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ABSTRACT

How cancer disseminates and metastasizes remains an outstanding open question. Emerging
evidence indicates that membrane trafficking is frequently harnessed by tumors of epithelial origin
to acquire a mesenchymal program of invasiveness. However, the critical molecular hubs used by
cancer cells this context have only began to be elucidated. Here, we discussed the results of a
recent phenotypic screening that led to the identification of the small GTPase RAB2A, not previously
involved in cancer dissemination, as pivotal for the acquisition of pericellular proteolysis, cell
dissemination and distant metastatic spreading of human breast cancer. At the cellular levels,
RAB2A controls both canonical polarized Golgi-to-Plasma membrane trafficking of the junctional
protein E-cadherin, and post-endocytic trafficking of the membrane-bound metalloprotease, MT1-
MMP. This finding reveals an unexpected plasticity in the control of diverse trafficking routes
exerted by RAB2A through canonical (Golgi stacking) and non-canonical (late endosome recycling)
functional interactions, contributing to break established membrane trafficking dogma on the
rigorous molecular distinction between polarized Golgi and post endocytic routes. Finally, they
suggest that epithelial cancers may specifically select for those molecules that enable them to
control multiple trafficking routes, in turn essential for the regulation of activities necessary for
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acquisition of mesenchymal traits.

Introduction

Metastasis remains the undefeated, leading reason of
mortality in cancer patient. The metastatic phenotype is
complex, featuring a wide range of flexible cellular pro-
cesses that enable tumors to adapt to and overcome
microenvironmental barriers to migration and invasion."
Cell migration, a hallmark of metastasis, is a typical case
in point. A number of recent studies have revealed how
tumor cells use different motility modes to disseminate."
Each of these modes is driven and controlled by distinct
molecular pathways.” In one of this strategy, tumor of
epithelial origin acquire prototypical mesenchymal fea-
tures that enable cells to breach the basement membrane,
navigate within the surrounding, collagen-rich stromal
tissue and loose tight cell-cell adhesion.” This mode of
motility and invasiveness typical begins with the forma-
tion of elongated and adherent, actin-rich protrusions
driven by polarized RAC activity, not dissimilar to the

one guiding the motility of cells onto 2 dimensional sub-
strate.? Within 3-dimensional interstitial tissues, how-
ever, tumor cells must also learn to navigate within and
deal with dense, desmoplastic stromal matrices that rep-
resent formidable physical, barriers to free dissemina-
tion. Tumors overcome this barrier either by tearing and
pulling on ECM fibers to widen pre-existing gaps and
channels through active, contractile forces and by chemi-
cal remodelling the extracellular space through the
acquisition of pericellular-associated or locally secreted
proteolytic enzyme. In some cases, these processes are
executed by in a non-cell autonomous fashion by tumor
associated host cells, such as fibroblasts, that have been
seen to cooperate with cancer cells to drive their inva-
siveness by remodelling of extracellular matrix.’
Deregulation of matrix-degrading proteases, including
matrix metalloproteinases (MMPs), is indeed one of the
mechanisms used by cancer to remodel the ECM.°
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Although secreted MMPs have been implicated in can-
cer, membrane-anchored MMPs, and most notably
membrane type 1 (MT1)-MMP have been shown to
exert a pivotal role.”” Consistently MT1-MMP expres-
sion is frequently elevated in various invasive carcino-
mas, and genetic evidence in murine models further
support its critical role in the process.'®'? In addition to
deregulation of total protein and mRNA levels of MT1-
MMP, subversion of the activity of this protease is also
frequently brought about by alterations of its intracellu-
lar trafficking routes.

Invadopodia are a cell culture proxy of pericellular
proteolysis and cancer invasion.'” These structures are
adhesive protrusions, rich in filamentous actin, capable to
degrade ECM in a highly controlled and spatially con-
fined fashion.'* Invadopodia are primarily found on ven-
tral membrane protrusions formed by cancer cells during
invasion and migration.'>'® The assembly of invadopodia
can be stimulated by growth factors, and many signaling-
and actin-related proteins are actively transported to
invadopodia. Among these factors, MT1-MMP has
emerged as the critical and indispensable enzyme neces-
sary to confer to invadopodia their ECM degradation
activity. MT1-MMP is a single pass transmembrane pro-
tein. It is synthesized as an inert pro-enzyme, which is
processed in the Golgi by protein convertases and trans-
ported to the PM.'” At this location MT1-MMP dimerizes
and is rapidly inactivated by binding to tissue inhibitors of
metalloproteases (TIMP I and II), which are also abun-
dantly expressed in cancer.'® The short cytoplasmic tail of
membrane-bound MT1-MMP directly links this protein
to internalization machineries.'"”** Accordingly, MT1-
MMP is constantly undergoing clathrin dependent and
independent endocytosis, is transported to early and late
endosome from where it can actively and directly recycle
back to the PM.*' This endocytic/exocytic cycles are
essential to ensure both a constant flux of active molecules
that exert their transient proteolytic activity before being
inactivated, as well as the delivery of MT1-MMP to the
actin rich core of invadopodia. Not surprisingly, local
exocytic burst of intracellular MT1-MMP have been
documented by real time microscopy analysis to occur at
invadopodia in contact with fibrillar collagen type I,**
while direct interaction of the cytoplasmic tail of MT1-
MMP to filamentous actin may serve as docking or tether-
ing mechanisms.*® In addition to recycling from early and
late endosomes,* targeting of MT1-MMP to invadopodia
can also be achieved through direct polarized Golgi-to-
PM trafficking®® and exosomes release,” enlarging the
range of potential trafficking regulatory routes that can be
exploited to control ECM degradation and that can go
awry in a tumor setting.® The sum of these evidence indi-
cate that membrane trafficking determinants are crucial
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to control MT1-MMP pericellular proteolysis, and further
suggest that the factors so far identified likely represent
only the tip of the iceberg of much larger endocytic net-
works essential to tune the activity of this protease. It is
also important to point out that while the trafficking
routes through which MT1-MMP is precisely delivered
have, by and large, been identified, we have only began to
decipher and characterize the key molecular determinants
and mechanisms that normal and more relevantly tumors
cells utilizes to control the delivery of this cargo. Even less
clear is whether the various membrane trafficking routes
taken by MT1-MMP are coordinated.

Here, we will describe a recent experimental strategy
we used to address some of these issues and further dis-
cuss how, unexpectedly, the small GTPase, RAB2A,
though to be exclusively involved in endoplasmic reticu-
lum (ER)-to-Golgi transport, may be hijacked to control
post-endosomal recycling trafficking, motility and ulti-
mately the PM delivery of MT1-MMP. We will further
highlight how RAB2A is harnessed by aggressive, highly
metastatic human breast cancer to promote a mesenchy-
mal invasive program, and, ultimately, the acquisition of
metastatic properties.

Identification of RAB2A as a critical regulator of
invasive programs in BC (Breast Cancer) lines and
patients

We used invadopodia as “easy-to-follow” read outs for
imaging, RNAi-based, phenotypic screenings of the whole
set of RAB family GTPases, which are key hubs of mem-
brane trafficking networks.”” More specifically, we used a
stepwise siRNA screening strategy that led to identifica-
tion of RAB2A, not previously involved in tumor progres-
sion, as critical for matrix degradation and BC cell
invasion. ISH analysis of a cohort of invasive breast can-
cers in Tissue MicroArray further revealed that RAB2A
elevated expression is a powerful and independent predic-
tor of BC recurrence and metastatic dissemination in BC
patients,”® supporting the notion that this protein is key
for the acquisition of an invasive BC phenotype. Notably,
ectopic RAB2A expression significantly increased matrix
degradation suggesting that RAB2A is not only required
for, but also sufficient to promote ECM digestion.

RAB2A and VPS39 in MT1-MMP trafficking in late
endosomes

Next, we focused our attention on uncovering the molec-
ular mechanism of invasive BC program regulated
by RAB2A. RAB2A mainly localizes to ER-Golgi inter-
mediate complex (ERGIC), and regulates vesicular trans-
port from ERGIC to both ER and Golgi via COP I
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Figure 1. Working model of the impact of RAB2A trafficking routes on E-cadherin junctional homeostasis and MT1-MMP late endosomal
recycling. RAB2A acts at the ER-Golgi intermediate stages and control Golgi stacking, in turn influencing the processing and trafficking
from Golgi-to-plasma membrane of E-Cadherin. In its active form (not shown), RAB2A localizes to late endosomes, which are positive
for the membarne-bound metalloprotease, MT1-MMP. At this site, RAB2A, together with VPS39, a member of homotypic fusion and vac-
uole protein sorting (HOPS) complex, controls MT1-MMP recycling to invadopodia, ensuring that the activity of this proteolytic enzyme
is spatially confined. We propose that RAB2A may be a central hub for the control of distinct trafficking routes, in turn essential for the
regulation of different cargos, such as MT1-MMP and E-cadherin, which are critical for the acquisition of mesenchymal invasive proper-
ties in breast cancer. Not suprisingly, RAB2A is elevated in human breast cancerand is a powerful and independent predictor of distant
metastatic spreading. (Figure modified with permission from Kajiho H. et al EMBO R. 2016°%).

vesicles.”*° Tisdale et al.>"** established GAPDH as an
effector of RAB2A, and further showed that this complex
is required for the transport between ER and Golgi.
However, silencing of RAB2A did not decrease the secre-
tion of either soluble MMPs or cell surface MT1-MMP
in BC cell lines. Additionally, silencing of GAPDH did
not inhibit ECM degradation activity. These results indi-
cate that the mechanism of action of RAB2A in invasive
program is, unexpectedly, independent from its “conven-
tional role” in ER-to-Golgi or ERGIC.

Endo/exocytic circuitries of MT1-MMP are critical to
restrict in a spatio-temporal defined fashion the activity
of this proteolytic enzyme.”>***>** The molecular mech-
anisms driving polarized trafficking have therefore been
subject of intense investigation. Recently, for example, it
has been reported that WASH, ARF6, and its effectors
JIP3/JIP4 regulate tumor cell invasion by modulating
MT1-MMP exocytosis from late endosomes to PM. This
axis was shown to control microtubule-driven transport
of vesicles of invasive BC,”**” reinforcing the notion that
post-late endosomal trafficking is frequently hijacked by
disseminating tumors. Based on this set of evidence, we
explore the possibility that RAB2A may also impinge on
this transport route. We found that: i) active RAB2A
causes a significant enlargement of late endosomal
vesicles where both RAB2A and MT1-MMP localize; ii)

we further showed that transient exocytic outburst of
MT1-MMP are significantly reduced by RAB2A silenc-
ing. Thus RAB2A appear to control pericellular ECM
degradation through regulation of post-endocytic MT1-
MMP trafficking. This latter results are consistent with
recent observations indicating that the ortholog of
RAB2A in Drosophila, RAB2, is enriched in late endo-
some when in its active, GTP-bound form, and was
found to interact with VPS39, a component of the homo-
typic fusion and vacuole protein sorting (HOPS) com-
plex involved in fusion events between late endosomes
and lysosomes.”® We extended this latter finding and
confirmed that also mammalian RAB2A and VPS39
physically interact. Furthermore, VPS39 silencing atten-
uated ECM degradation and invasive activity in BC cell
lines, and prevented the increased ECM digestion caused
by ectopic expression of RAB2A. Thus, RAB2A and its
effector VPS39 may be part of a novel trafficking axis
regulating late endosomal recycling of MT1-MMP, pro-
viding a plausible molecular explanation as to why
RAB2A is hijacked by cancer cells to promote their inva-
sive program. RAB2A, however, is primarily involved in
regulating ERGIC/Golgi polarized transport rather than
post-endocytic trafficking, begging the question as to
how this GTPase acts at distinct trafficking steps. Two
possibilities can be envisioned: first, only GTP-bound



RAB2A is found in late endosome, indicating that activa-
tion of this GTPases might also be critical to restrict
a fraction of this protein to this compartment. Alter-
natively, ERGIC/Golgi and late endosomes may be
functional, if not physically interconnected through traf-
ficking intermediate or transient contact sites, in keeping
with the emerging plasticity and flexibility of the vesicu-
lar membrane transport. Additional experiments are
clearly needed to clarify these issues.

RAB2A in E-cadherin trafficking from Golgi to PM

When cancer cells penetrate within ECM by increasing
invasive activity and motility, they often loosen cell-cell
adhesion at adherence junction (AJ]). One of the most
important AJs proteins in normal epithelial cells is
E-cadherin, whose expression typically decreases during
epithelial-mesenchymal transition (EMT).>” We found
that silencing of RAB2A in various BC cell lines increases
cell surface E-cadherin and promotes cell compaction.
Conversely, elevated expression of RAB2A in normal
and tumorigenic human mammary epithelial cell lines
decreases surface E-cadherin, and promotes the exten-
sion of elongated, mesenchymal cellular protrusions,
recapitulating, at least at the phenotypic level, an epithe-
lial-to-mesenchymal phenotypic transition. However,
this EMT-like transition is accompanied by neither an
E-cadherin/N-cadherin switch nor by the upregulation
of typical mesenchymal transcription factors, indicating
that RAB2A expression promotes mesenchymal-like fea-
tures without affecting canonical EMT transcriptional
programs.

Classical cadherins, including E-cadherin, are single
membrane-spanning proteins. They are synthesized in
the ER as immature, protein with the addition of a pro-
region appendage.’® The pro-region needs to be cleaved
in the Golgi by pro-protein convertase family proteins,
such as furin, to enable the transport of the now mature
form of E-cadherin to the PM.* By exploiting the reten-
tion using selective hooks (RUSH) system,*’ we moni-
tored in real time the trafficking of E-cadherin from
donor to its destined compartment. We found that
RAB2A elevation delays significantly the transport of E-
cadherin from Golgi to PM.”® As a consequence of this
trafficking blockade, Golgi-mediated cleavage of pro-E-
cadherin is also compromised, and cell surface levels of
E-cadherin are diminished, likely accounting for the
reduced cell compaction observed in RAB2A expressing
BC. RAB2A regulates E-cadherin trafficking indepen-
dently from VPS39-mediated post-endocytic transport,
but, likely, by controlling the size of Golgi stacks, which
appears enlarged and extended following RAB2A expres-
sion. The precise molecular mechanisms that RAB2A
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uses in this context remain, however, ill-defined and it is
unclear which of the downstream effectors are essential
for this function. This notwithstanding, this latter set of
finding together with the emerging post-endocytic role
of RAB2A suggest that this protein may be a central hub
for the control of distinct trafficking routes, in turn
essential for the regulation of different cargos, such as
MT1-MMP and E-cadherin, which are critical for the
acquisition of mesenchymal invasive properties (Fig. 1).

Conclusion

Our data point to unexpected multifunctional roles of
RAB2A in the control of distinct membrane trafficking
processes that are exploited to promotes e mesenchymal
programs of BC invasion.

Recently Luo et al.*' showed that RAB2A elevation
induces also BC stemness, by promoting canonical mes-
enchymal transcriptional programs through aberrant
regulation of endosomally-located ERK1/2 activity. We,
on the other hand, report here that elevation of RAB2A
decreases surface E-cadherin, but without any detectable
changes in the transcriptional program associated to
EMT. These apparently diverse results may be inter-
preted in light of the notion that interconversion among
epithelial and mesenchymal states is not only achieved
through alteration of transcriptional programs, but also
by exploiting transient biochemical and cellular pro-
cesses, including trafficking networks, including the one
controlled by RAB2A.*? Within this context, elevation of
RAB2A may tip the balance toward more mesenchymal
features by acting both on a ERK axis impacting on gene
regulation, but also by rewiring membrane trafficking
routes.

It is of note that the action of RAB2A is specifi-
cally restricted to the control of post-endocytic trans-
port of MT1-MMP that is internalized from PM.
Mechanistically, how RAB2 controls this step
remains to be fully investigated. Our preliminary evi-
dence, however, indicates that loss of RAB2A as well
as VPS39 dramatically impairs the motility of MT1-
MMP-positive late endosomes, which aberrantly
accumulate around the nucleus, ultimately preventing
them to reach peripheral site for the final delivery of
this protease to the PM. These findings suggest that
RAB2A is critical for the motility and spatial regula-
tions of late endosomes, a process primarily con-
trolled by microtubule-mediated transport. Thus,
similarly to the roles played by yet another small
GTPase, ARF6,” it is tantalizing to speculate that
also active RAB2A in conjunction with VPS39 might
be necessary to link late endosomal vesicles to motor
machineries  ultimately = mediating the proper
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positioning and motility of vesicles. The identification
of the component of this machinery will likely illu-
minate on more general roles of this GTPases in
post-endocytic membrane transport and provide
insights into how tumor cells exploit the endosomal
network to plastically adapt to the micro-environ-
ment and acquire aggressive traits.
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