SNX9
expression in cancer cells resulted in decreased activation of RhoA and increased activation
of Cdc42 [20]. Reduced expression had the opposite effects; thus, SNX9 is a negative
regulator of RhoA and a positive regulator of Cdc42. While SNX9 binds directly to both
RhoA or Cdc42, the domain involved has not been identified and it does not directly regulate
their GTPase activities. Rather, SNX9 indirectly prolongs the GTP-bound state of Cdc42 by
inhibiting its GAP-mediated inactivation [20]. How SNX9 acts on RhoA remains unclear.
One possibility is that SNX9 might influence the GTPase’s subcellular distribution to locally
enrich or exclude them from membrane subdomains where they encounter their GEFs and
GAPs.

Activation of RhoGTPases leads to modifications in the actin cytoskeleton organization that
often translate into changes in cell morphology. In insect cells, SNX9 depletion impaired
lamellipodia formation, whereas its overexpression induced the formation of long tubules
and membrane extensions [24]. Similarly, changes in expression levels of SNX9 in
mammalian cells influence cell shape. Thus, in accordance with increased RhoA activation
[20], breast cancer cells form blebs when SNX9 is depleted (Figure 2). Following SN X9
overexpression, cells form filopodia (Figure 2), corresponding to increased Cdc42 activation
[20]. Thus, the SNX9 scaffold can coordinate the regulation of actin assembly with
membrane remodeling events.

SNX9 and endocytic membrane trafficking

Clathrin-mediated endocytosis

The role of SNX9 in clathrin-mediated endocytosis (CME) has been extensively studied
since its discovery [25,26]. SNX9’s function in CME can be attributed to its curvature
sensing and generation activities and to its protein-protein interactions [8,27]. In addition to
binding dynamin through its SH3 domain, SN X9 binds to the coat proteins clathrin and
adaptor protein 2 (AP2) through motifs in the LC domain. These interactions facilitate its
specific recruitment to sites of CME [15,28].

Multiple lines of evidence suggest that SNX9’s primary endocytic function is in the
recruitment and/or activation of dynamin, which catalyzes membrane fission at late stages of
CME. /n vitroassays using liposomes as template showed that SNX9 potentiates the
assembly-stimulated GTPase activity of dynamin [26] and helps to retain dynamin on
liposomes during cycles of GTP hydrolysis and disassembly [29]. Although dynamin is also
recruited early to nascent clathrin-coated pits (CCP) [30], SNX9 and dynamin appear
together as a burst at late stages of CME, corresponding to vesicle scission [26,31] (Figure
1B). However, siRNA knockdown of SNX9 in various cell types only mildly affects either
dynamin recruitment [15,26] or transferrin receptor CME [9,18,20,26,32,33]. This could
reflect functional redundancy with other SNX9 family members or other SH3-BAR domain
containing endocytic accessory proteins. Indeed, significant impairment of endocytosis is
achieved when SNX9 and SNX18 are both depleted [18].
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Other studies suggest a more nuanced role for SNX9 in CME. For example, SNX9 has an
inhibitory effect on dynamin-dependent vesicle release in an /n vitro assay for membrane
fission [21]. SNX9 knockdown decreased the efficiency of CCP maturation [34] and alters
the spatial clustering of CCPs, reducing the rate of re-initiation at endocytic ‘hot-spots’ [35].
Consistent with this, high temporal resolution studies on its recruitment to CCPs revealed
that SNX9 was still detected at the PM even after vesicle scission [31], positioning it to
potentially initiate assembly of a second CCP. Altogether, these investigations suggest that
SNX9 has subtle functions at several stages during CME that are not fully understood.

Clathrin-independent endocytosis

SNX9 functions in several clathrin-independent endocytosis (CIE) pathways that are driven
by actin polymerization. These pathways require N-WASP and many are activated
downstream of Rho family GTPases. Cargo molecules taken up by CIE include CD44, the
transmembrane receptor for hyaluronic acid [36,37], glycosylphosphatidylinositol-anchored
proteins (GPI-APs), and some bacterial toxins [27,38]. Many of these pathways function
independently of dynamin and some require GRAF1, a BAR domain-containing protein that
also functions as a GAP for RhoA and Cdc42 [27,39]. mCherry-SNX9 dynamically
localizes with GPI-GFP at the PM [9] (Figure 1B), and in accordance with the role of SNX9
as an indirect regulator of RhoA, siRNA-mediated knockdown of SNX9 decreases CD44
internalization. Moreover, SNX9 can compensate for GRAF1 and restore CIE [20].

SNX9 was initially identified as a direct binding partner of the pro-forms of ADAM9 and 15
[40], which are catalytically inactive precursors of these ADAM proteins involved in cell-
cell and cell-matrix adhesion [41]. Given that the inactive forms of ADAM9/15 are mainly
localized in the Golgi, if or how SNX9 influences their trafficking from the Golgi has yet to
be studied. However, a subpopulation of endogenous SNX9 colocalizes with the Golgi
apparatus [26] (Figure 1B). Interestingly, SNX9 was recently shown to be required for
endocytosis of MT1-MMP, a cell surface matrix metalloprotease in human cancer cells,
presumably by CIE as TfnR uptake was only mildly affected under the same conditions [20].
Indeed, MT1-MMP endocytosis requires dynamin and endophilin A2 [42], hallmarks of a
CIE pathway [43].

SNX9 and macropinocytosis

SNX9 also colocalizes with plasma membrane-associated actin structures such as
lamellipodia and membrane ruffles [9] (Figure 1B). Several growth factors induce
membrane ruffling and their progressive enclosure into circular dorsal ruffles, which mediate
macropinocytosis [44]. After PDGF stimulation, SNX9 partially colocalizes with actin at
newly formed dorsal rings and then becomes concentrated in the center of these structures
subsequent to ring constriction [9] and the formation of large macropinocytic vesicles.
SNX9 depletion decreases the number of dorsal rings induced by PDGF leading to
decreased actin-mediated bulk endocytosis [9]. Correspondingly, its overexpression
increases the number of macropinosomes [45].

Macropinocytosis constitutes the main entry pathway for bacteria in nonphagocytic cells.
During bacterial infection or invasion of epithelial cells, several bacterial proteins are
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injected into host cells to facilitate pathogen entry by altering cellular processes such as
membrane trafficking, actin cytoskeleton dynamics, and loosening of cell junctions. In this
regard, EspF, which is injected into cells by Enteropathogenic Escherichia coli and SopB,
which is injected by Salmonella, recruit SNX9 to the PM and induce SNX9 and actin-
mediated membrane remodeling to enable bacterial entry [46,47]. Consistent with this,
SNX9 depletion reduces bacterial entry into host cells [48,49].

Thus, in addition to its well-studied role in clathrin-mediated endocytosis, SNX9 functions
to coordinate actin assembly with membrane remodeling to drive multiple alternate routes of
endocytosis.

SNX9 function in cell migration and invasion

The above discussion places SNX9 at the crossroads of endocytosis, signaling and actin
cytoskeleton organization, all of which can influence cell motility [50]. Indeed, SNX9
enhances the migration of cancer cells through collagen matrices vz inhibition of the RhoA-
ROCK pathway and activation of N-WASP directly and/or indirectly via activation of Cdc42
[20]. Correspondingly, in a chick embryo model of metastasis, SNX9 overexpression in
human breast cancer cells increased their metastatic activity, whereas its depletion decreased
metastasis [20]. Unexpectedly, the effects of SNX9 on cell migration through collagen
matrices appear to be independent of membrane binding, as mutations in the PX domain that
perturb SNX9-liposome interactions are fully active [20].

Highly invasive cancer cells express invadopodia, actin-rich membrane protrusions that
cluster MT1-MMP for localized matrix degradation. Invadopodia enable cancer cells to
penetrate the extracellular matrix surrounding tumors. Specific adaptor proteins such as
TKSS5 are recruited to invadopodia [51] and are necessary for their formation. SNX9 binds
TKS5 most likely viaits LC domain, is localized to invadopodia (Figure 1B) and negatively
regulates both their formation and function [52] (. Thus, SNX9 depletion increased
invadopodia number and their matrix-degrading activity, in part by decreasing internalization
of MT1-MMPs and increasing their surface expression at invadopodia [52].

That SNX9 negatively regulates invadopodia formation, but is required for migration
through collagen and for efficient metastasis in a chick embryo model [20], suggests a
bimodal function for SNX9 in cancer cell metastasis. Indeed, these two activities of SNX9
are independently regulated through phosphorylation by the tyrosine kinase, Src. Five Src-
dependent phosphorylation sites were identified in SNX9 with Y239 being the major
phosphorylated residue (Figure 3) [52,53]. The biological consequences of the single
phosphorylation sites have not been evaluated, although it was suggested that
phosphorylation of Y287 within the PX domain might interfere with SNX9’s membrane
binding abilities [53]. Other studies have suggested that tyrosine phosphorylation within the
SH3 domain of SNX9 decreases its binding affinity to N-WASP [22]. Functionally, the non-
phosphorylatable mutant (in which all identified Src tyrosine phosphorylation sites were
mutated to phenylalanine) was as efficient as WT-SNX9 in rescuing MT1-MMP
internalization and matrix degradation following the depletion of endogenous SNX9,

Trends Cell Biol. Author manuscript; available in PMC 2018 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Bendris and Schmid

SNX9 and

Page 6

whereas the same non-phosphorylatable mutant had dominant negative effects on cell
migration through collagen [52].

Together these data suggest independent and potentially sequential roles for SNX9 in cancer
progression and metastasis: an early, invadopodia- and MT1-MMP-dependent role in local
invasion from the primary tumor, and a role in metastatic cell dissemination through the
surrounding ECM (Figure 4). Consistent with this, more aggressive, late-stage primary lung
cancer tumors express less SNX9 protein than their early stage counterparts [52]; whereas
SNX9 expression levels were higher in breast cancer metastases than in their primary tumors
[20]. It is likely that the scaffolding activity of SNX9 and its diverse sets of interactions
function to spatially and temporally coordinate endocytic membrane trafficking, signaling
and actin dynamics to differentially affect cell motility and invasion. As illustrated in Figure
3, these interactions in turn can be regulated by site-specific phosphorylation of SNX9 by
FAK, ACK, Src and other kinases, to modulate its activities in response to extracellular
stimuli.

cell division

Recent studies have implicated SNX9 in the regulation of cell division. siRNA-mediated
knockdown of SNX9 inhibits progression through and completion of mitosis, leading to the
generation of multinucleated cells [32,54]. The data suggest that SNX9 plays multiple roles
in cell division that are both dependent and independent of endocytosis. For example, during
cytokinesis in synchronized HelLa or U20S cells SNX9 depletion reduced endocytosis of
transferrin receptor as well as trafficking from the Golgi, both of which are required for the
massive membrane remodeling required for cell division. SNX9 is also localized to the mid-
body suggesting a role in abscission. SNX9 depletion also effects assembly of the contractile
ring and recruitment of myosin-11, presumably due to defects in N-WASP-dependent actin
assembly. In contrast, SNX9 depletion did not inhibit the residual CME that occurs during
mitosis; however, it resulted in a delay in both chromosome alignment and segregation [32].
Interestingly, the clathrin heavy chain is localized to the mitotic spindle where it plays a key
role in the mitotic spindle organization that is independent of its role in CME [55]. SNX9 is
required for the recruitment of clathrin to the mitotic spindle [54] (Figure 1B) through
interactions with its LC domain. A SNX9 mutant unable to bind clathrin had a dominant-
negative effect on the organization of the mitotic spindle, without perturbing CME [54],
again reflecting the independence and functional diversity of SNX9’s scaffolding functions.

Redundant and distinct functions for SNX9 family members

Although SNX9 is by far the best characterized member of its subfamily, recent studies have
provided evidence for both overlapping and distinct functions for its cousins, SNX18 and
SNX33. Drosophila and C. elegans express only a single SNX9 family member (DSH3PX1
and Lst4, respectively), which function in phagosome maturation and clearance of apoptotic
cells [56,57], autophagosome biogenesis [56] and axonal guidance, the latter through a
mechanism that requires its interactions with N-WASP and Dscam [22,58]. Not all
mammalian SNX9 family members share these functions, suggesting their functional
divergence upon gene duplication and evolution. Indeed, despite a conserved domain
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structure, sequence homology between the three mammalian SNX9 family members is
rather weak (<40%) [11]. Nonetheless, all three isoforms bind membranes, dynamin and N-
WASP. Thus, it is not surprising that they exhibit both partially overlapping and divergent
functions. For example SNX18 and SNX9 have at least partially redundant functions in
CME [12], such that depletion of both is required to strongly inhibit CME in Cos7 cells [18],
but not in all cell types [32]. Similarly, overexpression of either family member results in
increased macropinocytosis [45], albeit to differential extents. In contrast, only SNX18 has
been shown to promote autophagosome formation in mammalian cells [59,60] and to
localize to a subset of AP1 and PACS1-positive endosomes [11]. SNX9 and SNX18 have
opposite roles in the regulation of matrix degradation: SNX9 knockdown increases, whereas
SNX18 knockdown decreases matrix degradation at invadopodia [52].

The proteins also have differential and non-redundant functions in cell division. Individual
depletion of any of the three SNX9 family members results in the formation of
multinucleated cells [32], although cell division is perturbed at different stages [10,32].
Thus, while contractile ring formation is perturbed by knockdown of either protein, which
likely reflects common, but not fully redundant, functions in actin assembly, only SNX9 and
SNX33 are localized to the midbody and affect abscission. SNX9 is the only family member
localized to the mitotic spindle. Consistent with their differential functions, the proteins are
differentially localized in both interphase [11] and mitotic cells [32]. More studies are
needed to better define the shared and divergent functions of SNX18 and SNX33.

SNX9 and Disease

Collectively, emerging studies identify SNX9 as a multifunctional scaffold coordinating
membrane and actin dynamics to affect multiple cellular processes. Not surprisingly, SNX9
is linked to many human diseases, including Lowe syndrome [61], chronic inflammation
[62,63], and cancer [20,52]. Interestingly, these links relate mostly to alterations in its
expression levels rather than point mutations that impair its function. As a scaffold, changes
in expression levels could result in internal competition for binding partners that might
disrupt its ability to effectively coordinate their activities. Mouse models are needed to better
define and catalogue the phenotypes associated with SNX9 loss and/or overexpression in
both development and disease. Similarly, it will be important to study the role of
phosphorylation and dephosphorylation in regulating SNX9 activity, as well as the kinases
and phosphatases involved. In particular, whether the effects of increased expression or
activity of Src, FAK and ACK Kkinases in cancer are, in part, related to alterations in SNX9
activity has yet to be determined.

Whereas the function of SNX9 in cell invasion and invadopodia formation can be directly
linked to cancer metastasis, whether other roles for SNX9, for example in the regulation of
mitosis and endo-lysosomal trafficking, could contribute to cancer aggressiveness has not
been studied. The fact that SNX9 knockdown induces a delay in both chromosome
alignment and segregation, as well as cytokinesis defects and multinucleation [32] suggests
that /n vivo, SNX9 downregulation in cancer cells might contribute to the malignant
phenotype by increasing genomic instability. In this regard, it was proposed that the
clearance of apoptotic cells within tumors might also constitute a lateral transfer of genetic
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material [64]. Given that SNX9 family members are required for apoptotic cell clearance,
defects in this process may also contribute to cancer progression (for review see [57,65]).
Alternatively, apoptotic cell clearance can trigger an immune response against tumor cells
[66]. Although SNX33 can rescue apoptotic clearance in Ist-4 deficient C. elegans [56], but
whether SNX9 family member(s) participate in phagosome maturation and apoptotic cell
clearance in human cells remains to be determined. Nonetheless, these diverse and
potentially detrimental or beneficial roles for SNX9 in cancer progression may account for
the variability of SNX9 expression levels in primary tumors and metastases reported in
current databases (e.g. http://www.proteinatlas.org). More experimental work and /in vivo
data are needed to understand the underlying roles of SNX9 in disease.

Concluding Remarks

Complex cellular processes, including intracellular transport, cell migration, signaling,
mitosis and cytokinesis, often require the spatially and temporally coordinated activity of
diverse cellular machineries. Hence scaffold proteins that link these diverse components play
essential roles in orchestrating these complex events. SNX9 has emerged as one such
scaffold able to link membrane remodeling, signaling and actin dynamics in the context of
diverse cellular processes. A complete SNX9 interactome, potentially obtained under
different conditions or during distinct stages of the cell cycle would help to better define the
multifunctional nature of its scaffolding activities. Whether SNX9 passively interacts with
its partners or alters their activity either directly (as is the case for N-WASP) or indirectly (as
appears to be the case for Rho-family GTPases) remains to be determined. Many questions
also remain as to how SNX9 itself is regulated and activated for discrete events and which of
its many interactions are required to affect which cellular processes (see Outstanding
Questions). Mapping and mutating protein interaction and/or regulatory sites on SNX9,
coupled with new methodology for genome modification both in cultured cells and whole
animals will help to deconvolute SNX9’s function in different cellular contexts. Animal
models may also help to define SNX9s function in disease.
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Abbreviation list

ADAM A disintegrin and metalloprotease
ACK?2 Activated Cdc42 Kinase 2

BAR domain Bin—Amphiphysin-Rvs domain
CIE Clathrin-independent endocytosis
CME Clathrin-mediated endocytosis
LC domain Low complexity domain
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Trends

Migration or cell division requires the spatial and temporal coordination of vesicular
trafficking, membrane remodeling, signaling, and cytoskeletal dynamics that are
orchestrated by protein scaffolds.

The multidomain scaffold SNX9 is a major dynamin binding partner that binds and
activates N-WASP to regulate actin assembly. It is well known for its role in clathrin-
mediated endocytosis.

The scaffolding activity of SNX9 and its interactions with functionally diverse proteins
have roles in clathrin-independent endocytosis, cell migration and invasion, mitosis, and
cytokinesis.

Changes in SNX9 expression levels are associated with human disease, including cancer.
Low levels of SNX9 promote formation and activity of invadosomes, whereas high levels
promote cell migration through collagen. This bimodal function is reflected in changes in
SNX9 proteins levels during tumor progression and metastasis.
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Outstanding questions

Do all of SNX9’s diverse cellular functions require membrane interactions
and involve membrane remodeling or curvature sensing?

How are the many diverse protein interactions with SNX9 spatially and
temporally regulated?

How does SNX9 regulate Rho-family GTPases? Are GTPases from other
families such as Rab or Arf targeted as well?

How does phosphorylation by ACK, Src, FAK or other kinases alter SNX9
interactions and functions? What are the kinases and their phosphorylation
sites?

Atre alterations in the activity of SNX9 associated with overexpression or
activation of Src, FAK and ACK kinases in cancer?

Besides phosphorylation, how is SNX9 regulated (i.e. posttranslational
modifications, gene expression, or microRNAS)?

How functionally divergent are SNX9 family members? How different are
their biochemical properties and interactomes?
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Figure 1. Domain structure and subcellular localization of SNX9
A. SNX9 is a multi-domain protein. The N-terminal SH3 domain is followed by a low

complexity (LC) region, both are protein interaction domains. The PX and BAR domains
form a functional module for membrane interactions. B. The diverse subcellular
localizations of SNX9 reflect is multifunctionality. At the plasma membrane, SNX9
colocalizes with clathrin [26], GPl-anchored proteins [16], lamellapodia and dorsal rings
[16], reflecting its role in clathrin-dependent and -independent endocytic mechanisms.
SNX9 is also localizes to the Golgi apparatus [26], where it may function in transport of
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ADAM precursors [40] or GM130 [32] from the Golgi, to invadopodia [52] and to mitotic
spindles [54], consistent with its role as a multifunctional scaffold involved in multiple
cellular processes.
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Figure 2. Differential expression of SNX9 affects cell morphology of human-derived cancer cells
Phase contrast and scanning electron (SEM) micrographs of MDA-MB-231 breast cancer

cells either untreated (Control), depleted (siRNA-mediated knockdown) or overexpressing
SNX9. Arrows indicate filopodia in control and SNX9 overexpression conditions.
Arrowheads indicate blebs in SNX9 depletion. Bars: 100um (Phase) and 10um (SEM).
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Figure 3. SNX9 is regulated by phosphorylation
A. SNX9 has been identified as a target for three tyrosine kinases. Src and FAK kinases

share the same phosphorylation sites (red), with Y239 as the main phosphorylated residue.
ACK phosphorylates Y287 on SNX9 in mammalian cells. By homology with Drosophila
SNXO9, Y56 is potentially phosphorylated by ACK in mammalian cells (ACK
phosphorylation sites in blue). B. Multiple kinases integrate various stimuli to regulate
different cellular functions through SNX9. Upon EGF stimulation, ACK phosphorylates
SNX9 and regulates its function in endocytosis. In return, SNX9 enhances EGFR
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degradation. Src/FAK phosphorylate SNX9 on multiple sites to modulate its function in cell
invasion. Note that, ACK is also directly activated by cdc42 and Src. Thus, SNX9’s
scaffolding activity can be modulated in response to extracellular signals.
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Figure 4. A dual role for SNX9 in cancer
SNXO9 is a scaffold protein that directly binds to the clathrin-mediated endocytosis (CME)

regulator, dynamin. In parallel, SNX9 also interacts with proteins that are either directly or
indirectly involved in actin polymerization or remodeling, namely N-WASP and the
GTPases, RhoA and Cdc42. While SNX9 binds to N-WASP and to dynamin via its SH3
domain, and to TKS5 more likely vz its LC domain, it is not known which domain binds to
RhoA and Cdc42. In primary tumors, SNX9 protein expression decreases, leading to
changes in GTP-loading of the Rho-family GTPases, RhoA and cdc42. Lower expression
levels of SNX9 enhance the formation and subsequent degradative activity of invadopodia
by enhancing recruitment of the maturation marker, TKS5, and possibly via increased RhoA
activation. Clathrin-indepenent endocytosis is also decreased leading to the accumulation of
the ECM protease MT1-MMP at the tips of invadopodia. In metastases, higher SNX9
protein expression levels lead to increased actin fiber formation via N-WASP and activated
Cdc42. Additionally, SNX9 binds to TKS5 and impairs invadopodia formation and function.
Data suggests that bimodal changes in SNX9 expression levels can switch cancer cell
phenotypes. Under conditions of low SNX9 expression, cells display an active invadopodial-
ECM degradation phenotype favoring local spread of tumor cells from aggressive primary
tumors. Under conditions of high SNX9 expression, the cells convert to a more invasive and
metastatic phenotype that is less dependent of invadopodia.
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Table 1
Binding partners of SNX9
Binding partner Pathway SNX9 Reference
domain
Dynamin Endocytosis SH3 [15,26,67]
N-WASP Actin cytoskeleton SH3 [9,13,14,33]
ADAM 9/15 Proteases at PM SH3 [40]
DOCK1 (NCK1in Adaptor protein SH3 [58]
mammals)
Synaptojanin-I Endocytosis SH3 [68,69]
ITCH ubiquitin ligase Ubiquitinylation SH3 [70]
Son of sevenless 1 Regulators of Ras SH3 [71]
(Sosl) and Sos2
Cdc42-associated Endocytosis SH3 [68,72]
kinase (ACK) Signaling
EspF Bacterial protein SH3 [46,73,74]
Clathrin Endocytosis LC [15]
AP2 Endocytosis LC [15,28]
Aldolase Metabolism LC [67,75]
ARP2/3 Actin cytoskeleton LC [14]
TKS5 Adaptor protein LC [52]
Invadopodia
PI3K p85 Signaling PX [13]
PtdIns(4)P-5-kinases la, | Signaling PX [14]
IB and ly
RhoA Actin ? [20]
cytoskeleton/signaling
Cdc42 Actin ? [20]
cytoskeleton/signaling
Src Signaling ? [20]
Insulin receptor Signaling ? [76]
Herpes Virus- Deubiquitination ? [77]
Associated Ubiquitin
Specific Protease 7
(USP7)
Ubiquitin Specific Deubiquitination ? [77]
Protease 25 (USP25)
Poly (ADP-Ribose) DNA repair ? [77]
Polymerase Family, Apoptosis
Member 11 (PARP11)
TL132 Homologous to ? [77]
deubiquitinating
enzymes
CD247 (subunit of TCR) | T cell activation ? [63]
Nervous wreck protein Neuromuscular ? [78]
(NWK) junctions
Oculocerebrorenal Lipid phosphatase ? [61]

syndrome of Lowe
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