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«But once again always remember that not all the
men who work at Science are scientists. So few! [...] It
is born in you. Sometimes | think you have a little of it
born in you. If you have it, there is only one thing [...]

you must do: work twice as hard as you can.»

Sinclair Lewis, Arrowsmith (1925)
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Abstract

Cancer metastasis relies on cancer cell migration and invasion of tissues surrounding the primary
tumor and is the leading cause of cancer-related deaths. Our group previously showed that the small
GTPase Arl13b positively regulates breast cancer cell migration, invasion and metastasis. In fact, this
protein is widely expressed in most normal human tissues and its expression is enhanced in several
tumorigenic tissues. Therefore, Arl13b inactivation represents a promising therapeutic strategy to
control cancer progression. However, any GTPase-activating proteins (GAPS), which inactivate small
GTPases, are known for Arl13b. Thus, my aim was to identify GAPs that promote the inactive
conformation of Arl13Db, contributing to unravel regulators of the activity of this protein. | found that
Arl13b co-immunoprecipitates with the Arf GAPs ASAP1, ASAP3 and ACAP1, but not with GIT1,
using total protein extracts obtained from MDA-MB-231 breast cancer cells. Moreover, the co-
immunoprecipitation was enhanced in the presence of GTPyS, compared to excess GDP, indicating that
the interactions occur in a GTP-dependent manner. Additionally, | observed that ASAP1, ASAP3 and
ACAP1L co-localize with Arl13b in MDA-MB-231 cells in structures associated with the plasma
membrane and in actin-rich structures involved in cell migration or invasion. To assess if these Arf
GAPs can induce the GTP hydrolysis activity of Arl13b, an in vitro GTPase activity assay was
performed using recombinant purified proteins. | observed that ASAP1 and ASAP3 do not promote
Arl13b GTP hydrolysis, while the result obtained for ACAP1 was not conclusive. Previous studies
indicate that ASAP3 silencing leads to decreased cancer cell migration and invasion, similar to the
Arl13b silencing, but the effect of ASAP1 silencing on these processes has been contradictory. On the
other hand, ACAP1 has not been directly implicated in cancer. | found that ASAP1 and ASAP3 are
upregulated in highly invasive breast cancer cell lines, similar to ARL13B. Furthermore, the results
obtained show that ACAP1 silencing leads to the enhancement of breast cancer cell migration and
invasion. These findings correlate with the downregulation of ACAP1 in more invasive breast cancer
cell lines, contrary to what occurs with ARL13B. Altogether, these results provide new insights into the
regulation and molecular mechanisms of Arl13b in cancer progression, suggesting that ASAP1 and
ASAP3 act as Arl13b effectors, while ACAP1 emerge as a promising candidate with GAP activity on
Arl13b.

Keywords: Arl13b, Arf GAPs, cell migration, cell invasion, cancer progression.



Resumo

O processo de metastizacdo depende da migracdo e invasdo de células cancerigenas para os tecidos
circundantes ao tumor primario e € a principal causa das mortes relacionadas com cancro. O nosso grupo
descobriu que a pequena GTPase Arl13b regula positivamente a migragéo, invasdo e metastizacdo de
células de cancro de mama. De facto, esta proteina é amplamente expressa na maioria dos tecidos
normais humanos, tendo a sua expressdo aumentada em diversos tecidos tumorais. Desta forma, a
inativacdo da Arll3b representa uma estratégia terapéutica promissora para controlar a progressdo
tumoral. Contudo, ndo sdo conhecidas proteinas indutoras da atividade GTPasica (GAPS), que inativam
proteinas deste tipo, para a Arl13b. Assim, o meu objetivo foi identificar GAPs que promovessem a
conformacédo inativa da Arl13b, contribuindo para a descoberta de fatores que regulam a atividade desta
proteina. Os resultados obtidos indicam que a Arl13b co-imunoprecipita com as Arf GAPs ASAP1,
ASAP3 e ACAP1, mas ndo com a GIT1, usando extratos de proteina total de células de cancro de mama
MDA-MB-231. Além disso, os resultados mostram que a co-imunoprecipitacdo aumenta na presenca
de GTPyS, comparando com excesso de GDP, indicando que as interagdes ocorrem de uma forma
dependente de GTP. Adicionalmente, observei que a ASAP1, ASAP3 e ACAP1 co-localizam com a
Arl13b nas células MDA-MB-231 em estruturas associadas a membrana plasmatica e em estruturas ricas
em actina envolvidas na migracgéo ou invasdo celulares. Para identificar quais destas Arf GAPs poderiam
induzir a atividade de hidrélise de GTP da Arl13b, utilizou-se um ensaio in vitro de atividade GTPasica,
recorrendo a proteinas recombinantes purificadas. Verifiquei que a ASAP1 e a ASAP3 ndo promovem
a hidroélise de GTP pela Arl13b, enquanto que o resultado obtido para a ACAP1 ndo foi conclusivo.
Estudos anteriores indicam que o silenciamento da ASAP3 resulta na diminuicdo da migracéo e invasédo
de células tumorais, tal como o silenciamento da Arl13b, enquanto que o efeito do silenciamento da
ASAP1 nestes processos tem sido contraditério. Por outro lado, ndo ha estudos que demonstrem um
papel direto da ACAP1 no cancro. Descobri que 0s genes ASAP1 e ASAP3 séo sobreexpressos em linhas
celulares de cancro de mama altamente invasivas, de forma analoga ao gene ARL13B. Além disso, 0s
resultados obtidos demonstram que o silenciamento da ACAP1 leva a um aumento da migragdo e
invasdo de células de cancro de mama. Isto correlaciona-se com a reduzida expressao do gene ACAP1
em linhas celulares de cancro de mama mais invasivas, contrariamente ao que foi verificado para o gene
ARL13B. Em conjunto, estes resultados contribuem para o conhecimento da regulacéo e dos mecanismos
moleculares da Arl13b na progressdo tumoral, sugerindo que a ASAP1 e a ASAP3 atuam como efetores
da Arl13b, enquanto que a ACAP1 surge como um candidato promissor a GAP da Arl13b.

Palavras-chave: Arl13b, Arf GAPs, migracdo celular, invasdo celular, progressdo tumoral.
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Resumo extenso

O processo de metastizacdo depende da migracdo e invasao de células cancerigenas para os tecidos
circundantes ao tumor primario e € a principal causa das mortes relacionadas com cancro. O nosso grupo
descobriu que a pequena GTPase Arl13b regula positivamente a migracdo, invasdo e metastizagdo de
células de cancro de mama. Para além disso, foi descrito recentemente que algumas destas funcbes se
estendem, igualmente, a células de tumores gastricos e meduloblastomas. De facto, esta proteina é
amplamente expressa na maioria dos tecidos normais humanos, tendo a sua expressao aumentada em
diversos tecidos tumorais. Desta forma, a inativacdo da Arl13b representa uma estratégia terapéutica
promissora para controlar a progresséo tumoral em varios tipos de cancro. Contudo, ndo séo conhecidas
proteinas que regulem a atividade da Arl13b, tais como fatores de troca de nucleétidos de guanina
(GEFs), que ativam as pequenas GTPases, ou proteinas indutoras da atividade GTPasica (GAPS), que
as inativam. Especificamente, 0 meu objetivo foi identificar GAPs que promovessem a conformacao
inativa da Arl13b, contribuindo, também, para compreender de que forma esta proteina é regulada.

Para verificar se a Arl13b interage com Arf GAPs que poderiam mediar a sua inativacao, recorri a
ensaios de imunoprecipitacdo usando extratos de proteina total de células de cancro da mama MDA-
MB-231. Para tal, transfectei células MDA-MB-231 a expressar de forma estavel Arl13b-mCherry ou
mCherry, usado como controlo negativo, com plasmideos que expressavam as diferentes Arf GAPs em
fusdo com a tag FLAG. Os lisados celulares foram incubados com um analogo de GTP néo hidrolisavel
(GTPyS) ou excesso de GDP. Os resultados obtidos mostram que a Arl13b co-imunoprecipita com as
Arf GAPs ASAP1, ASAP3 e ACAP1, mas ndo com a GIT1, e que a interacdo aumenta na presenca da
conformacéo ativa Arl13b-GTP, comparando com a conformagdo inativa Arl13b-GDP. Estes resultados
indicam que a interag&o da Arl13b com a ASAP1, ASAP3 e ACAP1 ocorre de uma forma dependente
de GTP. Para determinar se a presenca de atividade GAP poderia influenciar a ligagdo a Arl13b, testei
ainda a interacdo desta proteina com uma forma mutada da ASAP1, [R497K]ASAP1. Este mutante ndo
possui atividade GAP devido a uma alteragdo numa posicao conservada do seu dominio Arf GAP. Tal
como a forma wildtype, verifiquei que o mutante [R497K]ASAP1 interage com a Arl13b de uma forma
dependente de GTP.

Resultados anteriores do nosso grupo mostraram que a Arl13b se localiza em regiBes ricas em
actina perto da membrana plasmética, em filamentos de actina, em lamelipddia, filopddia, ruffles
circulares dorsais e em invadopddia. Uma vez que a interagdo da Arl13b com a ASAP1, ASAP3 e
ACAP1 foi confirmada, determinei a co-localizacdo destas Arf GAPs com a actina e a Arl13b através
de microscopia confocal. Para tal, foram usadas células MDA-MB-231 a sobreexpressar transientemente
as proteinas ASAP1, ASAP3 ou ACAP1 com a tag FLAG. A co-localizagdo entre as Arf GAPs e a
Arl13b foi determinada em células MDA-MB-231 co-transfectadas com um plasmideo que expressava
a Arl13b em fusdo com a tag GFP. Concordando com a informacéo descrita na literatura, observei que
a ASAP1, ASAP3 e ACAP1 co-localizam com estruturas ricas em actina filamentosa. Especificamente,
a ASAP1 co-localiza com a actina em estruturas protuberantes proximas da membrana plasmatica e em
estruturas que se assemelham a invadopodia, a ASAP3 interage com a actina ha membrana plasmaética
e em filamentos de actina na periferia da célula, e a ACAPL1, por sua vez, associa-se com a actina também
em filamentos de actina localizados na proximidade da membrana plasmatica. Para além disso, observei
que a ASAP1, ASAP3 e ACAPL1 co-localizam com a Arl13b sobretudo em estruturas localizadas na
membrana plasmatica. A interacdo com a ASAP1 verificou-se em ruffles periféricas e em estruturas que
se assemelham a invadopodia, com a ASAP3 em ruffles periféricas e circulares dorsais, e com a ACAP1
em filopodia e ruffles periféricas. Todas estas estruturas de remodelacéo do citoesqueleto de actina estdo
associadas a migracdo ou invasdo celulares, indicando que estas Arf GAPs atuam conjuntamente com a
Arl13b na regulagdo destes processos. Para confirmar se a auséncia de atividade GAP da ASAP1 afetaria
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a sua localizacdo, investiguei a co-localizacdo do mutante [R497K]JASAP1 com a actina e a Arl13b. Tal
como a forma wildtype, a forma mutante interage com a actina em estruturas protuberantes perto da
membrana plasmatica, neste caso, em lamelipddia, e em estruturas que se assemelham a invadopddia.
A interagcdo com a Arl13b também se verificou na membrana plasmatica e em ruffles periféricas. Assim,
a auséncia de atividade GAP da ASAP1 ndo s6 ndo condiciona a interacdo com a Arl13b de uma forma
dependente de GTP, como também nao interfere com a sua co-localizacdo. Estes resultados apoiam a
hip6tese descrita na literatura de que a atividade GAP da ASAP1 ndo € necessaria para algumas das suas
funcBes, podendo atuar ndo sé como GAP, mas também como efetora das proteinas da familia Arf.
Neste contexto, estes dados sugerem que a acdo conjunta da Arl13b e da ASAP1 nédo requer a atividade
GAP da ASAP1. Por fim, ndo foi detetada a co-localizacdo da GIT1 com a Arl13b, suportando os
resultados obtidos nos ensaios de co-imunoprecipitacéo.

A identificacdo da ASAP1, ASAP3 e ACAP1 como proteinas que interagem com a Arl13b e a sua
co-localizagdo em estruturas ricas em actina envolvidas na migra¢do ou invaséo das células tumorais
levantou a hipdtese destas proteinas poderem atuar como GAPs da Arl13b. Por esse motivo, investiguei
se a ASAP1, ASAP3 e/ou a ACAP1 poderiam induzir a atividade de hidrolise de GTP da Arl13b. Para
tal, recorri a um ensaio in vitro de atividade GTPasica e a proteinas recombinantes purificadas.
Verifiquei que a ASAP1 e a ASAP3 ndo promovem a hidrélise de GTP pela Arl13b. O resultado obtido
para a ACAP1 ndo foi conclusivo, uma vez que a hidrélise de GTP aumentou significativamente na
presenca Unica desta proteina e de GTP. Isto deveu-se, possivelmente, a presenca de uma proteina
contaminante na sequéncia de um processo de purificacdo ineficiente. Desta forma, é necessario
proceder a uma nova purificacdo da ACAP1, de modo a garantir a auséncia de proteinas contaminantes
que interferiram na hidrélise de GTP.

O nosso grupo demonstrou previamente que o silenciamento do gene ARL13B resulta na
diminuicdo da migragdo e invasdo de fibroblastos e das células de cancro de mama MCF7 e MDA-MB-
231. O papel da ASAP1 e da ASAP3 nestes processos celulares esta descrito na literatura: enquanto que
o silenciamento do gene ASAP3 leva a uma reducdo na migragéo e invasao das células MDA-MB-231,
o efeito do silenciamento do gene ASAP1 nestes processos é contraditorio. Adicionalmente, verifiquei
que os genes ASAP1 e ASAP3 sdo sobreexpressos em linhas celulares de cancro de mama mais invasivas,
tal como o gene ARL13B. Os resultados obtidos confirmam que estas Arf GAPs, tal com a Arl13b, estdo
associadas a progressao tumoral.

Para a ACAP1, ndo existem estudos que descrevam o seu papel direto na migragéo e invaséo das
células tumorais. Desta forma, determinei qual o efeito do silenciamento do gene ACAP1 nestes
processos, recorrendo a ensaios de migracdo e invasdo em transwells com células MDA-MB-231
silenciadas para o respetivo gene. Os resultados mostram que o silenciamento do gene ACAP1 leva a
um aumento da migragdo e invasdo das células tumorais. Para além disso, este resultado correlaciona-
se com a reduzida expressao do mesmo gene em linhas celulares de cancro de mama mais invasivas,
inversamente ao que se verifica para a expressdo do gene ARL13B. Estes dados ndo s6 suportam o
envolvimento direto da ACAP1 na progressao tumoral, ndo descrito até aqui, como também indicam a
existéncia de um efeito oposto entre esta Arf GAP e a Arl13b na migracgéo e invasdo das células tumorais.

Conjuntamente, os resultados aqui apresentados sugerem que a ASAP1 e a ASAP3 atuam como
efetores da Arl13b. Estas duas Arf GAPs ligam-se a Arl13b de uma forma GTP-dependente e, a0 mesmo
tempo, ndo sdo capazes de promover a sua atividade GTPésica. Para além disso, 0s niveis de expresséo
da Arl13b, ASAP1 e ASAP3 estdo aumentados em células de cancro de mama mais invasivas, indicando
que atuam no mesmo sentido. Embora o efeito da ASAP1 na migragdo e invasdo de células tumorais
ndo seja consistente na literatura, o efeito da ASAP3 nestes processos € idéntico ao que 0 n0sso grupo
verificou para a Arl13b. Relativamente a ACAPL, os resultados ndo permitem afirmar que esta proteina
atua como GAP da Arl13b. Contudo, o facto desta Arf GAP se ligar a Arl13b de uma forma GTP-
dependente, de ter efeitos opostos a Arl13b na migracdo e invasdo de células tumorais, e de ter uma
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expressao inversa a da Arl13b em células de cancro de mama progressivamente mais invasivas, sugere
a ACAP1 como um candidato promissor a atuar como GAP da Arl13b.

Este estudo prop6e, assim, uma hipétese de como é que a Arl13b podera ser inativada, contribuindo,
também, para a compreensdo dos mecanismos através dos quais esta proteina regula a progressao
tumoral. Estudos futuros deverdo focar-se ndo s nas proteinas ja identificadas, mas também na procura
de outros candidatos reguladores da Arl13b, podendo contribuir, desta forma, para o desenvolvimento
de terapias anti-tumorais.
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1. Introduction

1.1. Metastatic dissemination of cancer cells

Cancer encompasses a large group of diseases involving abnormal cell growth with the potential to
spread to other organs. To evolve to a neoplastic state, normal cells acquire a series of specific traits in
a multistep process, enabling them to become tumorigenic. These features comprise sustained
proliferative signaling, evasion of growth suppressors, resistance to cell death, replicative immortality,
induction of angiogenesis and activation of invasion and metastasis (Hanahan and Weinberg, 2011).

Most cancer-related deaths are caused by metastasis, involving cancer cell migration and invasion
of tissues surrounding the primary tumor (Bravo-Cordero et al., 2012). Polarized epithelial cells acquire
a migratory phenotype in a process known as epithelial-mesenchymal transition (EMT). EMT involves
important changes that include the loss of cell-cell and cell-extracellular matrix (ECM) adhesions, which
allow them to disseminate and locally invade the adjacent tissues (Thiery, 2002; Taylor et al., 2010).

The first barrier that tumor cells must overcome is the basement membrane (BM) of the native
epithelium (Figure 1.1), followed by migration through the ECM of the tumor stroma (Bravo-Cordero
et al., 2012). Then, cancer cells enter the circulation by intravasation, by penetrating the BM of the
vascular endothelium of nearby blood and lymphatic vessels and moving through the space between
adjacent endothelial cells (Eddy et al., 2017). In the bloodstream, circulating cells must adhere to
endothelial cells, leave the vessels' lumen by extravasation and enter the stroma of competent metastatic
organs (Reymond et al., 2013). Here, cells start to proliferate, which leads to colonization (Van Zijl et
al., 2011) and formation of a new mass of cancer cells that can eventually evolve into a macroscopic
tumor which is clinically detectable (Reymond et al., 2013).

The metastatic dissemination is a complex process that requires a critical spatial and temporal
coordination of the trafficking of vesicles carrying cargo involved in cell adhesion and signaling, as well
as the remodeling of the actin cytoskeleton (Fife et al., 2014). Membrane trafficking and actin
cytoskeleton remodeling represent, indeed, key regulators of cell polarity, migration, invasion and
growth, and are often disrupted in and by metastatic tumor cells (Yamaguchi and Condeelis, 2007).
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Figure 1.1. Mechanisms of metastatic dissemination. Cancer cells leave the primary tumor by invading through the basement
membrane of the native epithelium and the tumor stroma. Then, they penetrate the surrounding tissues and move towards the
neighboring blood vasculature using different types of migration. Here, invading cancer cells enter the bloodstream by
intravasation, spreading through the circulation until they transmigrate into potential secondary tumor sites. In the new
microenvironment, tumor cells enter a state of dormancy or undergo proliferation, potentially giving rise to micrometastases
and eventual macrometastases. However, most cancer cells will not be able to colonize the new tissues, undergoing cell death,
instead. ECM, extracellular matrix. Taken from Reymond et al., 2013.



1.2. Dynamic organization of the actin cytoskeleton during cancer cell migration and invasion

The study of the fundamental mechanisms of cell migration and invasion is essential for the
understanding of tumor cell metastatic dissemination. Migrating and invading cells acquire a polarized
morphology, allowing the formation of structures with protrusive and adhesive functions that differ on
their architecture (Le Clainche and Carlier, 2008). These changes require highly coordinated
rearrangements of the actin cytoskeleton and a regulated interaction with ECM (Gardel et al., 2010).

The formation of adhesion structures by migrating cells is critical for cell migration. Focal
adhesions (FAs) are dynamic adhesive structures that provide the link between antiparallel contractile
bundles of actin, named stress fibers (Figure 1.2), and ECM proteins, such as fibronectin (Kuo, 2013).
This interaction occurs mainly through integrins, a family of heterodimeric transmembrane proteins that
transduce both mechanical and chemical signals, leading to cytoskeletal rearrangements and
morphological polarization that drive cell migration (Mayor and Etienne-Manneville, 2016). The
intracellular ligands that anchor these adhesions include vinculin and paxillin, which play an important
role in FA dynamics (Geiger et al., 2001).

At the cell front, actin assembly extends sheet-like membrane protrusions called lamellipodia
(Figure 1.2), where actin is organized in dense arrays of branched and crosslinked filaments (Small et
al., 2002). When the actin bundles extend beyond the edge of lamellipodia, they form filopodia (Figure
1.2), which are thin finger-like projections composed by tightly packed parallel filaments (Mattila and
Lappalainen, 2008). Filopodia are believed to act as environmental sensors, influencing the direction of
cell movement (Letort et al., 2015). Both lamellipodia and filopodia are maintained by localized actin
polymerization at the barbed ends of the filaments, towards the leading edge of the cell and simultaneous
depolymerization at the rear end. This process is known as “actin treadmilling” and is responsible for
the generation of protrusive forces in lamellipodia and filopodia that are essential for cell migration
(Wang, 1985). The lamella (Figure 1.2), a loose array of unbranched actin filaments, is positioned
immediately behind the lamellipodia and has a slower actin turnover (Le Clainche and Carlier, 2008).
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Figure 1.2. Subcellular organization of the actin cytoskeleton during cell migration. Migrating cells acquire a polarized
morphology, allowing the formation of structures with protrusive and adhesive functions that differ on their architecture, upon
the dynamic organization of the actin cytoskeleton. At the leading edge of the cell, in lamellipodia, actin is organized in dense
arrays of branched and crosslinked filaments, while in filopodia, actin forms projections composed by parallel and crosslinked
filaments that are tightly packed. Contractile stress fibers can be found as antiparallel filaments in the cytoplasm. Lamella, a
loose array of unbranched actin filaments, is located immediately behind lamellipodia. Taken from Letort et al., 2015.
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Migrating cells also form peripheral ruffles (PRs) and circular dorsal ruffles (CDRs), that are
membrane sheet-like and non-adhesive protrusions that extend vertically from the peripheral or the
dorsal cell surface, respectively (Abercrombie et al., 1970). Both structures have been associated with
cell motility, as they provide a structural basis for force generation (Buccione et al., 2004). PRs are
active and persistent structures that assemble at the leading edge of migrating cells, folding and moving
backwards, while CDRs are more dynamic and transient structures that are induced upon stimulation by
growth factors (Hoon et al., 2012). After the extension of the ruffle edges at the dorsal surface, CDRs
constrict towards their center in a coordinated manner, creating a characteristic circular shape (Itoh and
Hasegawa, 2013). Besides their role in cell migration, CDRs are also implicated in receptor
internalization and macropinocytosis (Hoon et al., 2012). Indeed, it has been described that, upon FA
disassembly, integrin internalization occurs by macropinocytosis through CDRs, followed by its
recycling back to the emerging focal adhesions at the leading edge of the cell (Gu et al., 2011).

To cross the dense cross-linked networks of ECM and form metastases, tumor cells need to develop
invadopodia (Linder, 2007). Invadopodia are specialized ventral membrane extensions that degrade and
remodel the ECM through the exocytosis of proteolytic enzymes, namely matrix metalloproteases,
which leads to the breaching of epithelia and endothelia BMs (Buccione et al., 2004; Monteiro et al.,
2013). Moreover, they are composed of an actin-rich core that is surrounded by adhesion and scaffolding
proteins (Murphy and Courtneidge, 2011). Invadopodia appear as small dot-like clusters with a core of
actin near the nucleus and in the vicinity of the Golgi complex (Gimona et al., 2008).

Cancer cells stimulate the formation of lamellipodia, filopodia, PRs, CDRs and invadopodia, and
control their turnover through a variety of sighaling molecules, their activity regulators and downstream
effectors (Yamaguchi and Condeelis, 2007). One of the most prominent groups of proteins that regulate
these mechanisms are the small guanosine triphosphatases (GTPases) of the Ras superfamily (Gardel et
al., 2010; Fife et al., 2014). These proteins are responsible for the dynamic spatiotemporal regulation of
several processes required for cancer cell migration and invasion, namely cell-cell and cell-ECM
adhesions, actin cytoskeleton remodeling and vesicular trafficking (Goitre et al., 2014).

1.3. Small GTPases and their regulators in cancer

The human Ras superfamily of small GTPases includes more than 150 members that are grouped
in five main families, based on sequence and function similarities: Ras, Rho, Rab, Ran and Arf
(Wennerberg et al., 2005). The members of this superfamily are membrane-associated proteins,
generally with a low molecular weight, that are capable of binding GTP and hydrolyze it, due to the
existence of a nucleotide-binding domain (G-domain) (Goitre et al., 2014). They share a common
functional mechanism of cycling between an inactive GDP-bound state and an active GTP-bound state,
serving as binary molecular switches (Vetter and Wittinghofer, 2001). For this reason, small GTPases
are also known as guanine nucleotide-binding proteins (G-proteins). The Mg?* ion plays a critical role
in the high-affinity binding of the guanine nucleotide to the G-domain (Vetter and Wittinghofer, 2001).

Because GDP is usually tightly bound to small GTPases and their GTP hydrolysis activity is
intrinsically slow, their activation requires the dissociation of GDP and its exchange for GTP catalyzed
by guanine nucleotide exchange factors (GEFs) and the stimulation of GTP hydrolysis by GTPase-
activating proteins (GAPS) to promote their inactivation (Bos et al., 2007). GEFs induce the dissociation
of GDP in part through destabilizing bound Mg?* from GTPase active site, consequently allowing the
nucleotide exchange by GTP (Sprang and Coleman, 1998). The GDP-dissociation is also dependent on
the concentration of GTP in the cytosol (Zhang et al., 2005). Binding to GTP leads to a conformational
change that allows the interaction with effectors (Herrmann, 2003) and the stable binding to membranes
(Goitre et al., 2014). Additionally, small GTPases that carry a farnesyl or geranylgeranyl group in their
C-terminal region are also regulated by guanine nucleotide dissociation inhibitors (GDIs). GDIs shield
the hydrophobic lipid groups of GTPases in their GDP-bound form, preventing the guanine nucleotide
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exchange and consequently their attachment to membranes and interaction with regulators and effectors
(Cherfils and Zeghouf, 2013).

The complex regulation of Ras superfamily small GTPases enables their involvement in a diverse
spectrum of biochemical and biological processes, determined by variations in their structure, post-
translational modifications and the action of their regulators and downstream effectors (Wennerberg et
al., 2005). Indeed, they act as signaling operators in response to diverse extracellular stimuli, influencing
cell proliferation, morphology, polarity, adhesion and migration, mainly by controlling the cytoskeletal
rearrangement and the directional transport of vesicles (Goitre et al., 2014).

Due to the crucial functions in fundamental cellular processes, dysregulation of the expression or
activity of many small GTPases and their regulatory proteins has been associated with several human
diseases, like developmental abnormalities, neurological syndromes (Seixas et al., 2013; Simanshu et
al., 2017; Messina, 2018) and several types of cancer (Porter et al., 2016; Wang et al., 2017; Sheng et
al., 2018; Shaughnessy and Echard, 2018; Earp et al., 2018). Namely, proteins from the Arf family and
their activity regulators, Arf GEFs and Arf GAPs, have been found to be abnormally expressed in
different types of human cancers (Casalou et al., 2016).

1.3.1. Arf family

The Arf (ADP-ribosylation factor) family comprises six Arf proteins (Arf1-Arf6) and 22 Arl (Arf-
like) proteins, as well as Arp (Arf-related proteins) and Sar (Secretion-associated and Ras-related)
proteins (Pasqualato et al., 2002). Arfs are key regulators of membrane trafficking, organelle structure
and actin cytoskeleton remodeling, being critical for several cellular functions, including cell spreading
and migration (D'Souza-Schorey and Chavrier, 2006; Donaldson and Jackson, 2011; Kjos et al., 2018).
They are activated by Arf GEFs and inactivated by Arf GAPs (Figure 1.3), sharing a much larger
GDP/GTP conformational change than the one occurring in other members of the Ras superfamily
(Goitre et al., 2014). However, it remains unclear if Arf GEFs and Arf GAPs can also function on Arl
proteins. Also, unlike Rab and Rho small GTPases, no GDI proteins have been identified for Arf or Arl
proteins (Donaldson and Jackson, 2011).
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Figure 1.3. The GTP/GDP cycle of Arf proteins. Arf proteins cycle between an inactive GDP-bound conformation and an
active GTP-bound conformation. GTP hydrolysis is catalyzed by Arf GAPs that hydrolyze GTP to GDP with a concomitant
release of inorganic phosphate (Pi). GDP remains bound to the Arf proteins until exchanged for GTP by Arf GEFs. In the GTP-
bound form, the interaction with “classical effectors” allows Arf proteins to carry out their functions. Notably, several proteins
that interact with Arf GEFs and Arf GAPs and effectors that associate specifically with the GDP-bound form of Arf proteins
have been found. Taken from Donaldson and Jackson, 2011.

Similar to other small GTPases, a complex of Arf-GTP with an effector protein mediates Arf
function (Nie et al., 2003). Increased attention has been given to networks of proteins that interact with
Arf GEFs and Arf GAPs themselves, as well as distinct effectors that bind specifically to the GDP-
bound conformation of Arf proteins (Figure 1.3). In fact, several studies over the last few years have
provided evidence that the activity of Arf GEFs and Arf GAPs is more extended and complex than
initially thought, since they can be recruited to assemble protein complexes at specific sites
independently of their catalytic activity. Thus, it is possible that Arf GEFs and Arf GAPs can initiate
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their own cellular responses, acting not only as activity modulators but also as downstream effectors
(Donaldson and Jackson, 2011).

Due to the key roles of Arf proteins on several cellular processes that are relevant to tumorigenesis
(Hashimoto et al., 2004; Ha et al., 2008; Morishige et al., 2008; Hongu et al., 2016; Rafiq et al., 2017),
Arf GEFs and Arf GAPs have emerged as candidate regulators of cancer progression (Casalou et al.,
2016) and suggested as potential targets of anti-cancer therapies (Vigil et al., 2010).

1.3.2. Arf GEFs

Arf GEFs contain a conserved Sec7 domain that catalyzes the release of GDP and the binding of
GTP to the Arf protein (Gillingham and Munro, 2007). In humans, there are 15 Arf GEFs, divided in
six subfamilies (Donaldson and Jackson, 2011). So far, only Arl13b has been described as a specific
GEF of Arl proteins, in this case of Arl3 (Ivanova et al., 2017).

A role for several GEFs in cancer has been suggested by their aberrant activation as a consequence
of upregulated gene expression, presence of missense mutations or abnormal signal-mediated GTPase
activation by growth factors (Vigil et al., 2010). Indeed, several Arf GEFs have emerged as candidate
regulators of cancer progression (Vigil et al., 2010; Casalou et al., 2016), as in the case of Arf6 activation
which promotes the invasive behavior of breast cancer cells (Morishige et al., 2008).

1.3.3. Arf GAPs

The human Arf GAP family is composed by 31 members, which are divided in ten major subtypes,
based on their respective domain structure: Arf GAPL, Arf GAP2/3, ADAPs, SMAPs, AGFGs, GITs,
ASAPs, ACAPs, ARAPs and AGAPs (Kahn et al., 2008). Arf GAPs are characterized by the presence
of a conserved zinc-finger GAP catalytic domain, responsible for stimulating Arf GTPase activity
(Gillingham and Munro, 2007). So far, only two Arl-specific GAPs have been identified: XRP2 in the
case of Arl3 and ELMOD?2 in the case of Arl2 and Arl3 (Donaldson and Jackson, 2011).

A role for Arf GAPs in cancer progression has also been proposed (Casalou et al., 2016), although
whether it is through their GAP activity on Arf GTPases is not known (Vigil et al., 2010). In fact, ASAP,
GIT, SMAP and AGAP proteins have been shown to contribute directly to oncogenesis. ARAPs and
ACAPs regulate processes related to cell migration, like signaling responses, membrane ruffling and
cell adhesion, but have not been directly implicated in cancer (Ha et al., 2008).

1.3.3.1. ASAP subfamily

The ASAP subfamily includes ASAP1 (= 126 kDa), ASAP2 (= 112 kDa) and ASAP3 (= 99 kDa),
which differ in their C-terminal region (Figure 1.4). The acronym refers to the initial nomenclature Arf
GAPs with a SH3 domain, Ankyrin (ANK) repeats and a PH domain. However, later studies indicated
that ASAP3 lacks a SH3 domain (Randazzo and Hirsch, 2004). Common domains of this subfamily also
include the BAR domain, as well as proline-rich motifs. Additionally, ASAP1 contains E/DLPPKKP
tandem repeats (Ha et al., 2008). These proteins interact with many signaling molecules, regulating
several aspects of endocytic traffic and actin remodeling (Kahn et al., 2008).

ASAP1 and ASAP2 present GAP activity towards Arfl, Arf5 and to some extent also Arf6 (Brown
etal., 1998; Andreev et al., 1999). ASAP1 stabilizes FAs (Liu et al., 2002), regulates integrin-mediated
adhesion (Randazzo et al., 2000), controls and promotes invadopodia formation (Bharti et al., 2007),
inhibits CDRs assembly (Randazzo et al., 2000) and binds to regulators of the endocytic pathway (Inoue
et al., 2008). A protein interactor whose activity is regulated by ASAP1 is the non-muscle myosin 1A
(NMIIA) (Chen et al., 2016). The interaction between both proteins could explain the role of ASAP1 in
cell migration and adhesion, since NMIIA is known to regulate these processes (Vicente-Manzanares et
al., 2009). Thus, ASAP1 has an essential role in actin remodeling by integrating different signals that



ensure the coordination between membrane traffic and cytoskeletal rearrangements at each step of
cycling events that result in cell movement (Randazzo et al., 2000). Some studies raised the possibility
that the ASAP1 GAP activity might not be necessary for some of this Arf GAP specific functions
(Donaldson and Jackson, 2011), like the formation of invadopodia, supporting the hypothesis that
ASAP1 could also function as an Arf effector (Ha et al., 2008).

ASAP2 localizes at the Golgi apparatus and plasma membrane, being involved in the regulation of
vesicular trafficking and cell migration (Andreev et al., 1999; Kondo et al., 2000).

ASAP 4 BAR H PH HArfGAP HankH PrRR H E/DLPPKP)s H sHa
ACAP -| BAR H PH HArfGAP HANK|—
GIT 4 Arf AP HankH sHD PBR |-

Figure 1.4. Domain architecture of ASAP, ACAP and GIT. Arf GAPs share a conserved Arf GAP domain. The other
domains are: ANK, ankyrin repeats; BAR, Bin/Amphiphysin/Rvs; PBR, paxillin-binding region; PH, pleckstrin homology
domain; PRR, proline-rich region; SH3, Src homology 3; SHD, Spa-homology domain. Adapted from Ha et al., 2008.

ASAP3 acts as an Arf GAP for Arfl, Arf5 and Arf6 (Fang et al., 2006; Ha et al., 2008). It associates
with FAs and CDRs and also plays a role in actin stress fiber formation. However, unlike ASAP1, it is
not detected in invadopodia (Ha et al., 2008). A recent work suggests that ASAP3 could promote NMII
activation by phosphorylation, whose activity is critical for cell migration (Luo et al., 2017).

Among the members of the ASAP subfamily, only ASAP1 and ASAP3 have been directly
implicated in oncogenesis (Ha et al., 2008). While ASAP1 has been found to be upregulated in uveal
melanoma (Ehlers et al., 2005), as well as in breast (Onodera et al., 2005), colorectal (Buffart et al.,
2005) and prostate cancers (Lin et al., 2008), ASAP3 is highly expressed in hepatocellular carcinoma
(Okabe et al., 2004) and in non-small cell lung (Fan et al., 2014), colorectal (Tian et al., 2017) and
breast cancers (Mao et al., 2017). These studies indicate that the upregulation of ASAP1 and ASAP3
correlates with increased tumor cell invasion and metastasis.

Previous studies showed that ASAP3 silencing impairs cell migration of HeLa cervical cancer cells
and MDA-MB-231 breast cancer cells (Fang et al., 2006; Ha et al., 2008), as well as invasion of MDA-
MB-231 (Ha et al., 2008) and lung carcinoma cell lines (Fan et al., 2014). Although the molecular
mechanisms for these effects are not known, a model has been proposed based on the regulation of FA
composition by ASAP3 (Ha et al., 2008). Lastly, the reported consequences of ASAP3 on cancer cell
proliferation have not been consistent (Ha et al., 2008).

It has been described that the C-terminal region of ASAP1 binds to several oncogenes that
influence cell migration, invasion and metastasis (Luo et al., 2007). However, the effects of this protein
on cancer cell migration and invasion are contradictory. Silencing of ASAP1 has no effect on migration
of MDA-MB-231 cells (Ha et al., 2008), but its depletion in fibroblasts (Furman et al., 2002) and
prostate cancer cells (Lin et al., 2008) impairs cell migration. Although ASAP1 has been reported to be
required for the formation of invadopodia (Bharti et al., 2007), its silencing has no effect on the invasion
capacity of MDA-MB-231 cells. However, another study described the opposite (Ha et al., 2008).

Overall, the role of ASAP1 and ASAP3 in cancer is not completely understood and the molecular
bases for these mechanisms still need to be determined.

1.3.3.2. ACAP subfamily

ACAP is the acronym for Arf GAPs with a Coiled-coil domain, later identified as a BAR domain,
ANK repeats and a PH domain (Kahn et al., 2008) (Figure 1.4). ACAP1 (= 81 kDa), ACAP2 (~ 88 kDa)
and ACAP3 (= 93 kDa) function as Arf GAPs of Arf6 (Jackson et al., 2000; Miura et al., 2016), being
required for Arf6-mediated membrane recycling regulation (De Curtis, 2001). ACAP1 facilitates the
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interaction between clathrin and cargo in the recycling of GLUT4, a glucose transporter, acting as both
Arf6 GAP and effector in the same pathway (Li et al., 2007). These observations support the dual role
of Arf GAPs, serving as terminators of Arf signaling, as well as Arf effectors (East and Kahn, 2011).
Besides the function on membrane recycling, ACAPs regulate Arf6-dependent actin remodeling and
cell movement (Inoue and Randazzo, 2007). Indeed, ACAP1 or ACAP2 overexpression inhibits Arf6-
induced formation of actin-rich structures, like membrane ruffles and membrane protrusions (Jackson
et al., 2000). ACAP1 silencing interferes with integrin recycling and cell migration (Randazzo et al.,
2007) and its overexpression reduces the size of FAs (Chen et al., 2014). In fact, it has been suggested
that ACAP1 regulates B1 integrin trafficking (Li et al., 2005). An additional function described for
ACAP1 is the downregulation of NF-kB signaling activation (Yamamoto-Furusho et al., 2006).

ACAP1 has not been directly implicated in cancer, but it has been shown to potentially play a role
in breast cancer progression, since the continued cycling of Arf6 is necessary for the invasion of breast
cancer cells (Hashimoto et al., 2004). Furthermore, Arf6 expression has been described to be higher in
highly invasive breast cancer cells comparing to poorly invasive or non-invasive breast cancer and
normal mammary epithelial cells (Hashimoto et al., 2004). Additionally, nonsynonymous somatic
mutations in ACAP1 were identified in human breast tumors and the authors suggest a link to its
involvement in NF-xB pathway (Jiao et al., 2012). Moreover, a recent genome-wide association study
suggested that higher expression levels of ACAP1 in whole blood samples are associated with an
increased risk of developing breast cancer (Hoffman et al., 2017). The authors suggest a different model
for how ACAPL may be involved in breast cancer progression, since it interacts with GLUT4, whose
silencing diminishes cell proliferation and cell viability (Garrido et al., 2015). ACAP2 shows a pro-
apoptotic role in cancer cells and it is downregulated in different types of cancer (Sullivan et al., 2015).
Finally, a role for ACAP3 in cancer has not been described.

1.3.3.3. GIT subfamily

GIT stands for G-protein-coupled receptor kinase interactor. Mammals express two GIT proteins,
GIT1 (= 84 kDa) and GIT2 (= 85 kDa), which share a conserved domain architecture, including the Arf
GAP catalytic domain, three ANK repeats, an SHD domain and a unique binding site for the FA adaptor
protein paxillin (Ha et al., 2008) (Figure 1.4). GIT proteins are Arf GAPs of Arf6 (Vitale et al., 2000)
and GIT1 specifically has a role in Arf6-mediated membrane recycling (De Curtis, 2001).

Over 100 GIT-associated proteins and several direct partners have been described (Zhou et al.,
2016). The most prominent partner is the PAK-interacting exchange factor (P1X), which binds GIT
proteins to form oligomeric complexes (Premont et al., 2004). The best described role for GIT-PIX
complexes is in cell adhesion and migration, where they regulate cytoskeletal remodeling by binding to
paxillin (Zhou et al., 2016) to stabilize FAs (Randazzo et al., 2007). GIT1 associates with paxillin in
what has been described as supramolecular complexes that appear like punctate cytoplasmic structures
that mediate the relocation of paxillin to sites of protrusion at the cell's edge (Manabe et al., 2002) in an
Arf6-dependent manner (De Curtis, 2001).

GIT and PIX proteins are important regulators of essential processes that are often disrupted in
cancer cells (Zhou et al., 2016). Indeed, GIT1 is upregulated in several cancer types, including liver,
colon (Peng et al., 2013; Chen et al., 2015), lung (Chang et al., 2015) and kidney (Lu et al., 2015), as
well as in melanoma (Huang et al., 2014). GIT2 is downregulated in breast cancer (Sirirattanakul et al.,
2015). More recently, GIT1 has been described as a direct target of four distinct microRNAs (miR) in
different types of cancer: miR-491-5p (Huang et al., 2014), miR-149 (Chan et al., 2014; Dong et al.,
2017), miR-138 (Li et al., 2015) and miR-34c (Tao et al., 2016). The downregulation of these
microRNAs results in the upregulation of GIT1, which in turn enhances cancer cell proliferation,
migration, invasion and in vivo metastasis.



1.3.4. Arl13b

Arll13b is an atypical member of the Arl subfamily with a molecular weight of 48 kDa. This
subfamily comprises over 20 members, which seem to have broader roles than Arf proteins (Donaldson
and Jackson, 2011). Unlike the other Arf family members that have a single conserved G-domain at the
N-terminal region with approximately 20 kDa, Arl13b has an additional extended domain with 24 kDa
of unknown function at the C-terminal region that contains coiled-coil domains and a proline-rich region
(Hori et al., 2008) (Figure 1.5). Furthermore, its G -domain contains a modification at a highly conserved
glutamine residue (lvanova et al., 2017). The consequence of this change is currently unknown.
However, since this residue is directly involved in GTP hydrolysis, it might be predicted to change
Arl13b constitute level of activation, its mechanisms of GTP hydrolysis or both (Ivanova et al., 2017).
Moreover, palmitoylation of Arl13b has been described to be a post-translational modification essential
for its localization and function, as well as its stability and half-life extension (Roy et al., 2017).
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Figure 1.5. Domain architecture of Arl13b. This atypical small GTPase contains a N-terminal G-domain, central coiled-coil
domains (CCD) and flexible C-terminal region containing a proline-rich region (PRR). aa, amino acids. Adapted from Hanke-
Gogokhiaa et al., 2017.

Arl13b is known to be involved in intraflagellar transport (Li et al., 2010) and ciliogenesis, acting
together with the exocyst, identified as an Arl13b effector (Seixas et al., 2016). Different missense
mutations in ARL13B have been associated with Joubert syndrome, an autosomal recessive disorder
characterized by abnormal cilia function, leading to neurological and other developmental deficiencies
(Cantagrel et al., 2008; Thomas et al., 2015; Rafiullah et al., 2017). Arl13b"™"™" "™ mytant mouse
embryos, which carry a null allele of Arl13b, show defects in cilia structure and Sonic hedgehog (Shh)
signaling coupled with severe and lethal developmental defects (Caspary et al., 2007). Arl13b™ mouse
embryonic fibroblasts (MEFs) have shorter cilia with defective axoneme architecture and altered
dynamic of Shh signaling (Larkins et al., 2011).

In addition to the functions in primary cilia and Shh signaling, our group has demonstrated a role
for Arl13b in endocytic recycling traffic and that Arl13b co-localizes with the actin cytoskeleton and
interacts with it (Barral et al., 2012; Casalou et al., 2014). Indeed, our laboratory has shown that this
protein is needed for in vitro cell migration of MEFs and in vivo migration of neural crest cells in
zebrafish embryos (Casalou et al., 2014). The mechanism by which Arl13b regulates cell migration is
not fully understood (Casalou et al., 2014). However, our group also identified NMIIA as an Arl13b
effector and both proteins have been demonstrated to be required for CDR formation, where they
colocalize with actin (Casalou et al., 2014).

More recently, other studies have demonstrated a role of Arl13b in different types of cancer. This
protein stimulates proliferation, migration and invasion both in vitro and in vivo in gastric tumor cells
(Shao et al., 2017) and medulloblastoma cell lines (Bay et al., 2018). Our group also found that Arl13b
regulates migration and invasion of MCF7 and MDA-MB-231 breast cancer cells (Casalou, Faustino et
al., unpublished results). Moreover, ARL13B depletion in highly invasive cancer cells impairs both
primary breast tumor and lung metastases formation in orthotopic mouse models (Casalou, Faustino et
al., unpublished results). Remarkably, the analysis of cancer samples shows that Arl13b expression
levels are highly correlated with tumor size and the late stages of invasion in gastric (Shao et al., 2017)
and breast cancers (Casalou, Faustino et al., unpublished results). Together, these observations suggest
that Arl13b plays an important role in tumor progression by positively regulating cancer cell migration
and invasion and that it could be targeted to prevent cancer cell metastatic dissemination. Notably, any
GEFs or GAPs are known for Arl13b.



2. Objectives

Previous results from our laboratory have uncovered a novel role for Arl13b in breast cancer,
mainly by positively regulating cancer cell migration, invasion, and ultimately metastatic dissemination.
This suggest that Arl13b could serve as a novel molecular target in anti-cancer therapies to prevent
breast cancer progression. Considering this evidence, the main goal of this work was to identify Arf
GAPs that promote the inactive conformation of Arl13b by screening known Arf GAPs for their
capacity in catalyzing Arl13b GTP hydrolysis, thus contributing to unravel factors that regulate Arl13b
function in cancer cell migration and invasion.

| started the screen by testing the Arf GAPs ASAP1, ASAP3, ACAP1 and GIT1, since they are
known to regulate the actin cytoskeleton remodeling and membrane traffic (Randazzo et al., 2007),
cellular functions in which Arl13b is also involved (Barral et al., 2012; Casalou et al., 2014). Moreover,
they have a role on cell adhesion, migration and invasion (Liu et al., 2002; Li et al., 2005; Bharti et al.,
2007; Randazzo et al., 2007; Ha et al., 2008) and ASAP1, ASAP3 and GIT1 have been directly
implicated in oncogenesis (Ha et al., 2008). In contrast, ACAP1 has been associated with actin
remodeling and cell movement (Inoue and Randazzo, 2007), but a direct function in cancer has not been
described. Furthermore, these Arf GAPs were the first to be studied in this project due to the availability
of tools required for cell transfection, protein purification and lentivirus production.

Specific aim 1: Assess the interaction of Arf GAPs with Arl13b and co-localization with actin
and Arl13b in breast cancer cells.

Since the main goal of this project was to identify Arf GAPs for Arl13b, | started by verifying
which of the four Arf GAPs interacts with Arl13b by co-immunoprecipitation. Additionally, | aimed to
determine the subcellular co-localization of Arl13b and the Arf GAPs in breast cancer cells.

Specific aim 2: Identify Arf GAPs that induce Arl13b GTP hydrolysis.

After the identification of the Arf GAPs that bind to Arl13b, | aimed to identify the ones that could
stimulate the GTP hydrolysis activity of Arl13b, using an in vitro GTPase activity assay and recombinant
purified proteins.

Specific aim 3: Determine if ACAP1 regulates migration and invasion of breast cancer cells.

Since Arl13b silencing leads to a decrease in migration and invasion of breast cancer cells, | aimed
to assess if the inverse phenotype is obtained upon ACAP1 silencing, since the effects of ASAPL,
ASAP3 and GIT1 on cancer cell migration and invasion are already described in the literature.

Specific aim 4: Evaluate the expression of Arl13b and Arf GAPs in non-tumorigenic and
tumorigenic breast cell lines and the correlation with tumor invasiveness.

As described above, Arl13b expression levels are highly correlated with tumor size and the late
stage of invasion of breast cancers. Therefore, | analyzed Arl13b and Arf GAPs gene expression in non-
tumorigenic and tumorigenic breast cell lines to assess a possible correlation with breast cancer
progression.



3. Material and methods

3.1. Cell culture

Cell culture reagents were obtained from Gibco. MDA-MB-231 breast cancer cells and HelLa
cervical cancer cells were maintained at 37°C and 5% CO, in Dulbecco's Modified Eagle medium
(DMEM) supplemented with 10% heat-inactivated fetal bovine serum (FBS), 100 U/mL penicillin-
streptomycin, 2 mM GlutaMAX and 15 mM HEPES (DMEM Complete medium).

3.2. Constructs and cell transfection

pEGFP-C-CMV5-Arl13b (Hori et al., 2008) was a kind gift from Kenji Kontani (University of
Tokyo, Japan). pCI-ASAP1-FLAG (Brown et al., 1998), pCI-[R497K]JASAP1-FLAG (Randazzo et al.,
2000) and pCI-ASAP3-FLAG (Ha et al., 2008) plasmids were kindly provided by Paul Randazzo
(National Cancer Institute, Bethesda, Maryland, USA) and were verified by restriction enzyme
digestion. pEGFP-N1-GIT1-FLAG and pFLAG-CMV2-ACAP1 constructs were obtained from
Addgene (plasmids #15697 and #15225, respectively). All genes were cloned in mammalian expression
vectors. The constructs used are listed and described in Table 3.1. All expression vectors were produced
and purified from transformed Escherichia coli (DH5-alpha) glycerol stocks using QIAfilter Plasmid
Midi Kit for DNA purification (QIAGEN), according to the manufacturer's instructions. After
purification, DNA plasmids were quantified by measuring absorbance at 260 nm using NanoDrop 2000c
(Thermo Scientific).

Table 3.1. DNA expression plasmids used for transient transfections.

Gene Vector backbone ?ei(i:;:;riile Tag ﬁ)a:)c)kbone size EE;‘;” size
ARL13B pEGFP-C-CMV5 Ampicillin EGFP 4682 1900
ASAP1 pCI-FLAG Ampicillin FLAG =~ 4000" ~3500"
[R497K]ASAP1  pCI-FLAG Ampicillin FLAG ~ 4000 ~ 3500
ASAP3 pCI-FLAG Ampicillin FLAG = 4000" = 2000"
ACAP1 pFLAG-CMV2 Ampicillin FLAG 4679 2223
GIT1 pEGFP-N1 Kanamycin FLAG/EGFP 4000 2200

* verified by restriction enzyme digestion.

3.2.1. Restriction enzyme digestion

pCI-ASAP1-FLAG, pCI-[R497K]ASAP1-FLAG and pCI-ASAP3-FLAG constructs were verified
by restriction enzyme digestion using the Fast Digestion of DNA kit (Thermo Scientific), according to
the manufacturer's instructions. Each plasmid was digested with EcoRI (0.2 U/ug DNA) and Notl (0.1
U/ug DNA) restriction enzymes, or with each one separately. Reaction mixtures were prepared at room
temperature and contained 2 pL of 10x FastDigest buffer, 1 pg of each DNA plasmid and 1 pL of
restriction enzymes (0.5 pL of each enzyme for double digestion). Nuclease free-water was added to 20
pL of total reaction volume. The reaction mixtures were mixed, spun down and incubated at 37°C for 5
minutes, with agitation. Finally, the restriction enzymes were inactivated at 80°C for 2 minutes. An 1%
agarose gel in 1x TAE (Tris-acetate-EDTA) buffer was prepared and supplemented with GreenSafe
Premium (NZYTech) to detect the nucleic acids. The digestion products were then run along with
NZYDNA Ladder Il (NZYTech) at 120 V during approximately 30 minutes. Fluorescence was detected
using the ChemiDoc Touch Imaging System (Bio-Rad).

10



3.2.2. Reagent-based transfection

MDA-MB-231 or HeLa cells were seeded 24 hours before transfection on 24-well culture plates at
7x10* cells/well on glass coverslips (g 13 mm) for immunofluorescence analysis or on 100 mm culture
dishes at 2.5x10° cells/dish for immunoprecipitation assays. Immediately before transfection, the
medium was replaced by antibiotic-free growth medium (DMEM supplemented with 10% FBS, 2 mM
GlutaMAX and 15 mM HEPES). Plasmid transfections were performed using Lipofectamine 2000
(Invitrogen) according to the manufacturer's instructions. In the case of 24-well culture plates, cells were
transfected with 1 ug of DNA and 1 pL of Lipofectamine in 100 pL (final volume) of Opti-MEM
(Gibco). In the case of 10 cm culture dishes, cells were transfected with 10 ug of DNA and 15 pL of
Lipofectamine in 1 mL (final volume) of Opti-MEM. Four hours after transfection, the medium was
replaced by DMEM Complete medium and cells were incubated at 37°C and 5% CO,. Experiments were
performed approximately 24 hours after transfection.

3.2.3. Electroporation-based transfection

The electroporation-based transfection was performed using the Neon Transfection System
(Invitrogen), according to the manufacturer's instructions. MDA-MB-231 cells in suspension (1x10°
cells) were transfected with 3 ug of total DNA (1.5 ug of each DNA for double transfections) in 100 puL
(final volume) of Resuspension Buffer R provided in the kit. Each transfection mixture was loaded in a
100 uL Neon Tip, which contains a gold-plated electrode and placed into the Neon Tube containing an
electrode completely immersed in Electrolytic Buffer E2. Four pulses of 1400 V and 10 ms were applied.
Transfected MDA-MB-231 cells were seeded on 24-well culture plates at 1.5x10° cells/well on glass
coverslips (¢ 13 mm) in DMEM Complete medium and experiments were performed 48 hours after.

3.3. Cell transduction

Protocols to produce lentiviral particles from pLenti6/VV5-DEST Gateway or pLKO.1 vectors and
for lentiviral infection to achieve stable overexpression or stable shRNA-mediated target gene
knockdown, respectively, were adapted from The RNAi Consortium Library Database of the Broad
Institute. These protocols were performed to overexpress mCherry-tagged Arl13b or to silence ACAP1
in MDA-MB-231 cells.

3.3.1. Lentivirus production

HEK?293T cells were seeded at 1.5x10° cells/mL (6 mL per dish) in antibiotic-free growth medium
on 60 mm culture dishes. After 24 hours of incubation at 37°C and 5% CO,, cells were transfected with
a transfection mixture containing 900 ng of 2" generation psPAX2 or pCMV-dR8.91 packaging
plasmids, 100 ng of envelope plasmid (CMV-VSV-G) and 1 g of target expression vector, pLKO.1 or
pLenti6 vectors, in 30 pL (final volume) of Opti-MEM using FUGENE (Promega). Twenty hours after
transfection, the medium was replaced by high serum growth medium (DMEM Complete supplemented
with 30% FBS) and cells were incubated at 37°C and 5% CO,. The medium containing lentiviruses was
harvested 40 and 64 hours post-transfection, and stored in aliquots at -80°C until use. The DNA
constructs used are listed and described in Table 3.2.

3.3.2. Lentiviral infection

MDA-MB-231 cells were seeded at 2x10° cells/well on 6-well culture plates in antibiotic-free
growth medium (2 mL per well) and infected with lentiviruses on the next day. For this, the medium
was replaced by 1.4 mL of fresh DMEM medium without antibiotics containing 8 pg/mL polybrene
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Table 3.2. DNA plasmids used for stable cell transduction.

DNA Vector backbone Resistance
mCherry pLenti6 Blasticidine
Arl13b-mCherry pLenti6 Blasticidine
NT”* control S\RNA  pLKO.1 Puromycin
ACAP1 shRNA #1 pLKO.1 Puromycin
ACAP1 shRNA #2 pLKO.1 Puromycin
ACAP1 shRNA #3 pLKO.1 Puromycin

“NT - non-targeting.

(hexadimethrine bromide, Sigma-Aldrich) and 400 pL of lentiviruses were added to each well. Two
wells were left without lentivirus in the case of non-transduced controls. After 24 hours, medium
containing 10 pg/mL blasticidine S hydrochloride (Gibco) or 1.5 ug/mL puromycin (Gibco) was added
to select for stably transduced cells. Non-transduced cells treated with antibiotic were used as a control
of transduction efficiency. Cells were passed to 10 cm culture dishes in selection conditions and
incubated at 37°C and 5% CO for at least 5 days before being assayed. The medium was changed every
two days to maintain the blasticidine or puromycin selection. shRNA target sequences used are listed in
Table 3.3.

Table 3.3. shRNA target sequences used for ACAPL1 silencing.

shRNA Target sequence (5'-3")

NT" control ShRNA CAACAAGATGAAGAGCACCAA

ACAP1 shRNA #1 TCACGCTAAATACGTGGAGAA
ACAP1 shRNA #2 GCTGATGTCAACTGGGTCAAT
ACAP1 shRNA #3 CTGGTTCACCATTCAGAGCAA

“NT - non-targeting.

3.4. Transwell migration and invasion assays

Migration and invasion were assessed in 8 pum pore size polycarbonate membrane transwells
(Corning Costar) not coated or coated with Matrigel (Corning BioCoat), respectively, according to the
manufacturer's instructions. Before cell seeding, the bottom of transwells was pre-coated with 10 pg/mL
fibronectin (Gibco) and maintained at 4°C overnight, in the case of migration assays, or pre-hydrated
with DMEM serum-free medium for 2 hours, in the case of invasion assays. Fifty thousand cells in 100
pL of DMEM serum-free medium were seeded into the upper chamber of each transwell and DMEM
Complete medium was added to the lower chamber of the plate to act as chemoattractant. After 6 or 21
hours (for migration or invasion assays, respectively), the cells remaining in the upper chamber of the
transwells were scraped off with a cotton swab, while cells that had migrated/invaded through the
membrane were fixed with 4% paraformaldehyde (Alfa Aesar) in PBS for 15 minutes and stained with
0.2% crystal violet in 20% methanol for extra 15 minutes. The excess dye was removed by successive
washes with Mili-Q water and the inserts were allowed to dry at room temperature. Images of the cells
that migrated/invaded through the membranes were taken with an inverted microscope (ZEISS Axiovert
40 CFL) equipped with a digital camera (AxioCam MRc) and ZEN 2 software (blue edition). The
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number of cells that migrated or invaded from at least 10 randomly chosen fields were counted and
represented as the % of migration or invasion, respectively, relative to control cells. Each experiment
was performed three times independently with duplicate transwells.

3.5. RNA extraction, cDNA production and real-time quantitative PCR

Total RNA was extracted using the RNeasy Mini Kit (QIAGEN), according to the manufacturer's
instructions. RNA was quantified with a NanoDrop 2000c (Thermo Scientific). Complementary DNA
(cDNA) production was performed in a MyCycler Thermal Cycler System (Bio-Rad). Total RNA (1
Kg) was transcribed into cDNA by incubation with 0.8 mM dNTP mix (Thermo Scientific) and 0.25
pg/uL Primer Random p(dN)s (Roche) at 65°C for 5 minutes. After cooling the samples on ice, they
were incubated with 5x First-Strand Buffer (Invitrogen), 10 mM DTT (Invitrogen) and 2 U/uL
RNaseOUT Recombinant Ribonuclease Inhibitor (Invitrogen) at 25°C for 2 minutes. Finally, 2.5 U/uL
SuperScript Il Reverse Transcriptase (Invitrogen) were added and samples were incubated at 25°C for
15 minutes, at 42°C for 50 minutes and at 70°C for 15 minutes, sequentially. The cDNAs produced were
diluted 1:10 in nuclease-free water.

Real-time quantitative PCR (RT-qPCR) was performed on clear LightCycler 480 Multiwell Plates
96 (Roche) using the FastStart Essential DNA Green Master kit (Roche) in a Real-Time PCR
LightCycler 96 System (Roche) according to the manufacturer's instructions. Amplification of the
GAPDH housekeeping gene was performed as an endogenous control for normalization of the
expression level of each gene analyzed. The primers were designed using Primer-BLAST online
platform from NCBI (National Center for Biotechnology Information, U.S. National Library of
Medicine) and purchased from STAB VIDA. The primer sequences specific for the human genes are
listed in Table 3.4. RT-gPCR data was analyzed using the Roche LightCycler 96 software (version 1.1).

Table 3.4. Primer sequences used for RT-qPCR.

Gene Primer sequence (5'-3") Orientation
ARL13B GAATCCAAGGAGAATACCCTG forward
ARL13B CCAACACCAATATAGGCTTTC reverse
ASAP1 TCTATCCCCAAATGTGCAGTC forward
ASAP1 GTCTTCACTCGCCTCACTTT reverse
ASAP3 GGTTGGCACAGTAAATGAAGC forward
ASAP3 CATGTAGAGGGAAGGCAAAGG reverse
ACAP1 TCTCAAGGACTCACCCCGTT forward
ACAP1 CCAGACGGGTCTCCAATTCT reverse
GAPDH CATTTCCTGGTATGACAACGA forward
GAPDH GTCTACATGGCAACTGTGAG reverse

3.6. Immunofluorescence staining and confocal microscopy

MDA-MB-231 (1.5x10° cells/well) or HeLa (7x10* cells/well) cells were seeded on glass
coverslips (g 13 mm) in 24-well culture plates and transfected as described in sections 3.2.3. or 3.2.2,
respectively. Forty-eight or 24 hours after transfection, cells were fixed with 4% paraformaldehyde (Alfa
Aesar) in PBS for 15 minutes at room temperature. After washing three times with PBS, cells were
blocked and permeabilized with 0.5% BSA and 0.1% saponin in PBS (blocking/permeabilization
solution) for 1 hour at room temperature. Mouse monoclonal anti-FLAG M2-Cy3 antibody (Sigma-
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Aldrich) at 10 pg/ml was added in the same solution for 1 hour at room temperature in a humidified
chamber. Alexa Fluor 568-conjugated phalloidin (Invitrogen) at 1 U/mL was used to label filamentous
(F)-actin. After incubation, coverslips were washed three times with blocking/permeabilization solution
and incubated with 1 pg/mL DAPI in PBS for 5 minutes. Finally, coverslips were mounted in mounting
medium containing 10% Mowiol 4-88 (Sigma-Aldrich) in 200 mM Tris-HCI (pH 8.5) and 25% glycerol.
Images were analyzed in a ZEISS LSM 710 confocal laser scanning microscope with a Plan-
Apochromat 63x%/1.4 NA oil-immersion objective and ZEN 2010B software. Images were processed
with ImageJ software (version 1.52e).

3.7. Protein extraction

Overexpressing Arl13b-mCherry or mCherry MDA-MB-231 cells transfected with FLAG-tagged
Arf GAPs were washed with PBS to remove the remaining medium and lysed with ice-cold lysis buffer
(50 mM Tris-HCI pH 7.5, 1 mM EDTA, 1 mM EGTA, 150 mM NaCl, 2 mM MgCl;, 1 mM DTT and
0.1% Triton X-100) for total protein extraction. Immediately before use, 1x cOmplete EDTA-free
protease inhibitor cocktail (Roche) and 1 uM sodium orthovanadate (Sigma-Aldrich) phosphatase
inhibitor were added to the lysis buffer. Cells were resuspended in the lysis buffer and incubated on ice
for 30 minutes. After centrifugation at 18,900 x g for 30 minutes at 4°C, supernatants were collected.
Protein concentration was determined using the DC Protein Assay kit (Bio-Rad) according to the
manufacturer's instructions and the absorbance was read at 750 nm on a NanoPhotometer (Implen).

3.8. Immunoprecipitation

To immunoprecipitate FLAG-tagged Arf GAPs, 850 pg of total protein extracts were pre-cleared
with Protein G Sepharose 4 Fast Flow beads (GE Healthcare) for 1 hour at 4°C with rotation. Before the
incubation with the antibody, 0.5 mM GTPyS (Sigma-Aldrich) or 5 mM GDP (Sigma-Aldrich) were
added to the pre-cleared lysates for 15 minutes at room temperature with agitation. Immunoprecipitation
was performed using 1 pg of mouse monoclonal anti-FLAG M2 antibody (Sigma-Aldrich) for 16 hours
at 4°C under constant mixing. Protein G Sepharose beads were then added and samples were maintained
under constant mixing for 4 hours at 4°C. Samples were centrifuged at 18,900 x g for 5 minutes at 4°C
and the supernatants were discarded. Recovered beads were washed once with lysis buffer with high
salt concentration (500 mM NacCl) and three times with lysis buffer. Finally, samples were resuspended
in 2x Laemmli Sample Buffer (20 mM sodium phosphate, 2% SDS, 0.001% bromophenol blue, 0.2 M
DTT and 2% glycerol) with 10% pB-mercaptoethanol (loading buffer). After boiling at 95°C for 5
minutes, samples were centrifuged at 18,900 x g for 5 minutes and the supernatants containing
immunoprecipitated proteins were collected and maintained at -80°C until further analysis.

3.9. SDS-polyacrylamide gel electrophoresis

Sodium dodecyl sulfate (SDS)-polyacrylamide gels, composed of 8 or 10% polyacrylamide
resolving gel (pH 8.8) and 5% polyacrylamide stacking gel (pH 6.8), were prepared according to a well-
established standard protocol (Sambrook and Russell, 2006) in a Mini Vertical Electrophoresis System
(GE Healthcare). After gel immersion in running buffer (25 mM Tris base, 192 mM glycine and 0.1%
SDS), the samples diluted in 2x loading buffer 1:1 were loaded on the gel along with 8 puL. of Precision
Plus Protein All Blue Standards (Bio-Rad). Electrophoresis was performed at 20 mA per running gel for
1 to 2 hours, depending on proteins' molecular weight.

3.10. Immunoblot analysis

Immunoprecipitated samples separated on 10% SDS-polyacrylamide gels were transferred onto
nitrocellulose blotting membranes (0.45 um pore; GE Healthcare) in transfer buffer (25 mM Tris base,
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192 mM glycine, 0.25% SDS and 20% ethanol) for 75 minutes at 100 V and processed for
immunoblotting. Membranes were then blocked using blocking buffer (5% non-fat dried milk, 0.1%
Tween 20 in PBS) for 1 hour at room temperature. The antibodies were incubated in the same buffer.
Goat polyclonal anti-mCherry antibody (SICGEN) diluted 1:1000 was used as the primary antibody in
a humidified chamber for 1 hour at room temperature. Membranes were then washed three times for 5
minutes with 0.1% Tween 20 in PBS and incubated with anti-goat HRP-conjugated secondary antibody
(Jackson ImmunoResearch) diluted 1:5000 for 1 hour at room temperature under continuous agitation.
Finally, membranes were washed three times for 5 minutes with 0.1% Tween 20 in PBS and the
antibodies detected using Amersham ECL Select reagents (GE Healthcare), according to the
manufacturer's instructions. Chemiluminescence was detected using a ChemiDoc Touch Imaging
System (Bio-Rad). The same blotting membranes where then incubated with mouse monoclonal
antibody anti-FLAG M2 (Sigma-Aldrich) at 1 pg/mL and subsequently with anti-mouse HRP-
conjugated secondary antibody (GE Healthcare) diluted 1:5000 to confirm immunoprecipitated FLAG-
tagged proteins. Band intensities were quantified using ImageJ software (version 1.52¢).

3.11. Protein expression and purification

Expression and purification of Arf GAPs was carried out by Ligia Nobre, Andreia Ferreira, Sofia
Silva, Sandra Monteiro, Cétia Peres and Khrystyna Kucheryava with the coordination of Ana Barbas
from Bayer Healthcare Satellite Laboratory, Animal Cell Technology Unit, Health & Pharma Division,
iBET (Instituto de Biologia Experimental e Tecnol6gica). Arl13b production in bacterial expression
system and subsequent purification were performed by Diogo Athayde under the supervision of
Margarida Archer from Membrane Protein Crystallography Laboratory, Macromolecular
Crystallography Unit, ITQB NOVA (Instituto de Tecnologia Quimica e Bioldgica da Universidade
NOVA de Lisboa). Arl13b production in mammalian expression system and subsequent purification
were performed by Andreia Ferreira from our group. The work also had the contribution of Tiago
Bandeiras from Merck Healthcare Lab, Structural Biology for Drug Discovery Unit, Health & Pharma
Division, iBET. Purified Arf6é was purchased from tebu-bio.

3.11.1. Recombinant Arf GAPs expression and purification

After selecting the optimal expression conditions through small-scale expression tests, Arf GAPs
production was performed in 200-400 mL HEK293-E6 cell cultures transfected with 1 mg/L of each
DNA plasmid (Table 3.1). Five days after transfection, cells were harvested and resuspended in lysis
buffer (50 mM Tris-HCI pH 7.4, 150 mM NaCl, 1 mM EDTA and 1% Triton X-100). Lysates were then
loaded on an anti-FLAG M2 Affinity Gel (Sigma-Aldrich), pre-equilibrated in equilibration buffer (50
mM Tris-HCI pH 7.5 and 150 mM NaCl). Proteins were eluted with FLAG peptide (Sigma-Aldrich) at
0.2 mg/mL and then concentrated with 30 kDa MWCO Vivaspins (Sartorius). Additional size exclusion
chromatography was performed using a Superdex 200 Increase 10/300 GL column (GE Healthcare)
with a buffer containing 100 mM Tris-HCI pH 7.5, 100 mM NaCl and 1.5 mM MgCl.,. Arf GAPs purity
was assessed by SDS-PAGE and Western Blot and protein concentration was determined by Bradford
method, using the Pierce Coomassie Plus Assay Reagent (Thermo Scientific), and relative quantification
comparing with standard BSA band signal in SDS-polyacrylamide gel using ImageJ software (version
1.8.0_66). Finally, proteins were snap-frozen in liquid nitrogen and stored in small aliquots at -80°C.

3.11.2. Recombinant Arl13b expression and purification

GST-tagged Arl13b truncated form (Arl13b!?%) was cloned in pGEX-4T-3 vector. In order to
optimize recombinant expression, several attempts were carried out altering the E. coli strains, growth
medium, IPTG concentration, induction time and induction temperature. In subsequent medium-scale
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cultures, recombinant proteins were expressed in BL21(DE3) competent E. coli in 500 mL LB medium
cultures (at 37°C, with 3 hours of induction with 0.5 mM IPTG and under constant agitation). Cell lysis
was performed using a French Press at 10,000 Psi three times (Thermo IEC) with the following lysis
buffer: 200 mM Tris-HCI pH 7.5, 100 mM NaCl, 20 mM MgSO., 20% glycerol and 1% Triton X-100.
After spinning at 7,000 x g for 20 minutes at 4°C to remove cell debris, supernatants were collected.
Purification was performed with GSTrap FF affinity column (CV=1 mL, GE Healthcare) and eluted in
lysis buffer with 20 mM reduced L-Glutathione (Sigma-Aldrich). Proteins were concentrated using
Amicon Stirred Cell 50 mL (Merck) with 30 kDa MWCO Ultrafiltration Discs (Merck) down to 500
pL. Additional size exclusion chromatography was performed in a HiLoad 16/600 Superdex 200 pg
column (GE Healthcare) using a buffer without detergent (100 mM Tris-HCI pH 7.5, 100 mM NaCl and
1.5 mM MgCL). In each step of the purification, samples were collected to evaluate protein purity by
SDS-PAGE and Western Blot. Protein concentration was measured by UV absorbance using NanoDrop
2000c spectrophotometer (Thermo Scientific) and relative quantification comparing with standard BSA
band signal in SDS-polyacrylamide gel using ImageJ software (version 1.8.0_66). Proteins were shap-
frozen and stored in small aliquots at -80°C.

Full-length FLAG-tagged Arl13b was cloned in pcDNA3.1(+) vector and expressed in HEK293-
EG6 cells. Purification was performed following the protocol described in section 3.11.1, except that all
the buffers used contained 5% glycerol to enhance protein stability.

3.12. Coomassie gel staining

One pg of each purified protein was resuspended in 5 pL of 2x loading buffer, boiled at 95°C for
5 minutes and analyzed on an 8% SDS-polyacrylamide gel by SDS-PAGE. The gel was stained with a
staining solution (0.12% Coomassie Brilliant Blue G-250, 10% orthophosphoric acid, 10% ammonium
sulfate and 20% anhydrous methanol) for 15 minutes at room temperature. Two de-staining solutions
were used to wash the gel, the first one with 10% acetic acid and 50% methanol and the second with 7%
acetic acid and 10% methanol, until the background of the gel was clear. Staining and destaining
procedures were performed under constant agitation.

3.13. In vitro GTPase activity assay

In vitro GTPase activity assays were performed using CytoPhos Phosphate Assay Biochem Kit
(Cytoskeleton, Inc.), according to the manufacturer's instructions. The reactions were conducted on clear
flat 96-well tissue culture plates (Sigma-Aldrich). A standard curve was performed using increasing
concentrations of a phosphate standard solution. Purified Arf6 or Arl13b (4.5 pg) were pre-loaded with
GTP (200 uM) at room temperature for 40 minutes in reaction buffer (50 mM Tris-HCI pH 7.5, 50 mM
NaCl, 20 mM EDTA and 5 mM MgClIy), under continuous agitation. Each reaction contained 4.5 ug of
GTP-loaded Arf6 or Arl13b and 8 pg of Arf GAP to a final reaction volume of 50 pL. The plates were
incubated at 37°C for 20 minutes and the phosphate generated by hydrolysis of GTP was measured by
the addition of 120 pL of CytoPhos reagent for 10 minutes at room temperature. The absorbance was
read at 650 nm in a microplate absorbance reader SpectraMax i3X (Molecular Devices) and the data
obtained using the SoftMax Pro Software (version 7.0).

3.14. Statistical analysis

Data are presented as mean = SD (standard deviation) for GTPase activity assays, migration and
invasion assays and RT-gPCR. One-way ANOVA with Dunnett's multiple comparison test was used to
analyze the migration and invasion assays data sets relative to non-targeting (NT) control sShRNA. One-
way ANOVA with Tukey's multiple comparison test was used to analyze the RT-qPCR data. Statistical
analysis was performed using GraphPad Prism software (version 6.01).
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4. Results

4.1. ASAP1, ASAP3 and ACAP1 but not GIT1 interact with Arl13b in a GTP-dependent manner

Arf GAPs function by directly binding to the active GTP-bound conformation of Arf proteins
(Cherfils and Zeghouf, 2013). Therefore, to assess if Arl13b interacts with Arf GAPs that could mediate
its inactivation, | performed co-immunoprecipitation assays with total protein extracts obtained from
MDA-MB-231 breast cancer cells. For that, MDA-MB-231 cells stably overexpressing Arl13b-
mCherry, or mCherry as a negative control, were transfected with plasmids encoding the FLAG-tagged
Arf GAPs ASAP1, ASAP3, ACAP1 or GITL. Cell lysates were incubated with either a non-hydrolysable
analog of GTP (GTPyS) or excess GDP. The interaction between Arl13b and Arf GAPs was analyzed
by immunoblotting using an anti-mCherry antibody. Noteworthy, despite having a predicted size of 48
kDa, Arl13b is normally detected as a 60 kDa protein in SDS-PAGE. Since the protein used had an
mCherry tag with 28.8 kDa, the band corresponding to Arl13b-mCherry is detected as a 90 kDa protein.
This observation is in agreement with previous reports of aberrant migration of Arl13b in SDS-PAGE
(Caspary et al., 2007; Ivanova et al., 2017). The immunoprecipitation of the Arf GAPs was confirmed
by subsequently incubating the same blotting membranes with an anti-FLAG antibody.

| observed that Arl13b co-immunoprecipitates with ASAP1 (Figure 4.1A), ASAP3 (Figure 4.1C)
and ACAP1 (Figure 4.1E), since a band corresponding to Arl13b-mCherry was detected specifically in
the protein extracts obtained from MDA-MB-231 cells overexpressing Arl13b-mCherry. After
guantification of bands intensity corresponding to Arl13b and the Arf GAPs, the ratios between the
values obtained were calculated in order to normalize the results to the amount of immunoprecipitated
proteins. For ASAP1 (Figure 4.1B), ASAP3 (Figure 4.1D) and ACAP1 (Figure 4.1F), the co-
immunoprecipitation was enhanced in the presence of GTP-bound Arl13b, compared to GDP-loaded
Arl13b. Thus, these results suggest that ASAP1, ASAP3 and ACAP1 could serve as Arf GAPs for
Arl13b, promoting its inactive state, since the interaction occurs in a GTP-dependent manner. In
contrast, | did not observe any specific interaction between Arl13b and GIT1, since an unspecific band
was also detected in control mCherry protein extracts (Figure 4.1G).

Finally, to verify if the presence of GAP activity could influence the binding to Arl13b, I tested the
interaction between Arl13b and a mutant form of ASAP1. [R497K]ASAP1 is an ASAP1 mutant lacking
GAP activity due to an Arg—Lys mutation at a conserved position in the Arf GAP domain (Luo et al.,
2007). Similar to the wildtype form, | observed that [R497K]ASAPL co-immunoprecipitates with
Arl13b (Supplementary Figure 1A) and that the interaction is enhanced in the presence of GTPyS
(Supplementary Figure 1B). Thus, this result shows that ASAP1 GAP activity in not required for the
GTP-dependent interaction between ASAP1 and Arl13b.

4.2. ASAP1, ASAP3 and ACAPL1 co-localize with F-actin and Arl13b

Previous results from our group have shown that Arl13b localizes to actin-rich regions at the plasma
membrane and actin stress fibers in HeLa cells (Barral et al., 2012), to lamellipodia, filopodia and CDRs
in mouse fibroblasts (Casalou et al., 2014) and to invadopodia in breast cancer cells (Casalou, Faustino
et al., unpublished results). Since | verified that Arl13b associates with ASAP1, ASAP3 and ACAP1,
intracellular co-localization of Arf GAPs with actin and Arl13b was assessed. For this, MDA-MB-231
cells transiently overexpressing FLAG-tagged ASAP1, ASAP3 or ACAPl1 were used and
immunocytochemistry was performed with an anti-FLAG antibody to visualize the transfected Arf
GAPs by confocal microscopy. To visualize F-actin, cells were also stained with phalloidin. Lastly, to
assess the localization of Arl13b, MDA-MB-231 cells were transiently co-transfected with a plasmid
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Figure 4.1. Co-immunoprecipitation of ASAP1, ASAP3, ACAP1 or GIT1 with Arl13b in MDA-MB-231 breast cancer
cells. MDA-MB-231 cells stably overexpressing Arl13b-mCherry, or mCherry as a negative control, were transiently
transfected with plasmids encoding FLAG-tagged Arf GAPs (A) ASAP1, (C) ASAP3, (E) ACAP1 or (G) GIT1. Protein
extracts were incubated with an anti-FLAG antibody before immunoprecipitation with protein G sepharose beads in the
presence of GTPyS or an excess of GDP. The immunoprecipitated products and total cell extracts were separated by SDS-
PAGE. Immunoblotting was performed with an anti-mCherry antibody. Arf GAPs immunoprecipitation was confirmed by
subsequently incubating the same blotting membranes with an anti-FLAG antibody. (B, D, F) Quantification of bands
intensity corresponding to Arl13b and the Arf GAPs was performed using Image J. The ratios between the values obtained
were calculated and the results normalized to the amount of immunoprecipitated proteins.
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encoding GFP-tagged Arl13b. In agreement with previous data described in the literature, | observed
that ASAP1, ASAP3 and ACAP1 co-localize with F-actin (Figure 4.2). ASAP1 co-localizes with actin
in protrusive structures near the plasma membrane (Figure 4.2A and B) and in structures that resemble
invadopodia (Figure 4.2C and D), since they appear as small dot-like clusters with a core of actin
localized near the nucleus (Gimona et al., 2008), confirming what was already described (Bharti et al.,
2007). ASAP3 (Figure 4.2E and F) interacts with actin at the plasma membrane and in structures near
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Figure 4.2. Co-localization of ASAP1, ASAP3 and ACAP1 with F-actin in MDA-MB-231 breast cancer cells. MDA-
MB-231 cells transiently overexpressing FLAG-tagged Arf GAPs were fixed and stained with anti-FLAG Cy3 and Alexa
Fluor 568-conjugated phalloidin to label F-actin. DAPI was used to stain nuclei. (A, B) ASAP1 co-localizes with actin in
protrusive structures near the plasma membrane (C, D) and in structures that resemble invadopodia. (E, F) ASAP3 interacts
with actin at the plasma membrane and in structures near the cell periphery like actin stress fibers. (G, H) ACAP1 associates
with actin at stress fibers near the plasma membrane. (B), (D), (F) and (H) correspond to zoomed images of the areas indicated
by the boxes in (A), (C), (E) and (G), respectively. All images correspond to representative Z stacks obtained by confocal
microscopy. Scale bars: 10 um.




the cell periphery that are consistent with actin stress fibers, also in agreement with previous results (Ha
et al., 2008). ACAP1 (Figure 4.2G and H) associates with actin at stress fibers, near the plasma
membrane. Furthermore, | observed that ASAP1, ASAP3 and ACAPL1 co-localize with Arl13b namely
in structures localized at the plasma membrane (Figure 4.3). It is possible to observe the overlap of
Arl13b with ASAP1 in both PRs (Figure 4.3A and B) and in structures resembling invadopodia (Figure
4.3A), with ASAP3 in both CDRs and PRs (Figure 4.3C and D) and with ACAPL in both filopodia and
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Figure 4.3. Co-localization of ASAP1, ASAP3 and ACAP1 with Arl13b in MDA-MB-231 breast cancer cells. MDA-
MB-231 cells transiently overexpressing FLAG-tagged Arf GAPs and GFP-tagged Arl13b were fixed and stained with anti-
FLAG Cy3. DAPI was used to stain nuclei. (A, B) ASAP1 co-localizes with Arl13b in PRs (A) and in structures resembling
invadopodia, (C, D) ASAP3 in CDRs and PRs (E, F) and ACAP1 in filopodia and PRs. (B), (D) and (F) correspond to
zoomed images of the areas indicated by the boxes in (A), (C) and (E), respectively. All images correspond to representative
Z stacks obtained by confocal microscopy. Scale bars: 10 pm.

PRs (Figure 4.3F and E). All these actin remodel structures are associated with cell migration or
invasion, indicating that Arf GAPs and Arl13b could act together in the regulation of these processes.

To verify if GAP activity deficient ASAP1 mutant was localized differently than the wildtype, the
co-localization with actin and Arl13b was assessed. Like the wildtype, the mutant form interacts with
actin in protrusive structures near the plasma membrane, in this case, in lamellipodia (Supplementary
Figure 2A and B), as well as in structures resembling invadopodia (Supplementary Figure 2C and D).
The interaction of ASAP1[R497K] mutant with Arl13b also occurs at the plasma membrane and in PRs
(Supplementary Figure 3). Thus, this result indicates that ASAP1 GAP activity is not required for the
subcellular co-localization between Arl13b and ASAPL.

Lastly, to further explore the co-immunoprecipitation data described above, GIT1 intracellular
localization was assessed in HelLa cells. | verified that GIT1 is localized in punctate cytoplasmic
structures (Supplementary Figure 4), as described before (Manabe et al., 2002). Furthermore, GIT1 did
not co-localize with F-actin (Supplementary Figure 4A) and no detectable co-localization between
Arl13b and GIT1 was observed (Supplementary Figure 4B). These results support the co-
immunoprecipitation data and both indicate that Arl13b is not associated with GIT1. Hence, GIT1 was
excluded from the subsequent experiments.

4.3. ASAP1 and ASAP3 do not promote Arl13b GTPase activity

The identification of ASAP1, ASAP3 and ACAP1 as Arl13b interactors and their co-localization
in actin-rich structures raised the possibility that these proteins could function as Arl13b GAPs. Thus, |
next aimed to assess if ASAP1, ASAP3 and/or ACAP1 could induce the GTP hydrolysis activity of
Arl13b, using an in vitro GTPase activity assay and recombinant purified proteins. Recombinant FLAG-
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tagged Arf GAPs and full-length Arl13b were expressed in HEK293-E6 mammalian cells, while GST-
tagged Arl13b truncated form, Arl13b*2?%, was expressed in E. coli. The purification was performed
using appropriate affinity columns and protein purity was evaluated by SDS-PAGE (Supplementary
Figure 5). As can be observed, all the proteins were successfully produced and purified, although in
some of them was detected protein degradation and/or the presence of contaminant proteins that together
overestimated the protein concentration.

To measure Arl13b GTPase activity in the absence and presence of ASAP1, ASAP3 or ACAP1, |
used an in vitro assay that detects Pi through an absorbance-based detection method. Therefore, before
starting the reactions, | had to verify that all samples and buffers used were completely free of phosphate
to avoid high background levels. Upon GTPase reaction completion, CytoPhos reagent was added to
detect the generated Pi colorimetrically, by measuring absorbance the reaction at 650 nm. Concerning
the reaction buffer used, MgCl. was included due to the essential role of Mg?* ion in the high-affinity
binding of the guanine nucleotide to GTPases (Vetter and Wittinghofer, 2001). Furthermore, it has been
described that the divalent metal ion chelator EDTA mimics the role of GEFs, chemically inducing the
nucleotide exchange by chelating Mg?* at the GTPase active site (Mondal et al., 2015). Thus, a
previously optimized reaction buffer with an effective low Mg?* concentration and EDTA was used to
allow the continuous progression of intrinsic and GAP-stimulated GTPase activities without the
requirement for GEFs (Mondal et al., 2015).

In order to test the Kit, | performed calibration curves using a phosphate standard solution. Then,
the average curve obtained (Supplementary Figure 6) was used to calculate the GTP hydrolysis rate
through the absorbance value read in each reaction.

As a positive control, Arf6é and ACAP1 were used (Supplementary Figure 7). The reaction buffer
and the purified proteins did not show high backgrounds levels, indicating that all buffers and samples
used were free of phosphate. The slight increment observed in the reaction buffer and in the purified
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Figure 4.4. Measurement of intrinsic and GAP-stimulated Arl13b GTPase activity in vitro. Each reaction (in black)
contained 4.5 pg of GTP-loaded Arl13b and 8 pg of the corresponding Arf GAP. Control reactions (in white or gray)
contained only reaction buffer (RB), purified Arl13b in RB or purified Arf GAPs in RB in the same amount used in reactions,
with or without GTP. All reactions were incubated at 37°C for 20 minutes followed by the addition of CytoPhos reagent for
10 minutes at room temperature. The absorbance was read at 650 nm and the values were converted to GTP hydrolysis rate

in nmols Pi/ug Arl13b/min. Results are displayed as mean + SD of at least two independent experiments except for the cases
marked with the asterisks (+), in which only one experiment was performed.
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Arf6 in the presence of GTP is assumed to be a consequence of GTP spontaneous hydrolysis, with some
possible but reduced contribution of the intrinsic GTPase activity of Arf6 in the respective reaction.
However, when GTP was added to ACAP1 alone, GTP hydrolysis was significantly enhanced.
Therefore, the high level of GTP hydrolysis verified in the reaction containing Arf6, ACAP1 and GTP
cannot be due to the result of the specific ACAP1-stimulated GTPase activity of Arf6.

The reactions between Arl13b and ASAP1, ASAP3 or ACAP1 (Figure 4.4) were conducted in the
same way as the positive control. None of the purified proteins contained phosphate and a similar
increment due to spontaneous GTP hydrolysis was observed when GTP was added. However, in the
case of Arl13b, namely Arl13b*?%, the increment was slightly higher than the one observed in the
spontaneous GTP hydrolysis control, which is expected to be a result of Arl13b intrinsic GTPase
activity. The results obtained for ASAP1 and ASAP3 indicate that these Arf GAPs do not induce GTP
hydrolysis activity of Arl13Db, since no differences were found when the GTP hydrolysis rate of the two
forms of Arl13b alone and in the presence of ASAP1 or ASAP3 were compared. Furthermore, if ASAP1
would function as a GAP of Arl13b, a lower GTP hydrolysis rate in the presence of the [R497K]ASAP1
GAP activity deficient mutant should be observed. Concerning ACAPL, since the same purified protein
tested in the positive control was used here, an enhancement of GTP hydrolysis in several orders of
magnitude was observed when GTP was added to ACAP1 alone. Therefore, the high level of GTP
hydrolysis verified in the reaction containing Arl13b, ACAP1 and GTP cannot be due to the action of
ACAP1 GAP activity on Arl13b. Overall, these results indicate that ASAP1 and ASAP3 do not function
as Arl13b GAPs, whereas nothing can be concluded about ACAPL.

4.4. ACAP1 silencing enhances breast cancer cell migration and invasion

Our group has previously shown that Arl13b silencing in mouse fibroblasts leads to a decrease in
the migratory capacity of these cells in wound healing and transwell migration assays (Casalou et al.,
2014). Moreover, in MCF7 and MDA-MB-231 breast cancer cells, Arl13b silencing also leads to
impaired migration and invasion (Casalou, Faustino et al., unpublished results). The role of ASAP1 and
ASAP3 on cancer cell migration and invasion have also been described. The silencing of ASAP3 impairs
cancer cell migration and invasion (Fang et al., 2006; Ha et al., 2008; Fan et al., 2014), while the effects
of ASAP1 silencing in these processes are contradictory (Furman et al., 2002; Bharti et al., 2007; Ha et
al., 2008; Lin et al., 2008). For ACAP1, there are no studies describing a direct effect of this protein on
migratory or invasion capacities of cancer cells. Therefore, | evaluated the effect of ACAP1 silencing
by shRNA on migration and invasion of highly invasive breast cancer cells. For that, | performed
transwell migration and invasion assays with MDA-MB-231 cells upon silencing of the corresponding
gene.

| observed that ACAP1 silencing enhances breast cancer cell migration (Figure 4.5A and B) and
invasion (Figure 4.5C and D), compared to cells transfected with the non-targeting (NT) shRNA control.
These results support a direct involvement of ACAPL in breast cancer progression, here described for
the first time.

Interestingly, the silencing of ACAP1 also induced morphological changes on MDA-MB-231 cells
(Supplementary Figure 8). The control MDA-MB-231 cells show, as expected, a typical elongated and
stellate morphology (Cavo et al., 2018). ACAP1 silenced cells appear to be rounder, in the case of cells
silenced with shRNA #1, or more stretched, with more prominent protrusions and with larger focal sites,
in the case of cells treated with ShRNAs #2 and #3.

Silencing of ACAP1 in MDA-MB-231 cells was confirmed by analysis of mMRNA levels through
RT-gPCR. I observed an average of 61,37% of silencing for ShRNA #1, 61,33% for shRNA #2 and
50,16% for shRNA #3 (Supplementary Figure 9).
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Figure 4.5. Cell migration and invasion of MDA-MB-231 breast cancer cells upon ACAP1 silencing. MDA-MB-231
cells treated with non-targeting (NT) control shRNA or shRNA targeting ACAP1 were seeded into the upper chamber of a
transwell (A, B) without or (C, D) with Matrigel. Medium containing 10% fetal bovine serum used as chemoattractant was
added to the lower chamber. After (A, B) 6 or (C, D) 21 hours, cells that had migrated/invaded through the membrane were
fixed and stained. (A, C) Representative images are shown. Cells from at least 10 randomly chosen fields were counted. For
each condition, the (B) % of migration and (D) % of invasion were normalized to the control shRNA, in which
migration/invasion was considered 100%. Experiments were repeated independently three times with duplicated transwells.
Results are represented as mean + SD of three independent experiments. *** p<0.0001 (one-way ANOVA with Dunnett's
multiple comparisons test). Scale bars: 100 um.

4.5.ARL13B, ASAP1, ASAP3 and ACAP1 expression is associated with breast cancer invasiveness

Results from our laboratory have shown that Arl13b is upregulated in breast cancer patient-derived
frozen tissues, when compared with the adjacent non-tumorigenic tissue, and that this correlates with
tumor size and the late stages of invasion in breast cancer (Casalou, Faustino et al., unpublished results).
In agreement with these observations, we found that ARL13B expression is upregulated in highly
invasive MDA-MB-231 breast cancer cells, comparing with poorly invasive MCF7 breast cancer cells
and non-tumorigenic MCF10A breast cells (Figure 4.6A). Altogether, these data suggest that Arl13b
expression is associated with breast tumor invasiveness and, consequently, breast tumor progression.

To verify if ASAP1, ASAP3 and ACAP1 expression also correlate with breast cancer invasiveness,
| assessed their expression by analyzing mRNA levels through RT-gPCR in the same breast cell lines.
Similar to what we observed for ARL13B, ASAP1 (Figure 4.6B) and ASAP3 (Figure 4.6C) are
upregulated in invasive breast cancer cells, when compared with the expression levels in the non-
tumorigenic breast cells. These results confirm the role of ASAP1 and ASAP3 in breast cancer
progression, supporting previous studies (Onodera et al., 2005; Mao et al., 2017). Furthermore, | found
that ACAP1 is less expressed in highly invasive breast cancer cells when compared with non-
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tumorigenic breast cells (Figure 4.6D). These results not only confirm the direct involvement of ACAP1
in breast cancer progression, but also corroborate the data on the effects of ACAPL1 silencing on cancer
cell migration and invasion, in which lower levels of ACAP1 lead to an enhancement of these processes.
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Figure 4.6. Arl13b, ASAP1, ASAP3 and ACAP1 mRNA levels in non-tumorigenic and tumorigenic breast cell lines.
Transcript levels were quantified from cDNA obtained from non-tumorigenic MCF10A breast cells, poorly invasive MCF7
and highly invasive MDA-MB-231 breast cancer cells by RT-qPCR. The expression of each gene was normalized to the
expression of GAPDH, used as a housekeeping gene. Results represent relative ratios between mRNA expression levels of
(A) ARL13B, (B) ASAP1, (C) ASAP3 or (D) ACAP1 and GAPDH and are represented as mean + SD of three independent
experiments. *p<0.05; **p<0.01; ***p<0.0001 (one-way ANOVA with Tukey's multiple comparisons test). (A) Courtesy
of Cristina Casalou.

5. Discussion and conclusions

Membrane trafficking and actin cytoskeleton remodeling represent key regulators of many
processes essential for the metastatic process, such as cell polarity, migration, invasion and growth, and
are often disrupted in and by metastatic tumor cells. Therefore, understanding the mechanisms by which
membrane traffic proteins and actin cytoskeleton modulators regulate these processes may provide a
means for targeting these proteins, delaying or impairing cancer cell migration and invasion and
consequently tumor progression.

Previous results from our group indicate that the small GTPase Arl13b plays an important role in
breast tumor progression by positively regulating breast cancer cell migration, invasion and metastatic
dissemination (Casalou, Faustino et al., unpublished results). Interestingly, it was recently reported that
some of these Arl13b functions extend to gastric cancer (Shao et al., 2017) and medulloblastoma (Bay
et al., 2018). Accordingly, according to The Human Protein Atlas, Arl13b is widely expressed in most
normal human tissues and its expression is enhanced in several tumorigenic tissues. These findings
suggest that Arl13b and its activity regulators, GEFs and GAPs, could be targeted to impair tumor
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progression, as it has been suggested for other proteins from the Arf family (Ohashi et al., 2012; Dani
et al., 2013; Yamauchi et al., 2017), as well as for the corresponding regulators (Vigil et al., 2010).
Therefore, | aimed to identify Arf GAPs that could promote the inactive conformation of Arl13b and
contribute to unravel the mechanisms by which it regulates cell migration and invasion of cancer cells.
As an in vitro model, MDA-MB-231 breast cancer cells were used. MDA-MB-231 is an epithelial,
highly invasive and poorly differentiated triple-negative breast cancer cell line, characterized by an
enrichment for markers associated with EMT, providing a suitable model for metastatic dissemination
(Chavez et al., 2010).

| started by assessing the interaction between Arl13b and selected Arf GAPs using total protein
extracts obtained from MDA-MB-231 breast cancer cells loaded with either GTPyS or GDP. | observed
that Arl13b interacts with ASAP1, ASAP3 and ACAP1 and that the interaction is enhanced when GTP-
bound Arl13b is used, compared to GDP-loaded Arl13b. However, no interaction with GIT1 was
detected. These results suggest that ASAP1, ASAP3 and ACAP1 but not GIT1 could function as Arl13b
GAPs, promaoting its inactive conformation, since the interaction occurs in a GTP-dependent manner.

To function as GAPs of Arl13b, ASAP1, ASAP3 and ACAP1 must interact directly, even if
temporarily, with this protein. The co-immunoprecipitation assays using cell extracts do not allow to
infer if the binding detected is direct or mediated by other proteins. Thus, | carried out in vitro pull-
down assays with purified FLAG-tagged Arf GAPs and GST-tagged Arl13b'2% in the presence of
GTPyS to investigate if the interactions between Arl13b and the Arf GAPs are direct (data not shown).
For this, | used three different approaches: immunoprecipitation of FLAG-tagged Arf GAPSs using an
anti-FLAG resin, immunoprecipitation of FLAG-tagged Arf GAPs using Protein G Sepharose beads
and an anti-FLAG antibody or immunoprecipitation of GST-tagged Arl13b*??° using anti-GST beads.
In none of the three approaches it was possible to immunoprecipitate the target proteins and,
subsequently, it was not possible to conclude if the interactions between Arl13b and the Arf GAPs are
direct. These results may be associated with technical problems, such as alterations in protein
conformation during the purification process. Also, the buffer used for pull-down assays may be
inappropriate for these specific proteins fold properly. In both cases, the tag sequence would be
inaccessible to the respective antibody. These issues should be solved, for instance, by using specific
protein antibodies and optimizing the buffer composition.

To further explore the interactions detected by co-immunoprecipitation assays with total protein
extracts, the subcellular co-localization of the Arf GAPs with F-actin and Arl13b was assessed. The co-
localization between ASAP1, ASAP3 or ACAP1 and F-actin, as well as Arl13b, was detected mainly in
structures associated with cell invasion or with cell migration at the cell periphery, such as lamellipodia,
filopodia, PRs, CDRs and stress fibers. The first studies on ASAP1 showed that this protein localizes in
the cytoplasm and at the cell periphery, specifically associated with the plasma membrane, in MEFs,
monkey fibroblasts and HeLa cells (Brown et al., 1998). In MEFs and HeLa cells stimulated with growth
factors, the co-localization of ASAP1 with actin occurs at membrane ruffles (Kam et al., 2000; Luo et
al., 2007; Chen et al., 2016). Additionally, in MDA-MB-231 cells, ASAP1 associates with actin in
invadopodia (Onodera et al., 2005; Bharti et al., 2007). In agreement with the published data, | detected
ASAPL in actin-rich protrusive structures near the plasma membrane and at structures resembling
invadopodia, since they appear as small dot-like clusters with a core of actin localized near the nucleus
(Gimona et al., 2008), in MDA-MB-231 cells. Moreover, the association of ASAP1 with Arl13b was
detected at the plasma membrane, namely in PRs and in structures that resemble invadopodia. To
confirm if these structures are invadopodia, it would be necessary to assess the co-localization of F-actin
with other actin-associated proteins, such as cortactin, cofilin, the actin nucleator complex Arp2/3 or the
invadopodia scaffold protein Tks5 (Murphy and Courtneidge, 2011; Berginski et al., 2014). Altogether,
these results indicate that ASAP1 subcellular localization is conserved between different cell types, and
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more importantly, supports its role in cell migration and invasion, strongly suggesting that ASAP1 acts
together with Arl13b in the regulation of these processes.

More recently, it has been described that NMIIA activity is regulated by ASAP1 (Chen et al., 2016)
and, in addition, our group has identified this myosin as an Arl13b effector (Casalou et al., 2014). Since
| found that Arl13b interacts with ASAPL in PRs at the cell periphery, a new link between Arl13b,
ASAP1 and NMIIA can be hypothesized, strongly suggesting that they function together in the
regulation of cell migration. The observation that ASAP1 binds preferentially to the GTP-bound form
of Arl13b, and since ASAP1 did not promote the GTPase activity of Arl13b in vitro, it is likely that
ASAP1, like NMIIA, acts as an Arl13b effector. In fact, it has been described that Arf GAPs can function
as effectors of Arf proteins, besides their functions as activity modulators (Donaldson and Jackson,
2011). The observation that the interaction between Arl13b and the GAP activity deficient mutant
[R497K]ASAPL1 is enhanced when Arl13Db is loaded with GTP supports this hypothesis. Additionally,
[R497K]ASAPL colocalizes with Arl13b in the same structures than the wildtype form, including
structures that resemble invadopodia. Indeed, is has been described that ASAP1 GAP activity might not
be necessary for some of ASAP1 specific functions, namely invadopodia formation (Ha et al., 2008).

Finally, the observation that ARL13B and ASAP1 expression increases with cancer cell invasiveness
in breast cell lines is in agreement with results showing that high expression levels of Arl13b and ASAP1
in breast tumors are correlated with enhanced cell invasion and metastasis (Onodera et al., 2005;
Casalou, Faustino et al., unpublished results). Accordingly, it would be expected that ASAP1 silencing
decreases cancer cell migration and invasion, as with Arl13b silencing. However, the reported effects
of ASAP1 silencing on these processes have been contradictory. Thus, the role of ASAP1 in cell
migration and invasion may differ between cell types and experimental conditions applied in these
assays. Another possible explanation for these contradictory results is the fact that different oncogenes
can bind to the C-terminal region of ASAP1, which could influence cell migration and invasion in
different ways.

ASAP3 has an important role in actin stress fiber formation and it also associates with CDRs in
MDA-MB-231 cells (Ha et al., 2008). In the same cell line, | confirmed the co-localization between
ASAP3 and actin in actin stress fibers. The co-localization with Arl13b in CDRs is also in agreement
with previous results from our group describing that Arl13b is required for CDR formation in fibroblasts
(Casalou et al., 2014). These results suggest that Arl13b and ASAP3 act together in CDRs, providing a
structural basis to generate force for cell migration. Although no studies describe an interaction between
ASAP3 and NMI|I, recent data shows that ASAP3 silencing reduces NMII phosphorylation (Luo et al.,
2017). These observations are consistent with an effect of ASAP3 on NMII, which remains to be
explored. Thus, it can be proposed that Arl13b, ASAP3 and NMII function together in the regulation of
cell migration through CDRs.

Like for ASAP1, | observed that ASAP3 interacts with Arl13b in a GTP-dependent manner and
does not promote the GTPase activity of Arl13b in vitro. Furthermore, the expression of ARL13B and
ASAP3 is enhanced in invasive cancer cells, supporting the reports showing that both proteins are highly
expressed in human breast cancer samples (Mao et al., 2017; Casalou, Faustino et al., unpublished
results). Furthermore, the silencing of Arl13b or ASAP3 impairs breast cancer cell migration and
invasion (Ha et al., 2008; Casalou, Faustino et al., unpublished results). Altogether, these findings
suggest that ASAP3 functions as an Arl13b effector.

From all Arf GAPs selected for this study, ACAPL is the least studied and its direct role in tumor
progression is not known. In MDA-MB-231 cells, | observed that ACAP1 associates with stress fibers
in protrusive structures near the plasma membrane, in agreement with its known functions in actin
remodeling and cell movement (Inoue and Randazzo, 2007). Interestingly, ACAP silencing promoted
morphological alterations on MDA-MB-231 cells that could be partially explained by its role on actin
cytoskeleton remodeling. In fact, it was reported that ACAPL overexpression inhibits the formation of
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membrane protrusions (Jackson et al., 2000) and reduces the size of FAs (Chen et al., 2014). Upon
ACAP1 silencing, | observed the opposite. More importantly, in the same cell line, the co-localization
between this Arf GAP and Arl13b was found in filopodia and PRs, suggesting that both proteins function
together in cancer cell migration.

Contrary for what was observed for ASAP1 and ASAP3, the results of the in vitro GTPase activity
of ACAP1 on Arl13b were not conclusive. The GTPase activity of ACAP1 alone in the presence of GTP
was several times enhanced comparing to the absence of GTP. A possible explanation for this is the
presence of a contaminant protein with GTPase activity not excluded during the purification process. In
fact, the analysis of purified ACAP1 indicates the presence of two bands near the 75 kDa marker band.
Therefore, the high level of GTP hydrolysis verified in the reaction between ACAP1 and Arf6 or Arl13b
cannot be assumed as a result of the specific ACAP1-stimulated Arfé or Arl13b GTPase activity,
respectively. A new purification process is required to guarantee the absence of contaminants that could
influence the GTP hydrolysis.

The opposite effects of Arl13b and ACAPL silencing on breast cancer cell migration and invasion
and their inverse expression correlation with breast cancer cell invasiveness support an antagonistic
effect for these proteins. These data show that ACAP1 regulates the migratory capacity and invasion of
breast cancer cells and, more importantly, suggest that ACAP1 is a promising candidate as a GAP of
Arl13b, even considering that the results of in vitro GTPase activity assay were not conclusive.

Since the interaction between Arl13b and ACAP1 occurs in a GTP-dependent manner, ACAP1
could also function as an Arl13b effector. This hypothesis is less likely because, in that case, as verified
for ASAP1 and ASAP3, ACAP1 silencing should have the same effects as Arl13b silencing in cancer
cell migration and invasion and their both expression levels should positively correlate with cancer cell
invasiveness.

Future studies on ACAPL should investigate the reason for this contradictory effect on cell
migration and invasion in different cancer cell lines, by performing rescue experiments, determining if
ACAP1 overexpression inhibits metastasis in vivo (opposing the effect of Arl13b overexpression) and
confirming if ACAP1 has a lower expression in human tumors compared to the normal tissue, contrary
to what we verified for Arl13b.

Lastly, it was described that GIT1 associates with paxillin in FAs in rat embryo fibroblasts and
hamster ovary cells, appearing as punctate supramolecular complexes localized in the cytoplasm
(Manabe et al., 2002). In HeLa cervical cancer cells, | confirmed that GIT1 does not co-localize with F-
actin and that it can be found, indeed, in punctate cytoplasmic aggregates. To confirm if these structures
are FAs, it would be necessary to use specific markers for those structures, namely paxillin and vinculin
(Geiger et al., 2001). More importantly, in the same cell line, GIT1 does not co-localize with Arl13b, in
agreement with the co-immunoprecipitation results. However, since GIT1 co-immunoprecipitation with
Arl13b was tested in MDA-MB-231 cells, the subcellular localization of this Arf GAP should be
assessed in the same cell line. This analysis was done in HeLa cells since the transfection of MDA-MB-
231 cells was only efficient using an electroporation-based transfection method and it was not possible
to use the equipment with GIT1 construct due to material constraints.

Concerning the GTPase activity analysis, several biochemical assays have been described in the
literature. The measurement of GTP levels decrease or GDP increment are alternative to the
quantification of free Pi in solution (Mondal et al., 2015). Some authors claim that chromogenic methods
that measure Pi are poorly sensitive. Additionally, Pi is a common contaminant in various buffers
causing high backgrounds. However, the assays | performed did not entail these technical problems.
First, I verified that all samples and buffers used were completely free of phosphate. Second, the GTPase
activity was clearly increased in reactions containing ACAPL1 and GTP, showing a considerable
sensitivity of the method. The most common approach used for decades in GTPase activity assays is the
use of radio-labeled GTP, namely [a-*?P]GTP. Despite these methods involve specific procedures in the
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manipulation of materials and reagents, as well as in waste treatment, they have a high robustness.
Therefore, a method using radio-labeled GTP should be considered to confirm the results for ASAP1
and ASAP3 and to clarify if ACAP1 is a GAP of Arl13b.

Regarding the protein purification, the full-length Arl13b has often been described as insoluble in
bacterial lysates (Hori et al., 2008; Ivanova et al., 2017), probably due to the hydrophobic properties of
its coiled-coil domains (Burkhard et al., 2001). Thus, we chose to express Arl13b*2?° truncated form in
bacteria since it contains mostly the G-domain, which is essential for GTPase activity (Goitre et al.,
2014). Even so, its purification process resulted in very low amounts of purified protein. We then
decided to purify the full-length Arl13b in mammalian cells, not only to avoid the insolubility verified
in bacteria, but also to provide better conditions in terms of folding and post-translational modifications
that could be important for the interaction of Arl13b with the Arf GAPs, as well as for its function. The
amount of purified Arl13b and Arf GAPs used in the assays was the maximum indicated by the
manufacturers. Instead, a titration of both proteins should be done to find the optimal concentration for
the experimental conditions adopted, using a positive control. This procedure was not performed since
the purification process of both forms of Arl13b was not efficient, resulting in low amounts of purified
protein. In addition, the presence of contaminant proteins and/or the possible degradation overestimated
Arl13b concentration, as it is possible to observe in the analysis of the purified proteins. For these
reasons, Arl13b purification process must be optimized further. Nevertheless, the detection of an
intrinsic GTPase activity for the two forms of Arl13b indicates that both forms were active.

With this study, novel insights on the identity of Arl13b-binding partners were acquired. The results
obtained indicate that ASAP1 and ASAP3 are Arl13b effectors, also suggesting ACAPL1 as a potential
Arf GAP of Arl13b. These new findings contribute to understand how Arl13b regulates cancer cell
migration, invasion and metastasis, and raise new hypotheses for how this protein is inactivated.
However, a validation of these novel targets is required, namely by using in vivo models. Further studies
considering the already identified or new candidate proteins, such as effectors, GEFs and GAPs, could
contribute to unravel the molecular mechanisms by which Arl13b regulates tumor progression and find
new targets that can be used to develop anti-cancer therapies.
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Supplementary Figure 1. Co-immunoprecipitation of [R497K]ASAP1 with Arl13b in MDA-MB-231 breast cancer
cells. MDA-MB-231 cells stably overexpressing Arl13b-mCherry, or mCherry as a negative control, were transiently
transfected with a plasmid encoding FLAG-tagged [R497K]ASAP1. (A) Protein extracts were incubated with an anti-FLAG
antibody before immunoprecipitation with protein G sepharose beads in the presence of GTPYS or an excess of GDP. The
immunoprecipitated products and total cell extracts were separated by SDS-PAGE. Immunoblotting was performed with an
anti-mCherry antibody. [R497K]JASAP1 immunoprecipitation was confirmed by subsequently incubating the same blotting
membrane with an anti-FLAG antibody. (B) Quantification of the bands intensity corresponding to Arl13b and
[R497K]ASAP1 was performed using Image J. The ratios between the values obtained were calculated and the results
normalized to the amount of immunoprecipitated proteins.
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Supplementary Figure 2. Co-localization of [R497K]JASAP1 with F-actin in MDA-MB-231 breast cancer cells. MDA-
MB-231 cells transiently overexpressing FLAG-tagged [R497K]ASAP were fixed and stained with anti-FLAG Cy3 and
Alexa Fluor 568-conjugated phalloidin to label F-actin. DAPI was used to stain nuclei. [R497K]ASAP1 colocalizes with
actin in the same structures than ASAP1 WT, (A, B) including protrusions near the plasma membrane, such as lamellipodia,
(C, D) as well as in structures that resemble invadopodia. (B) and (D) correspond to zoomed images of the areas indicated by
the boxes in (A) and (C), respectively. All images correspond to representative Z stacks obtained by confocal microscopy.
Scale bars: 10 pum.
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Supplementary Figure 3. Co-localization of [R497K]JASAP1 with Arl13b in MDA-MB-231 breast cancer cells. MDA-
MB-231 cells transiently overexpressing FLAG-tagged [R497K]ASAP1 and GFP-tagged Arl13b were fixed and stained with
anti-FLAG Cy3. DAPI was used to stain nuclei. (A, B) [R497K]ASAP1 colocalizes with Arl13b in the same locations than
ASAP1 WT, namely at the plasma membrane and in PRs. (B) corresponds to the zoomed image of the area indicated by the
box in (A). All images correspond to representative Z stacks obtained by confocal microscopy. Scale bars: 10 um.
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Supplementary Figure 4. Co-localization of GIT1 with F-actin or Arl13b in HeLa cells. (A) HeLa cells transiently
overexpressing FLAG-tagged GIT1 were fixed and stained with anti-FLAG Cy3 and Alexa Fluor 568-conjugated phalloidin
to label F-actin. (B) HeLa cells transiently overexpressing FLAG-tagged GIT1 and GFP-tagged Arl13b were fixed and stained
with anti-FLAG Cy3. DAPI was used to stain nuclei. (A, B) GIT1 localizes to punctate cytoplasmic structures (indicated by
the arrows), (A) but does not co-localize with actin (B) or Arl13b. All images correspond to representative Z stacks obtained

by confocal microscopy. Scale bars: 10 pm.
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Supplementary Figure 5. Analysis of the purified proteins ASAP1, [R497K]JASAP1, ASAP3, ACAP1 and Arl13b. (A)
FLAG-tagged ASAP1 WT (1), [R497K]ASAP1 (2), ASAP3 (3) and ACAPL1 (4) were expressed in HEK293-E6 mammalian
cells and purified using an anti-FLAG affinity column. (B) GST-tagged Arl13b*??> (5), with the approximate molecular
weight of 50 kDa, was expressed in E. coli and purified using a GSTrap affinity column, while full length FLAG-tagged
Arl13b (6) was expressed in HEK293-E6 mammalian cells and purified using an anti-FLAG affinity column. One pg of
protein was loaded in each lane. All samples were resolved by SDS-PAGE and the gel was stained with Coomassie Blue. M,
molecular weight marker. The asterisks (+) indicate contaminant proteins and/or degradation products.
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Supplementary Figure 6. Calibration curve for standard phosphate solution. Increasing concentrations of a phosphate
standard solution were used. After an incubation at 37°C for 20 minutes, CytoPhos reagent was added for 10 minutes at room
temperature. The absorbance was read at 650 nm and is expressed in arbitrary units (A.U.). Results are displayed as mean +
SD of four independent experiments. The corresponding regression equation obtained was y = 0.1242x + 0.001772 with a
coefficient of determination (R?) of 0.9899.
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Supplementary Figure 7. Measurement of intrinsic and GAP-stimulated Arf6 activity in vitro. The reaction (in black)
contained 4.5 pg of GTP-loaded Arf6 and 8 ug of ACAP1. Control reactions (in white or gray) contained only reaction buffer
(RB), purified Arf6 in RB or purified ACAP1 in RB in the same amount used in the reaction, with or without GTP. All
reactions were incubated at 37°C for 20 minutes followed by the addition of CytoPhos reagent for 10 minutes at room
temperature. The absorbance was read at 650 nm and the values were converted to GTP hydrolysis rate in nmols Pi/ug
Arf6/min. Results are displayed as mean + SD of at least two independent experiments.
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Supplementary Figure 8. Morphology of MDA-MB-231 breast cancer cells upon ACAP1 silencing. MDA-MB-231 cells
were treated with non-targeting (NT) control sShRNA or shRNA targeting ACAP1. The images were taken seven days after
lentiviral infection. Scale bar: 100 um.
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Supplementary Figure 9. Quantification of ACAP1 mRNA levels by RT-gPCR. Transcript levels were quantified from
cDNA obtained from MDA-MB-231 cells treated with non-targeting (NT) control shRNA or shRNA targeting ACAP1,
collected at the beginning of each independent transwell migration and invasion experiment (A, B, C). ACAP1 silencing was
confirmed by analysis of mMRNA expression levels by RT-qPCR. The expression of ACAP1 was normalized to the expression
of GAPDH, used as a housekeeping gene. Results represent relative ratios between mRNA expression levels of ACAP1 and
GAPDH and are represented as mean + SD of four replicas. **p<0.01; ***p<0.0001 (one-way ANOVA with Tukey's multiple
comparisons test).
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