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Summary

During these three years of PhD fellowships | have been studying how the
lipid kinase Diacylglycerol kinase alpha regulates epithelial cells
polarization. All the results were obtained under the supervision of Prof.
Andrea Graziani, in the laboratory of Biochemistry of the Department of
Translational Medicine in Novara (Italy).

The main purpose of my PhD project was to elucidatethe Diacylglycerol
kinase alpha downstream signalling in 3D-high polarized MDCK cells,
which organize in structures known as cysts. MDCK cysts are a key tool to
understand the molecular pathways that regulate cystogenesis and
tubulogenesis. The Diacylglycerol kinase alpha is a central player during
MDCK cystogenesis and the data obtained in MDCK cysts strongly correlates
its enzymatic activity to proper cystogenesis and luminogenesis, as well as
to mitotic spindle orientation during cell mitosis.

These new findings further confirm that the Diacylglycerol kinase alpha is a
key regulator of different biological processes and provide a strong link
between Diacylglycerol kinase alpha catalytic activity and cystogenesis,
targeting of protein at different cellular compartments and proper orientation of

the mitotic spindle.



Introduction

Epithelial tissues organization

All metazoa show a common feature: their cells are organized in multicellular
tissues and organs. Metazoa epithelial tissues are the most important model of
organization in vivo. Indeed, epithelia are the most archetypal polarized tissues in
metazoa and more than 60% of mammalian cell types belong to the epithelial cluster
or derive from it (1). Epithelial tissues are formed by sheets of adherent cells that
divide the organism into topologically and physiologically distinct spaces. Despite
some rare exceptions, epithelial tissues cover the entire organism and are the
interface trough different biological compartments and with the external environment.

Epithelial tissues can be classified using their morphological features as
discriminants. Based on this classification, there are:

- glandular epithelia are involved in secretion processes and are organized in
structures known as glands. There are different kinds of glands. The first type are
simple invaginations of the epithelial surface that can secrete their contents
through their ducts. This kind of glands are called exocrine glands. Otherwise,
epithelial cells can give rise to solid organs or islands that secrete hormones into
other tissues. This glands are known as endocrine glands;

- simple epithelia are formed by a monolayer of cells. Usually, they feature
absorption and secretion functions. This kind of epithelia provide a poor protection
against mechanical insults and their cells show different specialized structures,
such as cilia;

- stratified epithelia comprise multiple layers of cells. They are really thick and
feature a protective function against mechanical stresses and insults. Indeed,
stratified epithelia, such as skin, cover the outside of the organism.

Epithelial cells can be organized in tubes that infiltrate the whole organism, carrying

liquid and gases containing nutrients, waste and other materials. In certain tissues,

such as lung and kidney, these tubes form elaborate networks and glands.

Role of EMT and MET in tissue morphogenesis

Epithelial to mesenchymal transition (EMT) is widely recognized as an essential

biological process to allow dispersion of mesenchymal cells and organogenesis in



embryo. Moreover, EMT also plays a crucial role in the dispersion of malignant cells
in patients with carcinomas. Indeed, the plasticity of cancer cells relies on their ability
to adapt to the selective pressure existent during tumour development and aberrant
reactivation of EMT can promote cancer cell plasticity (2; 3).

During EMT epithelial cells lose their epithelial characteristics and acquire typical
properties of mesenchymal cells. Indeed, epithelial cells are usually strongly
associates with their neighbours, so they barely move or dissociate from the
epithelial layer. In contrast, mesenchymal cells do not form a regular layer of
adjacent cells or specialized intracellular adhesion complexes, but they feature an
elongated shape and an high migratory capacity. Nevertheless, migrating
mesenchymal cells are still polarized, as well as when they interact with neighbour
cells, and migrate easily within tissues. For example, they can cross large distances
along the embryo to give rise to a particular organ. In the adult, instead, their main
function is to maintain structural integrity by secreting extracellular matrix. Moreover,
in tumour cells EMT-induced lost of cell polarity and cell-cell interactions increase the
migratory and invasive properties (3;4).

EMT is essential to allow the generation of new tissue types during development,
but also contributes to the pathogenesis of diseases. For example, in the context of
renal disease epithelial cells can undergo EMT and usually it correlate with a poor
renal outcome; moreover, in adult epithelial structures EMT contributes to organ
scarring as a result of the loss of epithelial function and matrix production (5).

To allow tube formation, epithelial cells undergo EMT and lose the apical-
basolateral polarization, downregulate cell-cell adhesion, change their cytoskeleton
composition and invade the ECM. Then, during EMT epithelial cells adopt a
mesenchymal phenotype, although they could be still polarized and display the
classic planar cell polarity of migrating cell. Afterwards, epithelial cells undergo
mesenhymal to epithelial transition (MET) and restore their apical-basolateral polarity.

Cell polarity and epithelia

The main feature of epithelial cells is their polarized phenotype. Cell polarization
is a complex feature that involves the asymmetric organization of most of the
physical aspects of the cell. This asymmetric polarization must be finely coordinated
to obtain structured tissues. The final properties of the derived tissue are a

consequence of the properties of the cells involved in its development.



Today, it is known that different groups of cells or tissues can be organized into
different polarized arrangements by coordinating their polarity in space and time. It is
also clear that their diversity is due to conserved design principles. Nonetheless, the
formation of a tissue is truly complex: several biological processes — such as cell
division, cell death ecc. — must be coordinated in space and time in the tissue itself.

Evolutionary, the polarized phenotype allows cell specialization and can be found
in a lot of cell types. For example, the neuronal synapses show specialized sites in
which neurotransmitters are released and captured (6). Another example are
migrating cells, that show a front-rear polarization during the external-stimuli induced
cell migration (7). For single epithelial cells, the polarized phenotype is obtained
through the asymmetric organization of their components, such as Golgi apparatus,
centrosome and cytoskeleton. Indeed, every single cell in the monolayer lining a
tubule features the same orientation, with its apical surface facing the central lumen
and its basal surface facing the outside of the structure.

The most studied polarized epithelial tissues are the simple epithelium of
mammalian intestine and kidney. Their cells show a columnar shape and their apical
surfaces provide the luminal interface; instead, their lateral surface is in contact with
adjacent cells. Specialized junctions and cell-cell adhesion structures are localized in
the cell-cell contact area. In particular, in epithelial cells intracellular junctions allow
the formation of a continuous layer of cells and can be use to move metabolites from
cell to cell. There are three different types of intracellular junctions: i) tight junctions,
that localize just below the apical membrane and isolate the intracellular spaces from
the lumen, forming the zonula occludens and limiting paracellular permeability, ii)
anchoring junctions, that link cytoskeletons of adjacent cells, allowing the formation
of a single functional unit and iii) gap junctions, which contains hundreds of small
pores that allow the exchange of small molecules between adjacent cells.

Finally, the basal surface of epithelial cells contacts the underlying basement
membrane, extracellular matrix and underlying blood vessels. The basal and the
lateral surfaces are similar in composition and organization and together are called
“basolateral” domain.

The peculiar organization of epithelial cells define their apical-basolateral
polarization. In order to establish the apical-basolateral polarity, epithelial cells must
segregate proteins and lipids asymmetrically to the apical and basolateral domains.

Furthermore, the delivery of membrane and secretory proteins to defined intracellular



compartments and membranes is a crucial and mandatory step to define and
maintain the identity and the functions of epithelial cells. Indeed, intracellular
vesicular trafficking and protein localization is finely regulated in order to ensure the

proper apical-basolateral polarization.

In vitro models to study cystogenesis and tubulogenesis

Today, there are some in vitro systems that allow to study tube formation and
could be useful to understand common mechanism underlying tubular organ
formation and development. One of the most used is represented by MDCK cells,
which derive from the dog kidney distal tubule and collecting ducts and preserve their
properties. MDCK cells self-organize into hollow spheres called cysts. These cysts
are formed by a monolayer of polarized cells and resemble the complex organization
that epithelial cells display in vivo. When treated for some days with Hepatocyte
Growth Factor (HGF), these cysts produce branching tubules. This branching
tubulogenesis is reminiscent of the structures found in many epithelial organs (8; 9).

Extension

Unstimu lated

+ HGF

Figure 1. Cystogenesis and tubulogenesis in vitro.
a) Typical cysts embedded in extracellular matrix. The left panel shows a representation of a cyst,
with the basolateral domain in blue and the apical domain in red. The right panel shows a confocal



image of an MDCK cysts. Here, the apical domain is marked with GP135 in red, the basolateral
domain is marked with B-catenin in green and nuclei are blue. b) Tubulogenesis induced by HGF
administration. When treated with HGF, MDCK cysts undergo branching tubulogenesis through three

intermediate states, named extension, chain and cord (10).

Obviously, these culture systems are still a gross simplification of the high
complex architecture founded in vivo and present some limits, but their use might be
appropriate for many studies, such as to investigate the involvement of external
stimuli and intracellular signalling in organ development — in healthy or pathological
conditions — or in response to an injury.

As described before, the most important feature of in vivo epithelial structures is
that they are generally lined by a monolayer of well polarized epithelial cells, which
have an apical surface facing the lumen and a basolateral surface in contact with
neighbour cells and with the extracellular matrix. When cultured in 3D matrix gels,
such as type | collagen and Matrigel, MDCK cells form the previously cited cysts, 3D
monolayer structures with well defined apical (AP) and basolateral (BL) domains. A
crucial step during cystogenesis is to create the central lumen. Today, two main
mechanisms are known: cavitation and hollowing (1).

Cavitation starts during the first phases of cystogenesis, when cells are not so
polarized and begin to proliferate. As a consequence of proliferation, some daughter
cells will not be in contact with the extracellular matrix and undergo apoptosis,
leaving the hollowed central lumen (Figure 2a). This mechanism is used in vivo by
the cells of the mammary acini and involves the pro-apoptotic BCL2-family factors,
while is contrasted by the oncogene ERBB2 (1).

The hollowing process is a peculiarity of cells displaying a fast rate of polarization
and relies on vesicular trafficking to the apical domain. Indeed, small vesicles
containing liquid and apical proteins are generated by endocytosis at the basolateral
domain and recruited both to specific intracellular membrane compartments and to
the apical domain. Their fusion with the apical membrane induces the formation of a
rudimental lumen between two adjacent cells (Figure 2b). Now, these two cells are
able to orientate around the lumen and to define the classic apical-basolateral
polarization. The derived cyst will preserved in time this polarized organization
around the central lumen (1).

Once formed, cysts and tubules must maintain their structure and their polarized
organization. Different settings of proteins and pathways are involved in cystogenesis



and are also necessary to preserve epithelial cells polarization and organization in
the 3D context.

da
aPrC=
PARS
Seribble
Poorly
polarized cells No lumen
lumen
FTEN
b €DCA2

Laaminin aPKC =
Pl-integrin (| PARS
RAC] Ezrin

i
Newly polarizing :
cells Small lumenfwell
polarized Expanded
VACs single lumen

Figure 2: Cavitation and hollowing.

a) Cavitation. Poorly polarized cells proliferate and the cells not in contact with the extracellular
matrix undergo apoptosis, resulting in lumen clearing and polarized cyst formation b) Hollowing.
Intracellular vesicles are delivered to regions between cells. Once rudimental lumens are formed, tight
junctions, pump proteins and the polarity complexes promote the formation of a single expanded

lumen (Adapted from 1).

Master requlators of cell polarity

During the cell polarization process a cell respond to an extracellular stimulus
and redistribute its proteins and organelles in an asymmetrical layout, preserving this
organization in time. The polarized phenotype is mandatory for many cellular
processes, such as cell migration, differentiation an morphogenesis and is regulated
by some important family of proteins. As described before, epithelial cells are
characterized from their apical-basolateral polarization, which most important
regulators are represented by the polarity complexes. Today, three major polarity

complexes are known:
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1. Par complex. The PAR family of proteins was first identified in C. Elegans
during a screening for lethal mutants of early developmental genes. In this
study, it has been established that mutants of the PAR-family proteins lose
their apical-basolateral polarized localization. Their delocalization perturbs
asymmetric cell division of blastomeres in early gastrulating embryonic cells,
leading to the formation of a defective body pattern (11). Four different
proteins compose the Par complex: Cdc42, Par-3 (Bazooka), Par-6 and the
atypical protein kinase C (aPKC). The Par complex is involved in induction
and maintenance of the apical-basolateral polarity and can be further divided
into other two complexes: i) the Cdc42/Par-6/aPKC complex, which is
important to define the apical domain identity, and ii) the Par-3/aPKC complex,
that is involved in tight junctions formation (12).

2. Crumbs complex. It is composed by three proteins, Crumbs (Crb), Pals and

PATJ and is conserved from invertebrates to vertebrates. This complex was
first identified in Drosophila Melanogaster (13) and it plays a pivotal role in
defining apical-basolateral domains of epithelial cells. Indeed, The Crumbs
complex localizes at the apical domain and regulates apical polarity together
the Par complex, providing a central regulatory pathway for the establishment
of polarity and epithelial functions.

3. SCRIB complex. It has three members, Scribble (SCRIB), Dlg (Discs Large)
and Lgl (Lethal Giant Larvae). SCRIB was first identified in Drosophila

Melanogaster as a regulator of epithelial cell septate junctions. SCRIB acts in
combination with Lgl, DIg and also with the PAR complex both in Drosophila
Melanogaster and in mammals (14; 15). Here it is necessary to establish the
polarization of epithelial cells and to preserve the polarization of the
basolateral domain. The SCRIB complex is important for adherence junction
and cell—cell contact integrity and may play an important role in the regulation
of E-cadherin at the anchoring junctions (16).

There is a crosstalk between these three polarity complexes. Indeed, Par-6 acts
as a targeting subunit for aPKC and recruits both Crumbs complex and Lgl as
substrates (1).

The Par, Crumbs and SCRIB polarity complexes regulate the asymmetric
localization of the Rho family small GTPases, that in some cases are components of

the complexes themselves — such as for Cdc42 in the Par complex. Mammalian Rho
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GTPases are master regulators of cell polarity and membrane dynamics and are a
family of 20 proteins which most important role is to regulate actin cytoskeleton
dynamics and remodelling. As any classic GTPase, also Rho GTPases switch
between an active form, bound to GTP, and an inactive one, bound to GDP. The
cycling between these two states is finely tuned by guanine nucleotide-exchange
factors (GEFs), GTPase-activating proteins (GAPs) and guanine nucleotide-
dissociation inhibitors (GDIs). GTP-bound Rho GTPases can interact with and
activate downstream effectors, regulating a wide range of processes, such as
morphogenesis, cell migration, cell adhesion, vesicle transport and microtubule
dynamics (17). The most important members of this family are Rac, Cdc42 and Rho.

Today, three Rac isoforms have been described, based on sequence similarity:
Racl, Rac2 and Rac3. These proteins stimulate lamellipodium and membrane ruffles
formation and, despite their high sequence similarity, they show different expression
patterns and non-redundant functions. Indeed, Racl is ubiquitously expressed, while
Rac2 is expressed in cells from haematopoietic origin and Rac3 is high expressed in
the brain (17).

Cdc42 has a conserved role in the regulation of cell polarity, cell migration and
fate specification during cell division in many eukaryotic organisms. Cdc42 also
regulates filopodium formation in many cell types and chemotaxis and direct cell
migration both in vivo and in vitro. Moreover, Cdc42 affects tight junctions formation
and polarized trafficking of proteins (17).

The Rho subfamily is composed by three isoforms — RhoA, RhoB and RhoC —
that show a high homology. They are responsible for stress-fibres formation, vesicle
trafficking and cancer development. Indeed, RhoB function as a tumour suppressor:
its expression is reduced in tumours and its overexpression inhibits cell growth,
survival, invasion and metastasis. Moreover, RhoC expression correlates with
metastasis in several cancer types and it is sufficient to induce metastasis in poorly
metastatic cells (17).

The Rho GTPases are also involved in the epithelial apical-basolateral
polarization and they accomplishes different functions. As described before, Cdc42 is
a member of the Par polarity complex and localizes at the apical domain. Racl
localizes at the basolateral domain and to the tight junctions. Its function is important

to maintain the polarized phenotype together Integrins and E-cadherin. RhoA is
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targeted to the whole plasma membrane and its activity is essential for proper

tubulogenesis (1).

Membrane lipids and polarity

In the past years, phosphoinositides (Ptdins) have emerged as markers of
membrane identity. In particular, in mammalian cells phosphatidylinositol-4,5-
biphosphate — PI(4,5)P, — and phosphatidylinositol-3,4,5-triphosphate — PI1(3,4,5)P3; —
are key determinants of the apical and basolateral surface respectively. Ptdins are
lipidic signals which allow the proper localization of different proteins at distinct
cellular domains. They play a key role during apical-basolateral polarity
establishment and maintenance, as well as during in vitro cystogenesis. Indeed, in
MDCK cysts it has been demonstrated that the lipid phospatase PTEN mediates
P1(4,5)P, and PI(3,4,5)P3; proper segregation. Par-3 recruits PTEN to the apical
domain and here PTEN dephosphorylates the PI(3,4,5)P3; to PI(4,5)P,. As a
consequence, the apical membrane results enriched in PI(4,5)P,, which in turn

recruits different proteins at the apical domain (18).

PTEN recruitment ;
; segregation
® ® ° to the apical pole o / @\| of membrane
@ Proliferation ® @ |Pical accumulation g ® phosphoinositides
of Ptdins{4,5)p2 apical
recruitment:
apical PM and Anx2
fumen enlargement Cdc42
Etd{ns(ii, 4 o)p3 £ Par6/aPKC
Ptdins(4,5)p2
. . . proliferation ) actin b:;-.'t
-tight junctions and formation
@nuclei differentiation

Figure 3: PI(4,5)P, and PI(3,4,5P; segregation during cystogenesis. PI(4,5)P, and
PI(3,4,5)P; colocalize in unpolarized cells (yellow). Apical recruitment of PTEN leads to PI(4,5)P,
enrichment at this domain (green). PI(4,5)P, recruits the Par complex to form apical plasma

membrane and lumen. (18).

P1(4,5)P, enrichment at the apical domain is mandatory during morphogenesis
because it is the key signal that recruits the Par complex — in particular Cdc42, Par-6

and aPKC - at the apical domain. Instead, PI(3,4,5)P3 is a landmark of specialized
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regions of the basolateral plasma membrane and can determine the orientation of the
mitotic spindle during mitosis.
Together PI(4,5)P; and PI(3,4,5)P3; are key regulators of epithelial cells polarity

and plasma membrane identity.

Mitotic spindle orientation, membrane lipids and polarity

Proper mitotic spindle orientation along a predetermined axis, which confines the
plane of cell division, is essential for morphogenesis and embryogenesis and occurs
in many types of cells. In most cases, spindle alignment along the predetermined
axis requires both astral microtubules and the actin cytoskeleton. The interaction
between microtubules plus ends and actin cytoskeleton is mediated by a family of
proteins known as microtubules plus-end-tracking proteins (+Tips). The most
important members of this family are EB1, Adenomatous Polyposis Coli (APC), CLIP
associating proteins (CLASPs) and the dynein/dynactin complex.

In polarized cells, during mitosis astral microtubules interact with cortical factors
in specific cortical regions and determine the proper orientation of the mitotic spindle.
Dynein-dependent microtubule pulling forces are the most important players in this
process. In 2D cultured cells, mitotic spindles are oriented parallel to the substratum
through a mechanism involving Integrin-mediated cell-substrate adhesion and
P1(3,4,5)P3; restriction to specific membrane domains. In particular, PI(3,4,5)P;
accumulates at the midcortex, where it recruits dynactin and induce the dynein-

dependent spindle orientation in parallel to the substratum (19).

O Ptdins(3,4,5)P3
O Dynein/dynactin
@ Actin

B Microtubule

Bl Chromosome

Control Ptdins(3,4,5)P3.], Ptdins(3,4,5)P3

Figure 4: Mitotic spindle orientation in 2D cultured cells. PI(3,4,5)P; enrichment at the

midcortex drives the orientation of the mitotic spindle in parallel to the substratum (a). PI(3,4,5)P;

depletion (b) or delocalization (c) leads to mitotic spindle misorientation (19).
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However, in 3D polarized epithelial cysts mitotic spindle can be oriented in

parallel or perpendicularly to the apical-basolateral polarity plane.

®+®+6_

Figure 5: Mitotic spindle orientation in cysts. a) During normal cystogenesis, the mitotic

Proper mitotic
spindle orientation

o

Spindle
misorientation

spindle is oriented perpendicularly to the apical-basal axis and the mitotic cell divides in the plane of
the monolayer. b) When the mitotic spindle is misoriented, the mitotic cell divides in the wrong plane,
leading to the formation of aberrant cysts with multiple lumens. The apical surface (red), microtubules

(green), and chromosomes (blue) are indicated (Adapted from 22).

The oriented cell division is a key step in different biological processes. For
example, oriented cell division allows the stem cells to divide symmetrically or
asymmetrically, along the parallel or perpendicular cell-substrate axis respectively.
Here, the substrate is represented by their attached niche or the extracellular matrix.

Cell geometry, cell polarity and cell-cell adhesion have been proposed to be the
determinants for the spindle axis orientation. Cell-cell adhesions provide a cortical
cue to orient the mitotic spindle parallel to the epithelial plane. In particular, it has
been demonstrated that the Gai-LGN-NuMa complex is one of the most important
regulators of astral microtubules anchorage to cell cortex. This complex localizes at
the basolateral domain and is evolutionary conserved (in Drosophila Melanogaster its
members are called Mud, Pins and Gai respectively). GDP-loaded Gai recruits LGN
through its GoLoco motifs at the C-terminus. Moreover, LGN binds also
microtubules-associated NUMA through the tetratricopeptide repeats (TPR) at its N-
terminal portion (20). This interaction is essential for microtubules anchorage to the
cell cortex. Furthermore, cortical NuMa also associates with the microtubule motor
Dynein/Dynactin (21) providing a sliding anchorage for depolymerising microtubules,
whose shrinkage pulls towards the cell cortex the connected spindle pole.

15



Cortical factors are not the only regulators of mitotic spindle orientation. Indeed,
Cdc42 controls mitotic spindle orientation acting on the spindle machinery that
controls the orientation of the mitotic spindle itself. Moreover, Cdc42 is required to
properly position the apical surface by controlling spindle orientation during cell
division (22; 23; 24).

Polarized cell division must be finely tuned and affects some physiological and
pathological behaviours. The balance between symmetric and asymmetric cell
division defines the number of indifferentiated stem cells, as well as the bulk of
differentiated cells in a given tissue. The deregulation of spindle orientation in
proliferating cells has been shown to cause abnormal stem cell differentiation,
aberrant organ structures and functions and lead to the onset of disorders that

include tumorigenesis and polycystic kidneys.

Diacylglycerol kinase alpha: diacylglycerol and phospatidic acid balance and their

involvement in cell polarity

Diacylglycerol kinases (DGKs) are a family of lipid kinases that phosphorylates
the membrane lipid diacylglycerol (DAG) into phosphatidic acid (PA), both lipid
second messengers. Thus, DGKs tuned the transduction pathway of two seconds

messengers, shutting down the DAG pathway and activating the PA one.
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Figure 6: DGKs enzymatic activity regulates DAG and PA levels at the plasma membrane.

DAG (left) and PA (right) downstream effectors are shown (27).
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DAG is an activator of C1 domain-containing proteins, such as classic and novel
protein kinase C (PKC), Ras guanine-nucleotide releasing factors (Ras GRPs) and
alpha and beta Chimaerin (Racl- and- Cdc42-GAP protein) (25).

PA binds to several proteins, although a specific PA binding domain has not been
identified. It binds to and regulates the localization and function of several protein
kinases (aPKC, mTOR, Fer), lipid metabolizing enzymes (Phospholipase Cy,
Phosphatidilinositol-4-phosphate 5-kinase) and small GTPase regulators (SOS,
DOCK1/2 and ARF GAPS) (25, 26).

DGKs are cytosolic enzymes and they translocate to membrane compartments
where DAG is produced. Some DGKs isoforms have been identified in unicellular
organisms, such as bacteria and yeast. However, these isoforms are structurally
different from those identified in higher eukaryotes. Indeed, the bacterial DGK is a
small, integral membrane protein, unlike mammalian DGKs, and it can phosphorylate
other lipids in addition to DAG (25).

There are 10 isoforms of DGKs in mammalian, divided into 5 classes basing on
structural motifs. All the isoforms show two common structural domains: i) the
catalytic domain, which contains the ATP binding site, and ii) two cysteine-enriched
domains, homologous to the DAG-binding C1A and C1B domains of PKCs. The C1
domain closest to the catalytic domain contains an extended region of fifteen amino
acids that contributes to DGKs activity. Indeed, mutations in this domain significantly
reduce the kinase activity of DGK enzymes. Moreover, it seems that the C1 domains
of some DGKs could act as protein-protein interaction sites and it suggest that these
domains might bind not only DAG. For example, the C1 domain of DGK{ binds
directly to the Rho GTPase Racl (25).

Every single DGK class also features some characteristics structural domains:

1. type | DGKs comprehends the a, 3 and yisoforms. They show calcium-binding
EF-hand motifs, that make them more active in presence of calcium, and a
Recoverin Homology Domain;

2. type Il DGKs class is composed by the 9§, n and k isoforms. They have
pleckstrin homology domains at their amino-termini, which are able to weakly
bind Ptnins in DGKd. They also feature a sterile alpha motifs (SAM) at their
carboxy-termini that might act as a localization cue and can also induce their

homo- and hetero-oligomerization;
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3. the only type 1l DGK is DGKe. It shows a strong specificity toward
arachidonate in the sn-2 position of the acyl chains of DAG. This preference
suggests that DGKe may be a key component of the pathway that induces the
enrichment of Ptdins with arachidonate;

4. type IV DGKs are the ¢ and | isoforms. They have domains similar to the
phosphorylation site of MARCKS proteins that act as localization cues.
Moreover, these isoforms show four ankyrin repeats and a carboxy-terminal
PDZ binding domain;

5. the only type V DGK is DGKB®. It has three C1 domains and a putative PH
domain that contains a Ras association domain, though DGKO do not

associate with Ras (25).
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Figure 7: Structure of mammalian DGKs. The ten DGKs isoforms are grouped by sequence

homology into five subtypes. Protein motifs common to several DGKs are shown (24).

DGKs structural diversity indicates that these enzymes modulate numerous
important biological events likely independently. In this regard, in our laboratory it has
been demonstrated the alpha isoform — which belongs to the type | DGKs — is
specifically involved in cell migration, invasion and angiogenesis. In particular, DGKa
is activated downstream growth factors stimulation — such as HGF and Vascular
Endothelial Growth Factor (VEGF) — by Src kinase, that phosphorylates DGKa on
Tyr***. Moreover, expression of the oncogenic constitutive-active v-Src is sufficient to

induce DGKa phosphorylation and consequent activation (28; 29; 30). In epithelial
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MDCK cells, DGKa regulates HGF and v-Src-induced cell migration as well as focal
adhesions and cytoskeletal actin remodelling. In MDCK cells, HGF acts as an EMT
modulator and induces cell scatter: after a few minutes of HGF stimulation, MDCK
cells remodel their actin cytoskeleton and start to elongate dynamic ruffles, that
eventually evolve in lamellipodia, leading to the consequent cell migration. In our
laboratory it has been demonstrated that in MDCK epithelial cells, upon HGF
stimulation, DGKa activation provides a lipidic signal, PA, which recruits to the
plasma membrane a complex containing Racl, RhoGDI — a guanine nucleotide
dissociation inhibitor of the Rho GTPases family members — and the atypical protein
kinase C{/i (aPKCCh), which are activated by acidic lipids, such as PA. After its
activation, aPKC{/ phosphorylates RhoGDI, with the consequent release of Racl
from the complex and its activation. Racl itself can activate downstream effectors,
leading to cortical actin remodelling and ruffles formation, triggering cell migration as
a final effect (31; 32). Similarly, in this cell model DGKa controls membrane
localization of Cdc42 through a mechanism independent from aPKCJ//!.

All these findings demonstrate that DGKa is a key regulator of epithelial cells
polarization and migration. Indeed, DGKa is a regulator of some members of the Rho
family of small GTPases — Racl and Cdc42 at least — which are key determinants of
cell polarity (17). As described before, both Racl and Cdc42 functions are necessary
to trigger cell migration and actin cytoskeleton remodelling. They also regulates
cystogenesis in 3D polarized epithelial cells, which is strongly perturbed upon both
Racl and Cdc42 silencing (1, 18). Together, all these observations suggests that
DGKa may be an important regulator of epithelial cells cystogenesis and polarization
in a 3D context, where membrane lipids and Rho GTPases are key determinants of

the polarized phenotype. Indeed, DGKa is both a regulator of lipidic signals,

metabolizing membrane DAG to PA, and of Racl and Cdc42 intracellular localization.
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Aim of the thesis

Data previously obtained in our laboratory demonstrate that in epithelial cells
DGKa is an important regulator of cell migration and of the front-rear polarized
phenotype of migrating cells. Indeed, DGKa catalytic activity is necessary to trigger
actin cytoskeleton remodelling, ruffles elongation and cell scatter (30; 31). Active
DGKa metabolizes membrane DAG to PA, which is a lipidic signal that recruits Racl
and Cdc42 at specific sites of the plasma membrane. Racl and Cdc42 are then
activated at the leading edge of epithelial cells, where they mediates the elongation
of protrusions and the consequent cell migration (31; 32; 37). DGKa is also involved
in Integrin recycling and in B1-Integrin-dependent elongation of protrusions. DGKa is
recruited at the tip of the emerging pseudopods, where PA enrichment allows RCP-
and a5p1-Intergin-containing vesicles docking to the plasma membrane (42). DGKa
catalytic activity is necessary to trigger all these cellular functions, suggesting that
during cell migration, actin remodelling and Integrin recycling DGKa acts primarily as
a regulator of lipidic signals than as a scaffolding protein.

Rho GTPases and Integrins are also key regulator of epithelial cells polarization
in a 3D environment. Indeed, in cysts derived from epithelial cells Integrins are
localized at the basolateral domain, where they mediate the interaction with the
extracellular matrix and the consequent laminin deposition (39; 41). Conversely, Rho
GTPases are involved both downstream Integrins signalling and in apical recruitment
of vesicles (1; 18; 36; 39; 41).

Today, DGKa is a well demonstrated regulator of cell migration and front-rear
polarization. Previous observations also demonstrated that DGKa regulates both Rho
GTPases and Integrins (31; 32; 37; 42). Thus, we hypothesized that DGKa can be
involved also in epithelial cells 3D polarization and cystogenesis. Indeed, we
demonstrated that in MDCK cysts DGKa catalytic activity is necessary for the
formation of a single central lumen because both its specific siRNA-mediated
silencing and its pharmacological inhibition leads to the formation of multiple lumens.

The aim of this work is to elucidate the role of DGKa during epithelial cells
polarization and cystogenesis. DGKa is a regulator of two important lipidic second
messengers, DAG and PA: they act as docking sites/localization signals for vesicles

and proteins and DGKa catalytic activity is strictly necessary to trigger their
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downstream signalling,. Here | analyzed DGKa involvement in apical and basolateral
recruitment of proteins, in particular of Cdc42 and Racl. Moreover, | analyzed the
role of DGKa in the orientation of the mitotic spindle during mitosis, as multiple lumen
are a direct consequence of mitotic spindle misorientation in epithelial cysts (22; 23;
24).

The final purpose of this thesis is to dissect the signalling pathways underlying
cell polarization in 3D systems and, at a larger extend, in complex tissues and organs
in vivo and to determine if DGKa is involved in important physiological and
pathological processes that involve cell migration/polarization and mitotic spindle

orientation.
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Materials and methods

Cells

MDCK cells were grown in MEM (Minimal Essential Medium) supplemented with
5% fetal bovine serum, antibiotics and antimycotics in humid atmosphere at 37°C
with 5% COs.

MDCK stably expressing Cdc42-GFP, CBD-GFP, Annexin A2-GFP, PH-Akt-GFP,
PH-PLD-GFP and Rab11-GFP are a Keith Mostov’s kind gift.

MDCK stably expressing the inducible OST-tagged DGKa were obtained by
lentiviral transduction. After 3 weeks in selective medium, cells were analyzed by
immunofluorescence and western blot.

HelLa cells were grown in DMEM (Dulbecco’s modified essential medium) with
10% fetal bovine serum, antibiotics and antimycotics in humid atmosphere at 37°C

with 5% COs.

3D cells culture and cystogenesis

To obtain MDCK cysts in Matrigel, cells were trypsinized to a single cell
suspension of 2x10* cells/ml in MEM media plus 5% fetal bovine serum and 2%
Matrigel. The obtained cell suspension was plated in 8-well coverglass chambers
covered with Matrigel. Cells where feed every 2 days and grown for 4 days until cysts
with large lumen formed.

Inhibitors and treatments were added in the culture media.

Cell synchronization: double thymidine block

HeLa cells were synchronized by a double-thymidine block. 2.5 mM thymidine
was added into the medium 24h after plating. After 18 hours, thymidine was washed
out and cells were grown in complete medium for 8 hours, then 2.5 mM thymidine
was added again into the medium for 18 hours. Cells were then washed twice with
PBS and released in complete medium for 8 hours. Cells were then fixed and
processed for immunofluorescence.

Inhibitors and treatments were added directly in the culture media before the fist
thymidine block and kept during both the synchronization and release steps.

In all the experiments, HelLa cells were cultured on fibronectin-coated coverslips

for more than 90 hours to allow polarization and synchronization.
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Microscopy
MDCK cysts and HelLa cells were fixed in 4% paraformaldehyde (pH 7.4) and

stained with specific antibodies. Pictures from the processed cysts and cells were
acquired with a Leica SP2 confocal microscope. Different cellular parameters were
then analyzed, such as number of single/multiple lumens and apical/basal protein
staining for MDCK cysts and mitotic spindle orientation for both MDCK cysts and
Hela cells.

For each condition, more than 20 cysts or cells/experimental point were analyzed
and standard deviation or standard error were calculated. Statistical significance was

determined by student’s T test.

Spindle orientation analysis

1. MDCK cysts: to determine mitotic spindle orientation, cysts were fixed in
paraformaldehyde and stained with an anti-acetylated-a—tubulin antibody.
Pictures of metaphase cells from the processed cysts were acquired and two
main polarity axis were determined: i) spindle axis, highlighted by drawing a
line that connects the two spindle poles, and ii) apical-basolateral axis. The
angle formed by the apical-basolateral axis and the spindle axis were then
analyzed: angles <45° were considered abnormal.

More than 20 cysts/experiment were analyzed for each condition and standard
deviation was calculated. Statistical significance was determined by student’s

T test.
Angle<45°=aberrant
f'i T~
I_/\ .?_ ’}\.\
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apico-basal axis

Figure 8: schematic representation of the analysis of mitotic spindle orientation in

MDCK cysts. The spindle axis and the apical-basolateral axis are shown (23).

2. Hela cells: to determine mitotic spindle orientation, synchronized HeLa cells

grown on fibronectin-coated coverslips were fixed in paraformaldehyde and
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stained with an anti-acetylated-a—-tubulin antibody. Pictures of metaphase cells
from the processed cells were acquired and the spindle axis has been
highlighted drawing a line that connects the two spindle poles. The a angle
formed by the spindle axis and the horizontal substratum was then analyzed:
angles >10° were considered abnormal.

More than 20 cells/experiment were analyzed for each condition and standard
deviation or standard error were calculated. Statistical significance was

determined by student’s T test.

a? . spindle angle

substratum (fibronectin)

Figure 9: schematic representation of the analysis of mitotic spindle orientation in

HelLa cells. The a angle and the substratum are shown (55).

Pulldown assay

Four days old cysts (cultured in 6 wells-matrigel coated plates in presence or not
of DGKa pharmacological inhibitor R59022, 1uM final concentration) were lysed in an
equal volume of gold lysis buffer (2% Triton X-100, 40 mM Tris-HCI, 100 mM Nacl,
20 mM MgCl,, 30% glycerol, 1 mM dithiothreitol and protease inhibitors), then
centrifuged at 15,000 rpm for 5 minutes. A 50 yl sample from the supernatant was
set aside for determination of Cdc42 and Racl levels in the total lysates. GTP
loading on Cdc42 and Racl was determined by GST-PAK beads pulldown and
revealed by western blot.

RNAI
Three different custom siRNAs against the canine DGKa isoform were
synthesized as double strand RNA:
- cl: sense GCUCAGAAGUGGACAGGAULtt and antisense
AUUCUGUCCACUUCUGAGCtg;
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- c2: sense CCCAGACAUCCUGAAAACCTtt and antisense
GGUUUUCAGGAUGUCUGGGtg;

- c3: sense CCUUCCACACCACAAAAACt and antisense
GUUUUUGUGGUGUGGAAGGtg.

MDCK cells plated at low density were transfected with 200 pM of DGKa siRNAs
or with a control siRNA using Lipofectamine 2000. Then cells were plated in Matrigel
for 4 days to allow cysts formation and processed for immunofluorecence analysis
and Western Blot.

The siRNA against the Human DGKa is a validated siRNA and was buy from
Ambion. HelLa cells plated at low density were transfected with 12.5 pM of DGKa
siRNA or with a control siRNA using Lipofectamine 2000. After synchronization by
double thymidine block cells were processed for immunofluorecence analysis and
Western Blot.

The control siRNA is a validated negative control and was buy from Ambion. This
SsiRNA sequence do not target any gene product and have been designed to have no
significant sequence similarity to mouse, rat or human transcript sequence. Moreover,
the control siRNA have been tested in multiple cell lines and show to have no

significant impact on cell proliferation, apoptosis and morphology.
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Results

Lack of Diacylglycerol kinase alpha activity leads to the multiple lumen phenotype

In order to examine the role of DGKa activity during cyst development in 3D
cultures of epithelial cells, we used MDCK cells either silenced for DGKa by specific
siRNAs (Figure 10a) or treated with a DGKa pharmacological inhibitor. The
specificity of the custom siRNAs and of the pharmacological inhibitor R59022 for
DGKa have been previously demonstrated (31; 33).

When grown in matrigel for 4 days upon DGKa silencing, MDCK cells developed
polarized cysts with multiple, large, intercellular, hollow lumens instead of a single
central lumen as in control cysts (Figure 10d). Nevertheless, despite their multiple
lumen phenotype, the polarized architecture of epithelial cells surrounding each
lumen within the cyst is well preserved, as every lumen shows a strong apical actin
enrichment as in control cysts (Figure 10b). DGKa expression was analyzed by
western blot and it is still quite knocked down after 4 days from the transfection with
the DGKa specific siRNAs (Figure 10a). Moreover, the same phenotype was
obtained by pharmacological inhibition of DGKa by cell treatment with R59022.
Indeed, following DGKa inhibition we can observe large, intercellular, hollowed, actin-
rich lumen in the 70% of the cysts (Figure 10e and 10h).

This findings demonstrate that DGKa enzymatic activity is required for the
formation of cysts whit a single central lumen.

Then, we have investigated whether silencing/inhibition of DGKa affects the

localization of polarity markers. The apical marker GP135 strongly accumulates at

the apical plasma membrane both in control and in DGKa silenced cysts (Figure 10b).

E-cadherin staining is also preserved: we can detect a strong basolateral E-cadherin
staining both in control and DGKa silenced cysts (Figure 10c). Similar results were
obtained following DGKa pharmacological inhibition with R59022. Indeed, GP135
(Figure 10e) and E-cadherin (Figure 10f) localize at apical and basolateral domain
respectively in MDCK cysts treated with DGKa pharmacological inhibitor for 4 days.
In order to further analyze single cell polarization in our system, we looked at the
Golgi apparatus polarization by GM130 localization, a peripheral cytoplasmic protein
tightly bound to Golgi membranes (34). In MDCK cysts, the Golgi apparatus localizes
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toward the central lumen, between the nucleus and the apical membrane. As shown
in Figure 10g, also the Golgi orientation is preserved when DGKa is pharmacological
inhibited: the Golgi apparatus is still located among nucleus and apical membrane as
in control cysts.

Overall, these data indicate that DGKa is a key player during cystogenesis.
Indeed, either its siRNA-mediated silencing or its pharmacological inhibition lead to
aberrant cystogenesis and to the multiple lumen phenotype. Moreover, data obtained
using the pharmacological inhibitor suggest that DGKa enzymatic activity is strictly
required for proper single lumen formation. These data support the hypothesis that
generation of a single central lumen during cystogenesis requires DGKa enzymatic
function leading to either downregulation of DAG or generation of PA or reciprocal

regulation of both signalling lipids.

Figure 10: the enzymatic activity of DGKa is necessary for single lumen formation.

a) DGKa silencing in MDCK cysts. MDCK cells were transfected with a control siRNA or with
siRNAs specific for DGKa (c1, ¢2 and ¢3) and cultured as described in material and methods. DGKa
silencing was analyzed by western blot. A Jurkat A3 lysate was used as a positive control for DGKa
expression b and c¢) DGKa silencing leads to the multiple lumen phenotype without affecting single
cell polarization. MDCK cysts transfected with a control siRNA or with siRNAs against DGKa (c1, c2
and c3) were fixed and stained for actin (red), nuclei (blue) and GP135 (green) or E-cadherin (green).
Representative single confocal sections through the middle of the cysts are shown. Scale bar 20uM.
d) Quantification of multiple lumen due to DGKa silencing. MDCK cysts transfected with a control
siRNA or with siRNAs against DGKa (c1, c2 and c3) were fixed, stained and analyzed by concofal
microscopy. Percentage above control of single vs multiple lumen has been evaluated and the graph
shows the mean value of 3 independent experiments + SE. *** t-test vs control p<0.0005. e and f)
DGKa inhibition induces the multiple lumen phenotype without affecting single cell polarization. MDCK
cysts cultured in presence or not of DGKa pharmacological inhibitor R59022 at 1uM final
concentration were fixed and stained for actin (red), nuclei (blue) and GP135 (green) or E-cadherin
(green). Representative single confocal sections through the middle of the cysts are shown. Scale bar
20uM. e) DGKa inhibition doesn'’t affect the polarized localization of the Golgi apparatus. MDCK cysts
cultured in presence or not of DGKa pharmacological inhibitor R59022 at 1uM final concentration were
fixed and stained for actin (red), nuclei (blue) and GM130 (green). Representative single confocal
section through the middle of the cysts are shown. Scale bar 20uM. h) Quantification of the
percentage of multiple lumen due to DGKa inhibition. MDCK cysts cultured in presence or not of
DGKa pharmacological inhibitor R59022 at 1uM final concentration were fixed, stained and analyzed

by concofal microscopy. The percentage above control of single vs multiple lumen has been evaluated
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and the graph shows the mean value of 3 independent experiments + SE. *** t-test vs control
p<0.0005.
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Diacylglycerol kinase alpha localization in MDCK cysts

We have investigated DGKa localization in MDCK cyst and we have found that
endogenous DGKa is localized predominantly at the basolateral domain (Figure 11a),
accumulated in dot-like structures, suggesting that it piles up in intracellular vesicles.

DGKa basolateral localization was further confirmed using MDCK cells that
stably express an inducible OST-tagged form of DGKa. In these cells, OST-DGKa is
expressed upon doxycycline administration to either 2D or 3D MDCK cultures (Figure
11b and 11c). Unexpectedly, OST-DGKa is not expressed with the same efficiency in
2D and 3D conditions: as shown in Figure 11b, the administration of 100 ng/ml of
doxycycline is sufficient to induce OST-DGKa expression in MDCK cells cultured in
2D but not in 3D Matrigel-embedded cells (Figure 11b vs Figure 11c). In MDCK cysts,
OST-DGKa is expressed only upon the administration of higher concentration of
doxycycline (Figure 11c, 1000 ng/ml doxycycline). This behaviour can be due to the
different context-dependent bioavailability of the doxycycline itself, since it perhaps
reaches with less efficiency the Matrigel embedded cysts.

Only doxycycline-treated MDCK cysts show a basolateral staining of OST-DGKa.
Moreover, OST-DGKa basolateral localization is comparable to the endogenous
DGKa one (figure 11f).

Meticulous analysis of several pictures revealed that following its
pharmacological inhibition DGKa accumulates at the apical domain (Figure 11f
arrows and 119g). The finding that DGKa activity keeps its own localization at the
basolateral domain suggests that accumulation of DAG or lack of PA drives it to the
apical domain.

During cystogenesis, the apical-basolateral polarization is ensured by the
asymmetric localization of proteins and membrane lipids. Lipidomic studies in MDCK
cells grown upon porous filters, which feature the same apical-basolateral
polarization of the cells that compose hollowed cysts, revealed that also PA and DAG
are polarized. In particular, DAG is enriched at the apical domain while PA is more
abundant in basolateral membranes (35). However, our data suggests that DGKa
might act both at the apical and basolateral domains of MDCK cysts, regulating
vesicular trafficking to different cellular compartments, leading to the establishment of

the apical-basolateral polarized phenotype.
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Figure 11: DGKa localization in MDCK cysts.

a) Endogenous DGKa accumulates in small vesicles at the basolateral domains. MDCK cysts
were fixed and stained for DGKa (green), actin (red) and nuclei (blue). Representative single confocal
sections through the middle of the cysts are shown. Scale bar 20uM. b and c) OST-DGKa expression.
MDCK CTRL or OST-DGKa cells were cultured as a monolayer (b) or as cysts (¢) and treated with
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100-1000 ng/ml doxycycline for 24 hours. Cells were then lysed and cell lysates were analyzed by
western blot. A Jurkat A3 lysate was used as a positive control for DGKa. d, e and f) OST- DGKa
localization at the basolateral domain is catalytic activity-dependent. MDCK CTRL or OST-DGKa cysts
were treated with 1000 ng/ml doxycycline for 24 hours, fixed and stained for OST-DGKa (green), actin
(red) and nuclei (blue). Representative single confocal section through the middle of the cysts are
shown. Scale bar 20puM. Arrows indicates apical OST-DGKa staining. g) DGKa inhibition induces its
apical accumulation. The graph shows the percentage of cysts with apical OST-DGKa mean value of

3 independent experiments + SE. * t-test vs control p<0.05

Diacylglycerol kinase alpha controls mitotic spindle orientation

The most significant event downstream DGKa signalling in MDCK cysts is the
multiple lumen phenotype. In particular, DGKa pharmacological inhibition or its
siRNA-mediated silencing induces the formation of clear, intercellular, multiple lumen
(Figure 10e and 10f). This phenotype suggests a possible effect on the mitotic
spindle orientation.

In the past few years, it has been demonstrated that in cysts multiple lumen
appear when the mitotic spindle is misaligned during cell mitosis (22; 24). Indeed, in
polarized cysts also mitosis is polarized and must be properly oriented. In particular,
the two daughter cells must divide in parallel to the central lumen and perpendicularly
to the apical-basolateral axis. When mitosis is not properly oriented, the two daughter
cells will recognize the cytokinetic furrow as a newly formed apical domain (Figure 5).
Consequently, they will redirect their vesicular trafficking to create a new lumen (22;
36).

Evaluation of mitotic spindle orientation in MDCK cysts revealed that it is
misoriented upon DGKa silencing or pharmacological inhibition (Figure 12a and 12c).
Spindle orientation was analyzed as described in material and methods, revealing
that in cyst where DGKa was silenced by specific SIRNAs more than 60% of mitotic
cells display a mitotic spindle angles <45° (Figure 12a and 12b), which is considered
abnormal (23). The same phenotype is observed when DGKa is pharmacological
inhibited (Figure 12c and 12d). Moreover, a strong mitotic spindle misalignment is
observed also when the lipid kinase is pharmacological inhibited for only 24 hours
(Figure 12c and 12d).

These observations suggest that DGKa controls the orientation of the mitotic
spindle in MDCK cysts. Moreover, mitotic spindle misorientation is an early event

upon DGKa pharmacological inhibition, since it can be observed after only 24 hours
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of treatment with the DGKa pharmacological inhibitor. Indeed, at least 60% of mitotic
cells display a strong misorientation of the mitotic spindle alignment upon DGKa
inhibition for 24 hours, as shown in figure 12d. Thus, in most cases the first cell
mitosis occurring following DGKa inhibition is not oriented, suggesting a very strong
link between DGKa catalytic activity and the orientation of the mitotic spindle.

Overall, these data support the hypothesis that the control of mitotic spindle

orientation is the major mechanisms relying on DGKa activity in MDCK cysts.
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a) DGKa silencing induces mitotic spindle misorientation. MDCK cells transfected with a control
SiRNA or with siRNA specific for DGKa were grown in matrigel for four days, fixed and stained for a-
tubulin acetylated (green), actin (red) and nuclei (blue). Representative single confocal sections of
metaphase cells are shown. The magnifications show the spindle axis and the apical-basolateral axis

as white lines. Scale bar 20uM. b) Quantification of the percentage of misoriented mitotic spindle upon
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DGKa silencing. The graph shows the percentage of mitotic spindle angles<45° mean value of 3
independent experiments + SE. * t-test vs control p<0.05. ¢) DGKa pharmacological inhibition leads to
spindle misorientation. MDCK cysts grown in presence or not of the DGKa pharmacological inhibitor
R59022 at 1uM final concentration were fixed and stained for a-tubulin acetylated (green), actin (red)
and nuclei (blue). Representative single confocal sections of metaphase cells are shown. The
magnifications show the spindle axis and the apical-basolateral axis as white lines. Scale bar 20uM. d)
Quantification of the percentage of misoriented mitotic spindle upon DGKa inhibition. Graph showing
the percentage of mitotic spindle angles<45° mean value of 3 independent experiments + SE. * t-test

vs control p<0.05.

Cdc42 and mitotic spindle orientation

In polarized epithelial cells, Rho GTPases are key regulators of the polarized
phenotype and their activity is mandatory to maintain it. Indeed, in MDCK cysts
Cdc42 depletion strongly perturbs cell polarization and leads to the formation of small
lumens with decreased apical F-actin staining. Moreover, apical markers accumulate
in large intracellular vesicles (18). Cdc42 is also one of the most important regulators
of mitotic spindle orientation during cystogenesis (22; 24). Indeed, the mitotic spindle
is misoriented when Cdc42 is silenced. Moreover, two GEFs regulate Cdc42
activation in cysts: Tuba and Intersectin. In particular, Intersectin activates the Cdc42
pole responsible for mitotic spindle alignment (23).

DGKa is a key regulator of the polarized protrusive activity during migration and
invasion of epithelial and endothelial cells. The lipid kinase is able to trigger cell
migration because is a key regulator of Racl (30) and Cdc42 (37) localization during
cell migration. Since Cdc42 regulates mitotic spindle orientation in MDCK cysts, we
decided to analyze its localization and activation status in this context. At this end, we
used an MDCK cell line that stably expresses a GFP-tagged Cdc42 (MDCK Cdc42-
GFP). As expected, Cdc42-GFP localization is perturbed when DGKa is silenced or
inhibited (Figure 13a and 13c). In these cysts Cdc42-GFP is more diffuse in the
cytoplasm than enriched at the apical plasma membrane as in control cysts (Figure
13a and 13c) and in some cells also localizes at the basolateral domain (Figure 13a,
arrows). This result was further confirmed looking at the localization of the CRIB
domain of WASP (CBD), a probe for active GTP-Cdc42, using an MDCK cell line that
stably expresses GFP-CBD. In control MDCK cysts, the CBD-GFP probe localizes
predominantly at the apical domain, indicating that Cdc42 is strongly active at this

site. When DGKa is silenced or pharmacological inhibited, also the CBD-GFP probe
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is diffused in the cytoplasm (Figure 13b and 13d) as Cdc42-GFP. Moreover, in some
cysts the CBD-GFP probe accumulates at the basolateral domain (Figure 13c and
13d, arrows). This basolateral GFP-CBD enrichment is peculiar of DGKa silenced or
inhibited cyst and hardly detectable in control cysts.

However, despite DGKa clearly regulates Cdc42 localization, it does not regulate
its activation status, measured biochemically as total Cdc42-GTP (Figure 13g),
though we can not rule out that DGKa may affect the activation state of a small-
hardly detectable pool of Cdc42 molecules.

As DGKa regulates Cdc42 localization, we then analyzed whether it regulates
the pool of Cdc42 that is recruited and activated at the mitotic spindle (23).
Unfortunately, we were not able to rule out it because no clear Cdc42-GFP or CBD-
GFP staining at the mitotic spindle was detected (Figure 13e and 13f).

Taken together, these results demonstrate that Cdc42 is a downstream effector
of DGKa in MDCK cysts. They also suggest that DGKa regulates Cdc42 localization
but not its activation. The still open question is if the lipid kinase controls also the
Cdc42 amount responsible for mitotic spindle orientation, which could provide a

mechanism for the regulation of mitotic spindle orientation itself.

Figure 13: DGKa regulates Cdc42 localization.

a and c) DGKa silencing/inhibition affects Cdc42 localization. MDCK Cdc42-GFP cysts
transfected with SiRNAs against DGKa or grown in presence or not of DGKa pharmacological inhibitor
R59022 at 1uM final concentration were fixed and stained for actin (red) and nuclei (blue).
Representative single confocal sections through the middle of the cysts are shown. Arrows indicates
Cdc42-GFP accumulation at the basolateral domain. Scale bar 20uM. b and d). DGKa
silencing/inhibition affects active Cdc42 localization. MDCK CBD-GFP cysts transfected with siRNAs
against DGKa or grown in presence or not of DGKa pharmacological inhibitor R59022 at 1uM final
concentration were fixed and stained for actin (red) and nuclei (blue). Representative single confocal
sections through the middle of the cysts are shown. Arrows indicates CBD-GFP accumulation at the
basolateral domain. Scale bar 20uM. e and f) Cdc42 localization at the mitotic spindle. MDCK Cdc42-
GFP or CBD-GFP cysts grown in presence or not of DGKa pharmacological inhibitor R59022 at 1uM
final concentration were fixed and stained for a-tubulin acetylated (red) and nuclei (blue).
Representative single confocal sections of metaphase cells are shown. Scale bar 20uM. g) Cdc42
activation is not controlled by DGKa activity. MDCK cysts grown in presence or not of DGKa
pharmacological inhibitor R59022 at 1uM final concentration were lysed and a GTS-PAK pulldown
assay was performed. Total lysates were used as loading controls. Proteins were analyzed by western
blot.
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Membrane lipids and mitotic spindle orientation

Membrane lipids are key determinants of cell polarity. In the polarized cysts
context, apical and basolateral domains feature different lipid signatures. In particular,
the apical domain is enriched in PI(4,5)P,, while PI(3,4,5)P3; concentration is higher at
the basolateral domain. PI(4,5)P, apical enrichment is important to direct vesicular
trafficking at this domain, through a mechanisms involving PTEN, Annexin A2, aPKC,
Cdc42 and Rabll-containing vesicles (18; 36). On the other hand, basolateral
P1(3,4,5)P3 plays an important role in mitotic spindle orientation. Most studies were
carried out in HeLa human cervical cancer cells plated on fibronectin. In this model it
has been demonstrated that astral microtubules bind the midcortex membrane, which
is enriched of PI(3,4,5)P3, thus determining the orientation of the mitotic spindle in
parallel to the substratum (19; 36). DGKa regulates mitotic spindle orientation also in
this experimental system: following treatment with DGKa pharmacological inhibitor,
HeLa cells plated on fibronectin-coated coverslips fail to properly orientate their
mitotic spindle in parallel to the substratum (Figure 14a and 14b). The same
phenotype is observed when DGKa is silenced using a specific SIRNA (Figure 14c).

As in both HelLa cells and MDCK cysts, both DGKa and PI3K enzymatic activities
regulate multiple lumen and mitotic spindle orientation, we assayed whether inhibition
of DGKa affects P1(4,5)P2/ PI(3,4,5)P3 polarization in 3D MDCK cysts.

We investigated the localization of PH-Akt-GFP, a probe for PI(3,4,5)P; and
PI(3,4)P,, and the localization of PH-PLC-GFP, a probe for PI(4,5)P,. In DGKa
silenced 3D cysts, PI(3,4,5)P; segregation at the basolateral domain is perturbed, as
the PH-Akt-GFP probe is more diffuse in the cytoplasm and is also recruited at the
apical domain in some cysts (Figure 15a, arrows). The PH-Akt-GFP probe
localization is perturbed also upon DGKa pharmacological inhibition (Figure 15),
indicating that the catalytic activity of DGKa is required to maintain the proper
segregation of membrane lipids in MDCK cysts.

Conversely, inhibition of the DGKa does not affect the localization of the
P1(4,5)P, probe, which properly localizes at the apical domain as in control cysts
(figure 15c). Indeed, no significant PH-PLC-GFP basolateral or cytoplasmic
localization was detected upon DGKa inhibition, indicating that P1(4,5)P, segregation

is not affected.
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Overall, these data suggest that DGKa can regulate mitotic spindle orientation by
regulating the localization of Cdc42 and of PI(3,4,5)P3. The molecular mechanisms
by which DGKa regulates the localization of both Cdc42 and PI(3,4,5)P3 still await to

be investigated.

a DMSO R59022

>

E [1-]

&

Fibronectin
b c
b= © -
€ 807 O DMSO £ o OsiRNA con.
@ 60 * mR5%022| & 60- msiRNA DGKa
v * 2
S 40 E 40~
E 20 E 20-
5 5 = e B
2 T T T sy T T T
> [0-10] [10-20] [20-30] [30-40] *® [0-10] [10-20] [20-30] [30-40]
Spindle axis/substrate angle (degree) Spindle axis/substrate angle (degree)

Figure 14: DGKa regulates mitotic spindle orientation in HelLa cells.

a) DGKa pharmacological inhibition induces spindle misorientation. Hela cells plated on
fibronectin coated coverslips (5pg/cm2) grown in presence or not of DGKa pharmacological inhibitor
R59022 at 1uM final concentration and synchronized by double thymidine block were fixed and
stained for actin (red) and a-tubulin acetylated (green). Representative single confocal section (xz axis)
of metaphase cells are shown. b) Quantification of the percentage of misoriented mitotic spindle upon
DGKa inhibition. Graph showing the percentage of mitotic spindle angles divided into 4 groups. Mitotic
spindle angles were considered normal in the [0-10] interval. The mean value of 3 independent
experiments + standard error is shown. * t-test vs control p<0.05. c¢) Quantification of the percentage
of misoriented mitotic spindle upon DGKa silencing. Graph showing the percentage of mitotic spindle
angles divided into 4 groups of a single experiment is shown. The mitotic spindle angles were

considered normal only in the [0-10] interval.
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Figure 15: DGKa regulates PI(3,4,5)P; segregation at the basolateral domain but not
PI(4,5)P, enrichment at the apical domain.

a and b) DGKa silencing/inhibition affect PH-Akt-GFP localization. MDCK PH-Akt-GFP cysts
transfected with siRNAs against DGKa (a) or grown in presence or not of DGKa pharmacological
inhibitor R59022 at 1uM final concentration (b) were fixed and stained for actin (red) and nuclei (blue).
Representative single confocal sections through the middle of cysts are shown. Arrows indicates PH-
Akt-GFP accumulation at the apical domain. Scale bar 20uM. c). PH-PLC-GFP apical localization is
independent from DGKa activity. MDCK PH-PLC-GFP cysts grown in presence or not of the DGKa
pharmacological inhibitor R59022 at 1uM final concentration were fixed and stained for actin (red) and
nuclei (blue). Representative single confocal sections through the middle of cysts are shown. Scale

bar 20uM.
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DGKa and Racl regulation: Bl-Inteqgrin signalling at the basolateral domain

In MDCK cysts also Racl is a key regulator of apical-basolateral polarity. Indeed,
Racl localizes at the basolateral domain, where it mediates B1-Integrin signalling to
induce laminin deposition (39). Moreover, suppression of Racl activity at the apical
plasma membrane is critical for the maintenance of the cysts structure: upon
constitutive activation of Racl at the apical membrane, the morphology of the cyst is
disrupted, the central lumen is filled with live cells and the mitotic spindle is
misoriented (40). Moreover, different Integrin pathways contribute independently to
cystogenesis, regulating both Racl and Cdc42. Indeed, while a2B1- and a6(34-
Integrins are required to establish a Racl-dependent basal cue, leading to apical-
basolateral polarization, a331-Integrin was found to regulate the orientation of mitosis,
likely through Cdc42 (41).

DGKa regulates Racl (31) and Cdc42 (37) localization during growth factor and
chemokine-induced induced cell migration and Cdc42 apical enrichment during
cystogenesis (Figure 13). Moreover, in ovarian cancer cells DGKa is involved in
a2pB1-Integrin recycling and consequent elongation of protrusions (41). In MDCK
cysts, DGKa localizes at the basolateral domain (Figure 11), which is more rich in PA
than the apical domain (35). Together, these observations suggest that DGKa acts
mainly at the basolateral domain, where it could drive i) Racl and Integrin-a231
laminin deposition, leading to apical-basolateral polarization, and/or ii) Integrin-a3p1-
dependent Cdc42 regulation.

Despite DGKa is a well demonstrated Racl regulator in MDCK cells grown in 2D
(32), in MDCK cysts its pharmacological inhibition has no effect on Racl basolateral
localization (Figure 16a and 16b). However, when we looked at the activation status
of Racl — measuring biochemically the Racl-GTP level by a pulldown assay — we
found that it is less active in presence of the DGKa pharmacological inhibitor respect
to control untreated cysts (Figure 16c).

These data suggest that in polarized MDCK cysts DGKa acts on two Integrin-
dependent pathways responsible for mitotic spindle orientation: i) the a2p1-Integrin
and Cdc42-mediated pathway and ii) the a3B1-Integrin and Racl-mediated pathway.

Further experiments will rule out both hypothesis.
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Figure 16: DGKa regulates Rac1l activation but not its localization.

a) DGKa inhibition doesn’t perturb Racl basolateral localization. MDCK cysts grown in presence
or not of DGKa pharmacological inhibitor R59022 at 1uM final concentration were fixed and stained for
actin Racl (green), actin (red) and nuclei (blue). Representative single confocal sections through the
middle of the cysts are shown. Scale bar 20uM. b) Racl apical and basolateral localization. The graph
show the percentage of cysts whit apical (AP) and basolateral (BL) Racl staining. The mean value of
3 independent experiments * standard error is shown. ¢) Racl activation is DGKa-dependent. MDCK
cysts grown in presence or not of DGKa pharmacological inhibitor R59022 at 1uM final concentration
were lysed and a GTS-PAK pulldown was performed. Total lysates were used as loading controls.

Proteins were analyzed by western blot.

Phosphatidic acid and multiple lumens: Diacylglycerol kinase alpha and

Phospholipase D crosstalk

DGKa acts as a key regulator of membrane compartments lipidic identity,
modulating PI(3,4,5)P3; segregation at the basolateral domain and metabolizing DAG
into PA.

While DGKs generate PA by consuming DAG, PA is also generated by PLD-
mediated hydrolysis of phospholipids, without affecting DAG level in cellular

membranes (43). The mammalian PLD family consists of two related gene products: i)
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PLD1, which is directly regulated by classic DAG-dependent PKC, Arf6, Rho
GTPases and PI(4,5)P, and ii) PLD2, that is constitutively active and localizes to the
plasma membrane in most cell types (44).

PLDs are emerging as important players during tumorigenesis: elevation of both
isoforms is able to transform fibroblast and to contribute to cancer progression.
Moreover, elevated PLDs activity is present in a wide variety of cancers and affects
cells migration and invasion. In leucocytes, PLD has been associated with
phagocytosis, degranulation, microbial kiling and maturation (45). In intestinal
epithelial cells, PLD1 is involved in brush border formation through a mechanism that
involves the small G protein Rap2A and its downstream effector Ezrin (46).

In order to investigate whether PA generated by PLD may also contribute to
cystogenesis, we inhibited both PLD1 and PLD2 by 1-butanol administration. This
alcohol acts as a PLDs inhibitor because PLDs can use primary alcohols, such as 1-
butanol, in place of water during the hydrolysis of phosphatidylcholine, producing
phosphatidylbutanol instead of PA. Looking at the cyst morphology upon PLDs
inhibition, we saw that none of the two isoforms is necessary for proper cystogenesis:
their inhibition by 1-butanol administration doesn’t perturb cystogenesis or cysts
morphology (Figure 17a). Indeed, when treated whit 1-butanol for four days, MDCK
cysts preserve their structure, whit a single central lumen surrounded by an actin-rich
apical domain (Figure 17a and 17b). Moreover, also PI(3,4,5)P3 segregation at the
basolateral domain in not perturbed (Figure 17a and 17c).

Surprisingly, simultaneous inhibition of PLDs and DGKa restores the normal
phenotype (figure 17a and 17b). Indeed, cysts treated with both DGKa and PLDs
inhibitors show a single, actin-rich central lumen (Figure 17a). Moreover, also
basolateral PI1(3,4,5)P3; segregation, which is lost upon DGKa inhibition or silencing
(Figure 15a and 15b), is restored (Figure 17a and 17c).

These observations indicates that PLDs activity is dispensable during
cystogenesis and that their activity is required only when DGKa is inhibited to give
rise to the multiple lumen phenotype induced by inhibition of DGKa activity, i.e. by
either DAG up-regulation and/or reduction of DGKa-generated PA.
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Figure 17: PLDs mediate the lack of DGKa activity-dependent multiple lumen phenotype.

a) DGKa and PLDs are necessary for single lumen formation and PI(3,4,5)P; basolateral
enrichment. MDCK PH-Akt-GFP cyst grown in presence or not of DGKa pharmacological inhibitor
R59022 at 1uM final concentration and/or 1-butanol or 2-butanol at 0,5% final concentration were fixed
and stained for actin (red) and nuclei (blue). Representative single confocal sections through the
middle of the cysts are shown. Scale bar 20uM. b) DGKa and PLDs inhibition together restore the
single lumen phenotype. Graph showing the percentage of cysts with single or multiple lumen mean
value of 3 independent experiments * SE. * t-test vs control p<0.05. ¢) DGKa and PLDs inhibition
together restore PI(3,4,5)P5 enrichment at the basolateral domain. Graph showing the percentage of
cysts with basolateral PH-Akt-GFP localization mean value of 3 independent experiments + SE. * t-test

vs control p<0.05.
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Vesicular trafficking and apical targeting of Cdc42: role of Annexin A2

We have demonstrated that DGKa is a regulator of Cdc42 localization in

polarized MDCK cysts (Figure 13) and during cell migration in different cell types (36).

In particular, both Cdc42-GFP and CBD-GFP probes are more diffuse in the
cytoplasm and recruited to the basolateral plasma membrane when DGKa is
silenced or inhibited (Figure 13a, 13b, 13c, 13d) and not only strongly apical enriched
as in control cysts. In the cysts polarized context, Cdc42 is an important regulator of
mitotic spindle orientation (22, 23, 24), but its apical recruitment is also mandatory to
define the apical membrane identity and to ensure the proper apical-basolateral
polarization. In particular, Cdc42 is a member of the Par polarity complex, composed
also by Par-3, Par-6 and aPKC. This complex is recruited to the tight junctions. Here
aPKC is activated and phosphorylates Par-3, that dissociates from the complex and
binds to the tight junctions (47). The remaining Par-6-aPKC complex is recruited to
the apical plasma membrane through the interaction with Cdc42 and with the apical
protein Annexin A2, which binds to acidic lipids and is then recruited to the PI(4,5)P,
rich apical domain (18).

In order to define how DGKa regulates Cdc42 apical enrichment, we analyzed its
involvement in the well described Annexin A2 and Par complex-drive pathway.
Significantly, Annexin A2 is recruited to the apical domain by acidic lipids, such as
DGKa product, PA. We used an MDCK cell line that stably expresses a GFP-tagged
form of Annexin A2 (Anx A2-GFP). Looking at Anx A2-GFP localization, we found
that its apical enrichment is DGKa-dependent. Indeed, when the lipid kinase is
silenced or pharmacologically inhibited Anx A2-GFP is not only apical enriched, as in
control cysts (Figure 18a and 18b), but it is also recruited to the basolateral domain
(Figure 18a and 18b, arrows). Moreover, exogenous PA administration is sufficient to
induce Anx A2-GFP basolateral localization (Figure 18c arrows). In control untreated
cysts, Anx A2-GFP accumulates at the apical domain, as expected, but in PA treated
cysts we can se a strong basolateral enrichment of Anx A2-GFP (Figure 16e, 78% of
cysts in PA treated cysts vs 40% of cysts in controls). The strong basolateral Anx A2-
GFP localization was confirmed measuring its fluorescence intensity at the apical and
basolateral domain. As shown in Figure 18d, the ratio between basolateral and apical
fluorescence intensity is higher only in PA treated cysts.

The Anx A2-GFP apical relocalization is strictly PA-dependent as it is not present

in lysophosphatidic acid (LPA) and DAG treated cysts. Moreover, exogenous PA
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administration induces strong morphological changes in the cyst structures, with an
evident shrinkage of the central lumen and a general collapse of the cyst structure
(Figure 18c and 18e). These morphological changes are evident also in the 40% of
DAG treated cysts. This effect can be due to the physiological conversion of DAG in
PA in these cysts.

These observations suggests that the apical recruitment of Annexin A2 is not
only PI(4,5)P,-dependent, as already known (18), but also driven by the PA product
by DGKa. This data is in contrast with the well demonstrated PA basolateral
enrichment in polarized MDCK cysts (35). However, we have demonstrated that
endogenous DGKa localizes at the basolateral domain and also in dot-likes
structures that reminds recycling vesicles (Figure 11a). Thus, it is possible that DGKa
and its product PA are involved in the vesicular trafficking responsible for Annexin A2
apical recruitment and not directly to its apical docking itself. On the other hand,
DGKa localizes at the basolateral domain, but it is also enriched at the apical domain
when pharmacologically inhibited (Figure 11f, arrows, and 11g). This behaviour
suggests that DGKa is transiently activated at the apical domain, where a PA
enrichment for a short time could drive Annexin A2-enriched vesicles docking at the
apical domain.

Overall, these data demonstrate that DGKa regulates Annexin A2 enrichment at
the apical domain. Thus, the lipid kinase maybe regulates also the Par complex-drive

Cdc42 apical enrichment.

Figure 18: DGKa regulates Annexin A2 apical recruitment.

a and b) DGKa silencing/pharmacological inhibition induces Annexin A2 basolateral
relocalization. MDCK Anx A2-GFP cysts transfected with siRNAs against DGKa (a) or grown in
presence or not of DGKa pharmacological inhibitor R59022 at 1uM final concentration (b) were fixed
and stained for actin (red) and nuclei (blue). Representative single confocal sections through the
middle of the cysts are shown. Arrows indicates Anx A2-GFP accumulation at the basolateral domain.
Scale bar 20puM. c) Exogenous PA administration induces Anx A2-GFP basolateral localization.
MDCK Anx A2-GFP cysts were grown in Matrigel for 4 day and treated for 30’ with PA or LPA or DAG
at 250 pM final concentration. Cysts were fixed and stained for actin (red) and nuclei (blue).
Representative single confocal sections through the middle of the cysts are shown. Arrows indicates
Anx A2-GFP accumulation at the basolateral domain. Scale bar 20uM. d) Anx A2-GFP is enriched at
the BL domain of PA treated cysts: fluorescence intensity quantification. The graph shows the ratio of
the fluorescence intensity of Anx A2-GFP at the basolateral and at the apical domain (BL/AP) mean

value of 3 independent experiments + SE. ** t-test vs control p<0.005. e) Quantification of exogenous



PA-induced Anx A2-GFP basolateral localization. Graph showing percentage of cysts with basolateral
Anx A2-GFP localization mean value of 3 independent experiments + SE. * t-test vs control p<0.05. ***
t-test vs control p<0.0005
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aPKC apical recruitment is independent from DGKa

The previously described data suggest that DGKa regulates Cdc42 apical
enrichment acting on the Par complex-mediated pathway. aPKC is a member of the
Par polarity complex. Intriguing, in our laboratory it has been previously
demonstrated that aPKC intracellular localization is regulated by DGKa (32; 37).
Indeed, during HGF-mediated membrane ruffling in MDCK cells, DGKa regulates the
localization of the RhoGDI-aPKC-Racl complex to the migratory leading edge (32).
Thus, we decided to analyze aPKC localization in MDCK cysts. Surprisingly, we
found that aPKC apical enrichment is not perturbed upon DGKa silencing (Figure
19a and 19b). Moreover, DGKa silencing or pharmacological inhibition doesn’t affect
aPKC apical recruitment also at early stages of cystogenesis (Figure 19c, 19d, 19e,
19f). Indeed, a strong apical aPKC enrichment is still present upon DGKa
silencing/inhibition, no diffuse or basolateral staining are detectable and there are no
remarkably differences among control and DGKa silenced/inhibited cysts respect to
aPKC localization both after 2 or 4 days of culture.

These data indicate that upon DGKa silencing/inhibition aPKC is recruited to the

apical domain by alternative pathways.

Figure 19: DGKa is not involved in aPKC apical recruitment.

a) DGKa pharmacological inhibition doesn't affect aPKC localization in 4 days old MDCK cysts.
MDCK cysts grown in presence or not of DGKa pharmacological inhibitor R59022 at 1uM final
concentration for 4 days were fixed and stained for aPKC (green), actin (red) and nuclei (blue).
Representative single confocal sections through the middle of the cysts are shown. Scale bar 20uM. b)
Quantification of aPKC apical and basolateral localization in 4 days old MDCK cysts. Graph showing
percentage of cysts with apical or basolateral aPKC localization mean value of 2 independent
experiments + S.V. ¢ and d) DGKa silencing/pharmacological inhibition doesn’t affect aPKC
localization in 2 days old MDCK cysts. MDCK cysts transfected with siRNAs against DGKa (c) or
grown in presence or not of DGKa pharmacological inhibitor R59022 at 1uM final concentration (d) for
2 days were fixed and stained for aPKC (green), actin (red) and nuclei (blue). Representative single
confocal section through the middle of the cysts are shown. Scale bar 20uM. e and f) Quantification of
aPKC apical and basolateral localization in 2 days old MDCK cysts. Graph showing percentage of

cysts with apical or basolateral aPKC localization mean value of 2 independent experiments + S.V.
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Rabl1-mediated vesicular trafficking is independent from DGKa in MDCK cysts

In early phases of cystogenesis, after the first mitosis, the two newly formed cells
must recognize their apical domain and direct their vesicular trafficking to form the
central lumen. Thus, the formation of the apical membrane initiation site (AMIS) is a
crucial step to allow proper cystogenesis. During the first steps of AMIS generation,

Rabl1l positive vesicles are recruited to the nascent apical domain. These vesicles
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contain not only Rabl1, but also GP135 — a well define apical marker — Annexin A2
and Cdc42. The recruitment of these proteins induces the basolateral localization of
the tight junctions and the maturation of the AMIS to the pre-apical domain (PAD).
Then, polarized vesicular trafficking ensures the expansion of the central lumen and
the apical-basolateral polarization of lipids and proteins. When this pathway is
perturbed also cystogenesis is altered and multiple lumen and other alterations
appears. This behaviour can be observed both in the early and later steps of
cystogenesis (36).

DGKa is involved in Rabl11-RCP-mediated a5B1-Integrin recycling in ovarian
cancer cells (42). Moreover, in MDCK cysts endogenous DGKa localizes in vesicle-
like structure (Figure 11a) and controls Annexin A2 (Figure 18) and Cdc42 (Figure 13)
apical recruitment. These observation suggests that DGKa can regulates Rab11-
dependent vesicular trafficking in MDCK cysts, acting to define the AMIS during the
early phases of cystogenesis and to maintain the polarized vesicular trafficking
during the late phases of cystogenesis.

In order to study Rabl1l localization in MDCK cysts, we used an MDCK cell line
that stably expresses Rab11-GFP. Looking at its localization, we found that it is not
perturbed when DGKa is pharmacologically inhibited (Figure 20a and 20b). Indeed,
Rabll is strongly enriched at the apical domain and is also detectable in vesicle-like
structures under the apical plasma membrane both in control than in DGKa inhibited
cysts.

These observation suggests that DGKa is not involved in Rabll-dependent
vesicular trafficking in MDCK cysts, at least at late stages of cystogenesis. This data
enforce the hypothesis that the most important event downstream DGKa
silencing/inhibition in MDCK cysts is the mitotic spindle misorientation and that the
multiple lumen phenotype of MDCK silenced/inhibited cysts is a direct consequence

of mitotic spindle misorientation instead of vesicular trafficking regulation.

Figure 20: Rab11 apical recruitment is DGKa independent.

a) DGKa pharmacological inhibition doesn't affect Rab11-GFP apical localization. MDCK Rab11-
GFP cysts grown in presence or not of DGKa pharmacological inhibitor R59022 at 1uM final
concentration were fixed and stained for actin (red) and nuclei (blue). Representative single confocal

sections through the middle of the cysts are shown. Scale bar 20uM. b) Quantification of Rab11-GFP
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apical and basolateral localization. Graph showing percentage of cysts with apical or basolateral

Rab11-GFP localization mean value of 2 independent experiments = S.V.
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Discussion

One of the main prerequisite for tissues and organs development is to maintain a
polarized phenotype. To understand how physiological homeostasis is preserved, is
important to define the main molecular mechanisms underlying cell polarization. This
will allow us to better understand how diseases that alter the structure of epithelial
tissues originate and progress. In USA, more than 85% of adults mortal diseases
affect epithelial tissues. Here, lost of the polarized phenotype is a marker of high
malignancy. Moreover, acute organs damage is one of the most important cause of
death all over the world.

One essential point is that some organs, such as lung and liver, are able to
restore their structure and functionalities after acute damage. Then, identify all the
mechanisms underlying epithelial cells polarization is fundamental to analyze
epithelial tissues response to the damage itself, creating new perspectives for
regenerative medicine.

One of the most used model to study epithelial cells polarization are MDCK cysts:
when MDCK cells were cultured in extracellular matrix gels, they form polarized,
hollow structures known as cysts, which polarization resemble the one that can be
found in epithelial tissues in vivo (8; 9). DGKa is a key regulator of cystogenesis and
of the polarized phenotype of epithelial cells. Indeed, when DGKa is silenced or
inhibited in MDCK cysts, large multiple intercellular lumens appear, although the
apical-basolateral polarization of the single cells is preserved (Figure 10).

Generation of a single central lumen relies on two main pathways: i) apical
recruitment of vesicles and proteins and ii) mitotic spindle orientation. These two
pathways together allow the formation of the single central lumen: oriented mitosis
maintain the structure of the cysts, in which cell are in contact only at the basolateral
level, and vesicular trafficking is necessary to transport and segregate proteins at
specific membrane and cellular domains. MDCK cysts generate their central lumen
through the cavitation mechanism. In this setting, the proper orientation of the mitotic
spindle parallel to the central lumen is the most important event that ensure the
formation of a single central lumen (22; 23; 24). DGKa activity is necessary for

proper mitotic spindle orientation and the multiple lumen phenotype observed upon
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its inhibition/silencing is a direct consequence of the mitotic spindle misalignment
(Figure 12).
Today, some important pathways that regulate mitotic spindle orientation have

been described. The most important are astral microtubules anchorage to the cell

cortex, Integrins recycling and Cdc42 localization and activation at the mitotic spindle.

Astral microtubules contact PI(3,4,5)P3 enriched area at the midcortex and anchor
the mitotic spindle to the cell cortex through +TIPs proteins (18; 37). Integrin a3p1
has been specifically associated whit polarized mitosis through a mechanisms that
seems to involve Cdc42 (42). Finally, the small Rho GTPase Cdc42 is a key
regulator of mitotic spindle orientation in the polarized context: its inhibition induces
mitotic spindle misalignment and Cdc42 is recruited and activated specifically at the
mitotic spindle during mitosis (22; 23; 24).

DGKa localizes at the basolateral domain of MDCK cysts (Figure 11). This
basolateral localization suggests that the lipid kinase acts at this domain, regulating
the interaction with the extracellular matrix and the consequent downstream
signalling, leading to mitotic spindle orientation. The PA enrichment at the basolateral
domain supports this hypothesis (35). Moreover, DGKa relocalizes at the apical
domain when pharmacologically inhibited (Figure 11f and 11d). This observation
suggests that DGKa localization depends on its activation status in MDCK cysts. It is
not the first evidence of a correlation between DGKa activation status and
localization. Indeed, in T-cells DGKa is recruited to DAG rich membranes, where
DAG itself acts as a docking molecule (48). Here, DGKa converts DAG into PA and
then detach from the membrane as consequence of DAG reduction. Moreover, a
kinase dead mutant of DGKa accumulates at DAG rich membranes (49). The same
mechanism can be observed in MDCK epithelial cells, where a DGKa kinase dead
mutant blocks HGF-induced ruffles formation and accumulates at the leading edge
(30). It has also been demonstrated that DGKa translocation to the actin-rich
cytoskeleton rely on its Y335 phosphorylation (30; 50) and consequent activation: the
DGKa-Y335F mutant is unable to translocate to the plasma membrane upon HGF
stimulation and associates with intracellular vesicles (30). In MDCK cysts, the
vesicular localization of DGKa suggests that the DGKa-enriched vesicles can be

recruited to the apical domain, triggering the vesicular trafficking and the delivery of
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apical proteins. Moreover, its transient activation at this domain can modulate DAG
signalling.

The vesicular trafficking to the apical domain is indispensable for apical
recruitment of proteins. The polarized vesicular trafficking is established during the
early phases o cystogenesis, after the first mitosis — the so called two cell stage —
and is preserved in time (1;36). Vesicles can cycle from the basolateral domain and
from recycling endosomes to different cell compartments. At the two cell stage,
vesicular trafficking became polarized along the apical-basolateral axis: Cdc42 and
Annexin A2-containing Rabll positive vesicles are recruited to the nascent apical
domain, where they act to induce the basolateral segregation of tight junctions and to
define the apical plasma membrane identity (36). In the later stage of cystogenesis,
Annexin A2 is involved in the maintenance of the polarized phenotype through a
trafficking pathway that involves PTEN and the Par complex (18). Indeed, PTEN-
mediated PI(4,5)P, apical enrichment recruits Annexin A2, Cdc42 and aPKC to the
apical domain. Acidic lipids are docking molecules for Annexin A2, that binds them.
Thus, also DGKa product, PA, can act as an Annexin A2 docking molecule. Indeed,
in MDCK cysts Annexin A2 apical recruitment is DGKa-dependent (Figure 18).
Furthermore, exogenous PA administration is sufficient to recruit Annexin A2 to other
membrane domains, specially to the basolateral domain where it likely accumulates
(Figure 18e). DGKa regulates also Cdc42 apical recruitment (Figure 13), but not
aPKC localization at the apical domain (Figure 19). Thus, DGKa regulates the
intracellular localization of only some players of the vesicular trafficking responsible
for the apical targeting of proteins. This surprising finding can be explained by the
involvement of another polarity complex, the Crumbs complex, in the recruitment of
proteins at the apical domain. Indeed, Crumbs is able to bind a member of the Par
complex, Par-6, and to recruit it to the apical domain. In particular, Crumbs binds to
Par-6 in the Par-3 binding region and acts as a binding competitor for Par-3 (47).
Thus, Cdc42 and aPKC can be recruited to the apical domain through different
pathways: one mediated by apical PI1(4,5)P, and Annexin A2 and one mediated by
Crumbs. Upon DGKa silencing or pharmacological inhibition, only the PI(4,5)P,-
Annexin A2-mediated pathway is perturbed, leading to Annexin A2 and Cdc42
cytoplasmic and basolateral recruitment. Conversely, the Crumbs-mediated pathway
is not perturbed upon DGKa silencing/inhibition and the Par-6-aPKC complex is still

recruited only at the apical domain.
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During the early phases of cystogenesis, Rab-11-mediated vesicle trafficking is
crucial to establish the apical-basolateral polarization (36). In ovarian cancer cells,
DGKa is a well established regulator of Rab-11-mediated B1-Integrin recycling (42).
Surprisingly, in MDCK cysts DGKa doesn’t regulates the recruitment to the apical
domain of Rab-11-contayining vesicles (Figure 20). This observation suggests that
DGKa is a minor regulator of vesicular trafficking in MDCK cysts. Indeed, the lipid
kinase regulates the apical localization of only a few proteins — Annexin A2 and
Cdc42 — while almost all the other proteins examined — aPKC, GP135, E-cadherins
and Racl — are properly localized in MDCK cyst where DGKa is silenced or inhibited.
This observation supports the hypothesis that the main phenotype induced
downstream DGKa inhibition or silencing in MDCK cysts is mitotic spindle
misorientation.

Integrins are some of the most important molecules that localize at the
basolateral domain. Their recycling is involved in apical recruitments of vesicles and
proteins. Different Integrin isoforms localizes at the basolateral domain, where they
work as receptors and bind their ligands, transducing a downstream signal. The best
characterized Integrin-mediated basolateral pathway involves 31-Integrin and Racl.
This pathway leads to laminin deposition on the external surface of MDCK cysts and
IS necessary to maintain the polarized phenotype (39). Moreover, it has been
demonstrated that a sustained Racl activation leads to mitotic spindle misorientation
(38). Although DGKa regulates Racl activation (Figure 16c), but not its localization
(Figure 16a and 16b), the phenotype observed upon its silencing or inhibition is far
away from the one observed upon Racl or B1l-integrin inhibition. Indeed, no lumen
filling or inversion of polarity are observed, which are characteristic phenotypes of
Racl and B1-integrin inhibition respectively. These observations suggest that the
small effect on Racl activity is not responsible of the multiple lumen phenotype
observed in MDCK cysts lacking DGKa and that the laminin deposition pathway is
not affected.

A second integrin-mediated pathway that regulates mitotic spindle has been
described and involves a3B1-Integrin and Cdc42 (41). The small Rho GTPase Cdc42
has been strongly linked to mitotic spindle orientation during polarized mitosis (22;
23;24) and its intracellular localization is regulated by DGKa (Figure 13). Despite

DGKa do not regulate also its activation (Figure 139), it is possible that the improper
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localization of Cdc42 during mitosis is responsible of the mitotic spindle misalignment.
Today, there are no evidences that DGKa regulates the localization of Cdc42 directly
at the mitotic spindle, but only at the apical domain (Figure 13). Despite this lacuna,
we can not ignore the hypothesis that DGKa can regulate the mitotic spindle
orientation through Cdc42, considering that DGKa regulates the small GTPase
localization not only in MDCK cysts but also in other cellular models (37).

Basolateral DGKa localization and PA enrichment suggest also another possible
pathway that can lead to mitotic spindle orientation. Recently, Martin-Belmonte and
coworkers have demonstrated that +Tips proteins can interact with the EGF receptor
(EGFR) in absence of its extracellular ligand, anchoring astral microtubules to the cell
cortex (51). In particular, this mechanisms involve NuMA, which is a member of the
Gai-LGN-NuMA complex responsible for microtubules anchorage to the cell cortex
(21). In the pathway proposed by Martin-Belmonte and coworkers, IQGAP1 binds to
both EGFR and NUMA — acting as an alternative partner for NUMA instead of LGN —
recruiting microtubules at the cell cortex where EGFR localizes. When EGFR binds
to its ligand, it is internalized and no more able to bind NuMA, leading to the loss of
microtubules anchorage and to the consequent spindle misorientation and multiple
lumen phenotype (Figure 21).

a




Figure 21: Proposed model for EGFR and NuMa interaction.

a) In basal state, NUMA is associated to astral microtubules and is recruited to the membrane by
both EGFR and Gai-LGN complex. This allow astral microtubule anchorage to the cell cortex and
proper mitotic spindle orientation. b) Upon EGF stimulation, EGFR is internalized and NuMA can’t bind

it, leading to mitotic spindle misorientation. (Adapted from 51).

One of the most intriguing finding is that phorbol myristate acetate (PMA)
administration induces EGFR internalization, dampening EGFR interaction with
IQGAP1 and inducing the consequent spindle misorientation (51). PMA is the most
commonly used phorbol ester and is a well known activator of PKCs and other DAG
regulated proteins (52). Thus, PMA administration can mime an high DAG
concentration in the plasma membrane. DGKa can regulate both DAG and PA
concentration: its inhibition induces a decrease PA production and the consequent
increase in DAG concentration. As DAG concentration rise up, EGFR is
phosphorylated and internalized: astral microtubules are less anchored to the
membrane and mitotic spindle will not be proper oriented. In this pathway there is a
synergic action between high DAG levels, due to the loss of DGKa catalytic activity,
and the PA product by PLDs. Indeed, inhibiting both DGKa and PLDs we are able to
restore the normal-single lumen phenotype in MDCK cists (Figure 17).

In MDCK cysts, PLDs are involved in an ARF-6-mediated pathway necessary for
correct cystogenesis (53). ARF-6 is a member of the ARF family of Ras-related
GTPases and controls endocytic trafficking and actin remodelling (54). MDCK cysts
expressing a constitutively-active form of ARF-6 (ARF-6Q67L) present two major
phenotypes: filled lumen and multiple lumen. The ones whit multiple lumen show a
proper single cell polarization, whit GP135 localized at the apical domain and [3-
catenin localized at the basolateral domain. The same behaviour is observed upon
DGKa silencing or inhibition (Figure 10b, 10c, 10e and 10f). In ARF-6Q67L
expressing cysts, PLDs inhibition by 1-butanol administration restores the normal-
single lumen phenotype acting on a pathway involving ARF-6, PLDs and ERK
activation (53). PLDs inhibition restores the single lumen phenotype also in cysts
where DGKa is inhibited (Figure 17). The involvement of PLDs in the endocytic traffic
regulator ARF-6-mediated pathway suggests that when DGKa is not catalytically
active, the PA product by PLDs is responsible for EGFR internalization in concert
whit the high DAG levels due to the loss of DGKa activity. PLDs inhibition alone has
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no effect on cystogenesis (Figure 17a and 17b), indicating that PA product by PLDs
is not sufficient to perturb the normal cystogenesis. Inhibiting both DGKa and PLDs
we can revert the multiple lumen phenotype due to DGKa inhibition/silencing
blocking the EGFR internalization and the consequent mitotic spindle misorientation.
Moreover, IQGAPL1 is a regulator of Racl activation, because RacGAPL1 is one of its
binding partners (55). As any other GAP protein, RacGAP1 can activate the GTPase
activity of Racl, leading to GTP hydrolysis and Racl inactivation. Thus, IQGAP1
displacement from the plasma membrane due to EGFR internalization can also affect
Racl activation at the basolateral domain actin on RacGAPLl. In this context,
IQGAPL is more available and interacts with RacGAP1, regulating Racl activation.
This hypothesis can explain the reduced Racl-GTP levels observed upon DGKa
inhibition (Figure 16c).

Together, these hypothesis suggest that DGKa could act both on the EGFR and
the Gai-LGN-NuMa complex and on the PI(3,4,5)P3; enrichment at the basolateral
domain — that is lost upon DGKa inhibition/silencing (Figure 15a and 15b) —
regulating the anchorage of astral microtubules to the cell cortex and the mitotic
spindle orientation as final outcome.

Taken together, DGKa is emerging as a new key regulator of epithelial apical-
basolateral polarization and of the mitotic spindle orientation. In the past few years,
the importance of proper mitotic spindle orientation in different contexts has been
demonstrated. In particular, it is involved in symmetric and asymmetric cell division in
stem and cancer cells and its lost due to pathological outcomes and cancer
progression. We found that DGKa is a strong regulator of mitotic spindle orientation
in MDCK cysts and we hypothesized that DGKa regulates multiple pathways,
mediating both Integrin-mediated signalling/vesicular trafficking and mitotic spindle
orientation, likely independently from one each other. We also proposed some
models for DGKa involvement in these processes, but they need to be further

explored.
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Abbreviation list

Abbreviation Extended form
+Tips Plus-end-tracking proteins
Anx A2 Annexin A2
APC Adenomatous Polyposis Coli
Apical domain AP
Atypical protein kinase C aPKC
Basolateral domain BL
CBD CRIB domain of WASP
CLASPs CLIP associating proteins
Crb Crumbs
DAG Diacylglycerol
DGKo Diacylglycerol kinase alpha
DGKs Diacylglycerol kinases
Discs large Dig
EGFR Epidermal growth factor receptor
EMT Epithelial to mesenchymal transition
GAPs GTPase activating proteins
GDI GTPase dissociation inhibitors
GEFs GTPase exchange factors
HGF Hepatocyte growth factor
Lgl Lethal giant larvae
LPA Lysophosphatidic acid
MDCK Madin-Darby canine kidney
MET Mesenchymal to epithelial transition
PA Phosphatidic acid
PI(3.4)P, phosphatidylinositol-3,4-biphosphate
PI1(3,4,5)P, phosphatidylinositol-3,4,5-triphosphate
Pl(4,5)P, phosphatidylinositol-4,5-biphosphate
PLD Phospholipase D
PMA, phorbol myristate acetate
Ptdins Phosphoinositides
SCRIB Scribble
VEGF Vascular endothelial growth factor
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Diacylglycerol kinases {DGKs) convert discylglycerol [DAG) imto
phosphatidic add (PA), ading = molecular switdhes between
DAG- and PA-mediated signaling. We previoudy showed that S
dependent activation and plasma membrane recrultment of DGKa
are required for growthfactor-induced cell migration and rufifing,
through the contral of Rac small-GTPase actdvaton and plasms
membrane localization. Hereln we unvell & signding patinay
thraugh which DGK«a coordinates the localization of Rac. We show
that upon hepatocyte growth-factor stmul atlon, DGR, by prod uc-
ing PA, provides & key signal to recruit atypical PECD (aPRCIN) in
complex with RhoGD) and Rac &t ruffling sites of colomy-growing
epithelial cells, Then, DGKa-dependent activaton of aPKCLh medi-
ates the release of Rac from the inhibitory complex with RhoGDl,
allowing its activation and leading to formation of membrane ruf-
fles, which constitute essential requirements for cell migraton,
These findings highlight DGKax as the centrel element of & lipld sig-
naling pathwiay linking tyrosine kinase growth-factor receptors to
regulation of aPKCs and RhoGDI, and providing a positionzl signal
regulsting Rac asodation to the plasma membrane

el migration | growth facon | phosphatidic acid

@l migration, central to many biologcal and pathological

processes auch as cancer metastatic progresson, & 4 multistep
ol imvalving extension of protrsions and formation of stable
attachmentsnearthe keading edge, followed by translocation of the
cell body forwand (1). The pmtusive activity ocoumring at the
leading edge depends on the spatial and temporal conrdination
between eell substmte adhesion and actin reorganization. Rho-
family small GTPases coordinate the recruitment at the keading
edge of downstream effectoms, thereby mediating the formation of
ruffles and lamelipodia. TheirGTP-bound state & tightly reguluted
by both guanine nucentide exchange factors ((FEFs ), which stim-
ulate GTP bading, and (GTPase activating proteins {GAPs), which
catalyze GTF hydrohsiz Moreowver, Rho-family GTPmses are re-
gulated by puanine nucleotide dissociation inhibitos (GDE), which
antagonize both GEFs and GAPs and medistz the cycling of Rho
proteins between the ovtosol and the membrane (2, 3).

Anpical protein kinase C C and 1« (aPRCCA), unlike classical
and novel PRCs, feature & Cl-like domain which doss not hind
to gither diacylglyceml or phorbol esters, and have recently been
propesed as key transduces for establshment of cell polarity
and migration (4],

Diacylgyeeral kinases (D(GEs), which comvert diacylglyeeral
(AL to phosphatidic acid (PA), comprise a family of 10 distinct
erzym s grouped into frve classes, each featuring distinct regulatory
domaite and a highly conserved catalytic domain preceded by two
owsteine-rich Cl-like domains An increasing body of evidence
indicates that TMGRs by acting as terminators of diacylglyceral-
triggered signaling, contribute to regulating C1 dom ain-containing
proteins, such as dassical and povel PRCs and the Rac-GAP
S1E2-4187 | PHAS |

Mimrch 2, 1010 wol 107 | -no. 9

fchimaerin (3). Conversely, by gencrating PA, DGEs regulate
severl dgnaling proteins; including serine kKinmes, small-GTPasc-
regulating proteins, and lipid-metabolizing ereymes (reviewed in
refs. i and 7). Thus, by regulating in a reciprocal manner the level of
both DAGand PATipid sccond messengers, DGR eneymes may act
A temuinators of DAG-mediated signak as well as activators of
PA-mediated ones, We previously showed that DGR is activated
by growth factors on recruitment to the ﬁgﬁm meamhmne through
its Sre-mediated phosphorylation on Ty, Activation of DiGERa
mediates growth-factor-indvced cell migration and pohferationin
epithelial, endothelial, and lymphoma celk (8-12) Morcover, we
demonstrated that in epithelial cells DHGKa is required for hep-
atocyte prowth factor (HGF) -induced membmne ruffling by regu-
lating Rac membrane targetng and actvation { 131 However, the
malecular mechanisms by which DO« regulates Rac function still
remain to be elucidated.

Here we unvel a previously undescribed signaling pathway
linking HGF meceptor to Rac activation and targeting at the
plazma memb mne of epithelial cells, where it drivesthe formation
of membrane protrusions. Our data highlight that upon HGEF-
induced plasma membmne recruitment and activation of Dk,
PA mcmits at the plasma membrane and activates aPRCD, in
complex with Rho(: and Rac, Then, Rac is rdeased from the
inhibitory complex with RholzD L allowing its activation and for-
mation of membrane ruffles.

Results

DGKe Regulates Rac by Directing |5 Recrultmenti to the Plasma
Membrane. MK epithelial cells prow in discrete colonies and
on HGF stimulition undergo scatter, mvolving cell spreading,
desolution of intercelulir adhesions, and migmtion of celk away
from one another, At cardy time points from HGF stimulation,
cells ‘ot the periphery of a colony reorganize the actin ovtoske-
leton and form dynamic protrusions of the outer plasma mem-
brane known as ruffles, mediated by membmne targeting and
activation of Rac (14, 15} We previowsly showed that down-
regulation of DKa affected both HGF-induced membrane
ruffling and recruitment of Rac to the plasma membrans (13).
Here, by lve-cell imaging, we report that HGF-mduced rapid
and tramsient recruitment of BGFP-Rac at sites of intense mf-
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fling was impaired upon DGR inhibition (Fig 51 and Movies 51
and 52, achieved by cell treatmentwith 1 phd RS9, R5%M0 s
a [MGR-specific inhibitor interacting with the cataltic domain,
endowed with a strong preference for o}, and & woforms (16,
17). We previowsly showed that overespression of DGR« re-
verted R3MMO-mediated inhibition of HGE signaling (2).

Thus, we investigated the mechanisms by which DGEa might
regulate Rac-specific Iocalization. In the shsence of growth-fac-
tor stimulation, constitutively active RacV12 mutamt localived
mainly in the cytoplasm and at cell-cell adhesions, whereas its
cxpression was not sufficient to induce muffling at the leading
edge of cells at the periphery of a colony, acconding to previozs
ohsenations [ 15). HGF cell treatment increased the percentage
of celks featuring concomitant memhmne ruffles and RacV 12 at
the outer plasma membrane in a DGR-dependent manner (Fig
52}, In addition, we comparcd endogenowus Rac localization in
MIMCK cells tansiently tmnsfected with either DiGRa wild type
(DGEaWT) or 8 constitutively active membrane-hound DGR
mustant (mye DGR ). Indeed, the expression of myr-DH K, buat
not of DGEaWT, promoted a 2.5-fold increase of the percent-
age of celk dieplying membrane muffles along wth Rac
recruitment to the plasma membmne at ruffling stes (Fig. 1),
Orerall, these data indicate that DMGEa activation provides a
crucial signal which is both necessary and sufficient to direct Rac
membrane localization at the leading edge, regardless of its GTP
loading, therdby promaoting rufile formation.

DGKae Regulates RhoGDl Membrane Recultment An incroasing
hody of evidence indicates that RholiD20, which in unstimulated
cells associates with GDP-bound Rac in a cytosalic complex,
regulates Rac targeting to specific adheson gtes at the plasma
membrane thmoueh largely unidentified mechanisms {2}, Once at
the plasma membrane, Rac is released from the inhibitory oom-
plex with RhoGDI and & eventually activated by a Rac-GEF (2,
1%}, To verify whether gmwth factoms togger Rac localization at
the plasma membrane through imteraction with RholGDL, we
tramsiently tmnaected MIMK celk with o Rac mutant, RacRAGE
unable to bind to Fhol (19). Indeed, RacRGGE failed to he
recruited at ruffling stes upon HGF cell treatment whereas HGG F-
nduced membmne ruffle formation was not impaired, indicating
that endogenous Rac is properly activated (Fig. 2). These data
demonstrate that RholGD physical interaction with Rac mediates
growth-facto - nduced Rac targeting at ruffling sites.
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Fg. L DGKe provides the signal directing fac 1o the nascent ruffle. BMDOK
oolk, transfected with ether EKEWT o myr-DGKe, wene adtured over-
night in the absenoe of serum, fised, and stained for Rac {green], myc tag
{red), and actin [blue). Arrowrs indicate DGESWT: or myr-DGKa-transfected
ool fcale bar, 10pm) £ 30 transfeced oells, soored for the presence of Rac
at ruffling sites. = & with SEM ***F » 0.0002.
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Fig. 2. Rac plasma membrane targeting requines RacfhoGIDN. int eraction.
MDCK onlls were transiently transfected wath mChermy-HacRESE, treated wath
10 ngfml HGF for 15 min, fved, and stained for actin fgreen). {Sale bar,
24 pm) C, 30 trarsfected osll, scored for the presence of ruffles or Rac RESE
plazma memibrane looalization. no= 3, with SEM; *P = 00057

Thus we mvestigated whether HGF, although inducing mem-
brane ruffles, was able to recrait RholGD1 to the leading edoe and
whether this process required DGR activity. We show that HGE
incrased the percentage of cells displaying Rho(GTr at ruffiing
sites, which was impaired by both pharmacological inhibition (Fig.
34) and sRMA-mediated silencing of DGRa (Fig. 534). In
addition, in time-lapse expernments, HGF-indueed mpid and
trangent recruitment of RholiD to rufling sites equired DGR
activity (Fig. 54 and Movies 53 and 54).

Moreover, we investignted whether D3 Bie constit utive activa-
tion at the plasma membrane was sufficient to recruit Rho DI,
Thus, the expression of mr-DGE. but not of DGKaWT, was
sufficient to recruit RhoGD at ruffling sites in almast 0% of
trandected celk (Fig. 38 and Fig. 538 ). Atogether, these findings
demonsmte that gimulation of Drka enzymatic activity pro-
vides a crucial signal which is necessary nnd suficient todirect the
recruitment of Rho(GIM, which in turn is required for Rac tar-
geting at protrsion sites and ruffle formation,

DGKe Regulates Membrane Ruffling by Modul ating aPKCD L Funct on.
The molecular mechanims regulating Rhol3D localization an:
still largely unlmown, as it lacks membrane-imteracting domains.,
PRCE, reported to be regulated by direct binding to PA but not 1o
DA (20), associates with and phosphorylates RholGDYL thercby
allowing its dissaciation from Rac (21). Indeed, in MIDCE cells,a
small amount of the whole cellular aPRCCA was comstitutively
associated with RhoGD (see below, Fig. 6). Thus, we raised the
hypothesis that DiGEKa might control Rho(7 D by providing the
lipid-regulating aFRCC0

To obtam an appreciable down-regulation of cellular aPRCs,
we silenced both PEOCI and PEC by diffcrent combinations of
thair respective specific siRMAs (Fig. 44). We observed that
aPRCCA silencing impaired HGF-induced membmane ruffle for-
mation, a5 well as both RhoGIDM and Rac recruitment to the
outer plasma membrane (Fig. 48 ), The aPRCT catalytic actvity
was actually required, as-aPKCD) inhibition by cell treatment
with PRCLA peeudeevhamte peptide impaired HGF-induced
membmne ruffle formation and Rac plasma membrane trans-
location (Fig. 554, Similarly, inhibition of PECE by expression
of PRCL dominant-negative mutant | PRCCKW) impained HGF-
induced Rhol3DM tramslocation to the outer plasma membrane
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myr-DGKa DGKaWT [0

Fig.1 DGKa regulates RhoGD tangeting to thepleema mesmdrams. {4) DO
oedls were stimulbaed with 10 ng'ml HGF for 5 min inthe presence oratsence
of 1 @M R52344, fived, and stamed for RhoGDI {green) and actin folue). Armows
incicate RhoG 0 atmembrane ruffles. {Sole bar, 24 gm ) O 70 oells, soored for
RiboGIH Jocaliza tion at ruffling sites. oe 3, with SEM; * P < 005 {B) MDOX colls,
transfected wa th erther DEKANT or myr DG Ko, were cultuned owernight inthe
absenoe of senem, fed, and stained for RhoGDN {green] myc tag fred), and
actin {buel, Arrowhesds indicrte transfeched cells, (Scade bar, 10 @ml)

(Fig. 55F). Momover, aPECC 0 was also required for moyr- D0 Ee-
induced membmne ruffle formation and Rac and Rhol3D1 tar-
geting to the outer plasma membrane (Fig 4C and Fig, S50
Together these data indicate that, upon HGF stimulation or
myr-DMG o exprassion, aPRCCA mediates membrane muffle for-
mation and recruitment of the molecular machinery necessary
for polarized extension of plasma membrane protrusions.

We then imvastigated whether DGR wis invalved in the repu-
lation of aPRCL) dowrstream of HGF signaling. Indeed, we ob-
served that HGF induced the recruitment of aPKCL) o membrane
uffles in a DGRe-dependent manner. In fact, both specific down-
regulation of DEFKa by two different siRMNAs (Fig. 34 and Fig.
56 ) and its pharmacalogical inhihition by BS99 cell treatment
(Fig. 568} completely abolished HGF-induced recruitment of
aPECL to the outer plasma membrane, indicating that enzymatic
activity of DR a was required,

Moreover, expression of myr-DGEe was sufficient to recruit
aPRCCA to mffling sites, as the percentage of celk displaving
this localization of aPKOCDM increased 3-fold in myr-DsKa-
expressing cclls compared to DGRaWT-cxpressing ones (Fig. 58
and Fig 560C7) Accordingly, cell treatment with PA but not with
hmophsphatidic add (1PA} or DAG was sufficient to promote
concurrent cortical actin earrangements and plasma membrane
tramzlocation of aPKCCA, Rac, and RholGGDM (Fig. 5C and Fig
571 Moreowver, cell treatment with exopgenous PA, ut not with
DAG, induced aPKCL activation, as reveaked by the increase in
phosphorylation of the catalytic domain Thrdl (Fig, 5D}
Together, these data strongly support the idea that the gen-
eration of PA by DGR is a crucial signal doving the recruitment
and activation of the maolecular machinery necessary for exten-
sion of memhrane protrusons,
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Fig. 4 aPKCCh mediates both HGF- and myr-DGKe-indwoed extension of
mesmdbrane protrusions. (4 MDOK celk ware transfocted wath three comibsi
matizns of P {79, 80) and PEC {1-3) wpedfic sifiAs. Wholecell lysates
were analyred for levek of aP¥C0Y axpression by western bot. (8] MDCK
celk weere tramsfected @in 4, treated with 10 ngfml HGF for 15 min, fived,
and stained for Bac or AholGDl and actin. C 110 cellh, analyzed for the
presance of ruffles and Rac or RhoGDI 2t the plasma membrane. o= 4{Rac
and RivoGDN, m=8 fruffio], with SEM; ** P« 0005, *** P 00005, {C) MDOK
ol weere tramsiently transfected either with myr-DGKs slone or ovtrans
fected with myr-DGKa and POCCKW, arttured overnight in the absenoe of
serum, fixed, and stained for myc and flag tags, actin, and Rac or BhoGDL C
20 transfeded cellk, soored for the presence of ruffles and Rac or RhoGD1 at
protrsmion stes. e 4, with SEM *F < 0001, TP . 0000 1.

As accumulating evidence suggests that the small (GT Pase Cded2
acts upstream of PRCC and regulates it throuph the Par3Parh
complex, this doiving cell poladty and dircctional migmton (22},
we further verified whether DMGRa might regulate aPRCD via
CdedZ Indeed, the expression of CdedIN17, although impairing
membrane ruffles ndoced by myr-DGKe, did not affect aPECDH
plasma memhrine recruitment (Fig. 58). Thus although Cded is
requited for ruffle formation induced by constitutive generation of
FA at the plssma membrane, it & not requited for the reoruitment
of aPRCCA. Overall, these data indicate that DNGEx acts upstream
of aAPKCYL i a Cded2-independent manner, by regulating its
recruitment to ruffling sites through production of PA
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Fg. 5. DGKe regulates aPKIDH function. (4] MDCK il wene transfoched
either with control sifkA or DGKx silNA ¢ and c2, treated with 10 ngémi
HGF for 15 min, fixed, and stainod for aPKEA {green) and actin fred). (Saile
bar, 10 pm) ) MDCEK ook, transfected etther with DGEKaWT or myr- DG e,
weere cultured owernight in the absence of serum, fiwed, and stained for
aPXCh fgreen), myc tag fred], and actin (blue]. Arrowheads indicate trans-
focted cells. {Scale bar, 10 pm) (0) MDA oolls were stimuda ted with either
250 gl (B PA, CB-DAG, or CELPA or left untreated, and fised and stained
foer actin {red} and aPKICA (green]. Arowheads indicrbe cortical actin rear
rangements, while the arrow indicates aPKCDh membrane lomlization
Scale bar, 19 pmu) {0} MDCK ool weene stimudated with efther 250 gM C8-PA,
10% FCS medium (a3 positres contral], 260 @M CB-DAG, or left untreated.
‘Whole-cell lysates were analyzed by western blot and the mbensity of
phospho- aPX 4 bands va s guantified by densitometny. For each condition,
nine replicate points weere performed in four independent experiments: The
densitometry of ath band was nommalized as the pereentage of the dene
sitoamestry meean of oontral points in the same experiment, and i shown in
the histogram, wath SEM; ** P« 0005, A representative picture i shown

Wi then investicated whether, by regulating the function of
aPRICL, DGEa might contml the dissociation of RacRhol30M
complex. We immumnoprecipitated BhoGDE from MK cclk sta-
by expressing cither the contmol vector (MDD CK empty vector) or o

Onienade ot al.

kinase-dekctive dominant-negative mutant of TrRe (D GRaDMN).
Rac coimmunoprecipitated with BholGDI both in MDCK ampty
vectar and in MIWCE/DNGRa DM unsimulated celk, Uipon HGGF
stimulntion, Rac was released from the complex with RhoGDI in
MK empty vector cells, whereas expresson of DGGRa DN pre-
vented both dissocintion of the complex (Fig. 6 and Fig, 59 and Rac
activation (13). Collectively, the data presented above identify
DR a5 an upstream regulator of aPKCCL DGE, by prodiscing
PA, provides the crucial signal for the recruitment at the plasma
membrane and activation of aPEC, in complex with FoholG TH and
Rac, which finally disociates in 8 DMiKe-dependent manmer,
thereby allowing Rac activation.

Finally, we tested the hypothesis that DGEe medistes the for-
mation of membrane ruffles by regulating aPRCCY Thus, we
verificd whether transem expession of membrane-bound con-
stitutively active myT-PRICE could overcome DGR inlibition, as
expacted for a downstream effectar, Indead, myr-FRCC-expressing
cells featured an altersd morphology with membrane pmotrusons
and ruffles. evenin the absence of stimulation, and in 60% of them
Rbol5D was localized at the outer plasma membrane. Prolonged
(1-h) pharmacological inhibition of DMGE activity by B394 did
not affect cither formation of membrane protrusons or Rho G
localization to theouter plasma membrane (Fig. 7), confirming that
aP'RCCN is responsible, downstream of Do, for the recnatment
of RholiDM at the keading edee and corsoquent activation of the
malecular machinerny necessary for extension of manbmne muffles,

Owverall, our findings highlight that DGR, by producing PA,
provides a crucial signal to mcmit aPRCC) and RhoGDIRac
complex and to activate aPRCCh, thenchy allowing Hac mem-
brane targeting and activation and corscquent actin cytoskeleton
remodeling preliminary to cell migration.

Discussion

Epithelial cells at the periphery of a colony initinte migration by
extending membmne protrusions whose formation reliss on re-
cruitment and actvation of Rac to thar tips, to harness and
localize actin polymerization {23). Spatially restricted activation of
Racat nascent nuftles is triggered by coordinated signals provided
by both growth factors and adhesion receptos. Moneover, the
observation that in epithelial cells the expression of aconstitutively
active form of Fac isnot per se sufficient to promote ruffle for-
mation | 15, 24) strongly indicates that a further Incalization signal,
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Fig. 6. DGKa regulates RacPhoGDl comples desodation MDOKempty
woctor or MDOCDGKsDN ol woere stimulated wath 50 ngml HGF for
15 min Cell Iysates were immunopeecipitated for AhoGDI and analyzed by
wrestern blot.
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Fg. 7. DGKa does not affect myrPELGinduoed events, MDOK ool were
transiently transtected with myrPKCS grown owernight in the alzence of
serwm, and trested wath 1 A R599489 for 1 b Ooll weore foed and stained for
flag tag {red), AoGD fgreen), and adin o). Arowa mdicate RhoGD
staining at protrusion sites. feale bar, 24 pm) C, 30 transfected cells, soored for
the presence of protrusions and BhoeGDI at protrusion sites. o= 3 with SR

provided by prowth factors, is required to generate RaoGTF
goecumulation af protrusion sites. Starting from our initial obser-
wvation that DGR is required for HGF-induced RacV 12 mem-
branc tarpeting, we umvel a signaling pathway by which HGF
regulates Rac localization to nascent nuffies through membranc
recruitment of DGRe, aPRCCA, and Rho GO

Wi previously showed that, upon HGF stimulation, activation
and membrane recruiment of Rac, as well as ruffle formeation,
are fully dependent on DGR (13} Our finding that expresson
of a myristoylited mutant of DGEe promoted niffle formation
and Rac momitment at protrusion sites, in the absence of growth
factor, strongly suggests that activation of DGEa at the plasma
membrane provides a crucial signal to regulate Rac function.

Previous evidence undemcored the rok of BEho(GDI in regu-
lating the dvnamics of Rac tamgeting to the plasma membrane,
where Rac disociates from the inhibitory complex with BholGD
1o imteract with its downstream effectors (2, 18}, Onr observation
that in HGF-treated cells RhofGD1 is recruited to nascent roffles,
and that a Rac matant unable to bind to RholG0M is not, provides
further support to the claim that the mteraction between Racand
RholGD1is necessary for Rac membrane targeting, Momover, the
present data demonstrate that growth factors promote Hac
membrane localization by regulating RholG0 targeting. We show
that DMGEa at the plasma membrane provides a key lipid sgnal
necessary and sufficient to recruit Rhol7 DL Furthermone, the
failure to detect DGKa in 2 complex with Rhol7D and Rac
surpests that Dv(7Ra, rather than acting s= a scaffolding protein,
muay recruit RholD through its creymatic activity. However,
Rho(3DM does not feature any clear domain responsible for
membrane binding, suggesting that the lipid signal genemted
by D(3Ka may recruit RhoGIN thmugh m interacting lipid-
hinding protein.

Recent evidence indicates that PECT associates with Rhol301
and regulates the disociation of Rag/RhoGGDI complex, therehy
allowing Fac activation {21). Moreower, PRCL regulates invasive
behavior by activating Rac in lung cancer celk (25). Interstingly,
PA, the lipid product of DGR activity, has been reported to hind
directly to PRCT and to stimulate its enzymatic activity {20),
whereas it was mecently shown that IDMiEa enhances PROC-
mediated phosphoryvlation of phS/Rel (26). Here we show that
upon HGF stimulation, DGEa-generated PA is a necessary and
sufficient signalto recruit aPECCA at protrusion sites and activate
it, therehy promoting Rac and RholGDI membmne tapeting,

Kurbayashi ¢t al showed that PRCL, asociated in a complex
with Rhol7D0, mediates its phosphorylation on threonine, therehy
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allowing Rac mlease (21). Based on this obseration and on our
data, we expected that Rac release from the complex with RhoGDE
depended on DGR activity. Corsstently, in the present repont, we
show that DG a eneymatic activity medated HGF-induced Rac
release from RholGGDI, although we could not detect any threonine
phosphorylation of endogenows BholGDN. Finally, these results
siaggest the Following working model: Upon HGE stimulation, Sre-
mediated activation of DGRa, once targeted to the plasma mem-
brane, esults in accumulation of PA, which directs the recruitment
of aPKCRholGDI/Rac complex at protrssion sites, likely through
the interaction of DG e-poduced PA with the Cl-like domain of
AaPRCCA, which is finally actvated. Thus, aPRCC) is identified as
the direct dowrstream effector of DGEe Onee at the plasma
membrane, aPEKCL0 may allow Rac release fom BholFI0, likely
through RhoGDI phosphorylation. This model is contirmed by the
finding that expression of myr-PROCL in the absence of growth
factors, recapitulates both RholGDI recruitment and protrusion
formation in a DGEe-independent manner, providing further
suppart to the tenet that DGEa regulates RhoGDE and Rac by
acting upstream of aPRCL) (Fig 8]

aPKC is recruited tothe plasma membmne through binding to
active Cdod2 (I7) or by direcied intemction with ceramide ina
Cdod2-independent manner (28). Our finding that Cdedl i= dis-
pemsahle for aPRCLA recruitment indwced by myr-[DGE: suggests
that Cded2 function is not required for lipid-mediated aPECS)
membmne targeting, albeit necesary for mffle formation down-
stream of D3k

As Rho(GIM ako contmls Cde4l, we may speculate that acti-
vation of DGEs provides a localization signal driving plasma
membmne recruitteent of aPKCs in complex with Rholz DM and
Rac or Cded2, eventually leading to the activation of Cdc42 and
Rac, which muy further mcmit aPKCs in 8 Cded2-dependent
manner, This might establish a feed-forward mechansm that
allows the full activation of the moleculir machinery driving
actin polvmerzation and consequent formation of membrane
protrssions

PAKI-mediated serine phosphorylation of Rholr DI promotes
the selective release of Rac downstream of Cded 2 activation
129). Recently, DGED was shown to regulate PAK I-mediated
phosphoryation of BholGDL leading to sclective activation of
Rac but not of Cded2 (), Converscly, PRCC-dependent
phosphoryation of BholGD I promotes the release of both Rac
and Cded2 (21). Thus, it seems that DiGKae and DGED, by rep-
ulating, respectively, aPKCT) and PAKL are involved in two

Fg. & Model proposed for Hac-lomlived activation at the leading edge
upon growth-factor stimulation. Upon growth-factor stimolation, DGKa &
activated in 8 Srodependent manner and recruited to the plasma mem
brane. The production of PAis the orucial signal to direct the reonutment: of
aPKCEh, n oomplex wath RhoGDH and Rac. PECER, in turn, medintes the dis
sodation of Rac from the inhibitory complex with AhoGDI, whidch may
become prone to activation by a RacGEF.
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distinct molecular mechanisms leading to the contral of small-
GTPsse functipn.

In conclsion, our findings constitule a coherent demson-
stration that DHGKa, upon Sro-mediated activation, acts as o
positive trnsducer of growth-factor signaling by producing PA
rather than remaoving DAG. Here we unweil a PA-mediated
signaling pathway linking tyrosine kinase receptors to Rac acti-
vation, memboane ruffling, and cell migmtion, In particular, we
highlight a pivotal role fora DGRe-aPRCCA-RboGDI axis in the
regulation of the initial events leading to activation of Rac at the
leading edge of migrating celk,

Materiak and Methods
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Statistical Analysic In experiments involing counting of ool displaying
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SAP-Mediated Inhibition of Diacylglycerol Kinase a
Regulates TCR-Induced Diacylglyeerol Signaling

Gianluea Baldanzi,*' Andrea Pighini,®' Valentina Bettio,* Flena Rainero.*” Sara Traini.*
Federica Chianale,* Paolo E. Porporato,®” Nicoletta Filigheddu.* Riccardo Mesturini,’
Shuping Song,' Tamas Schweighoffer,” Laura Patrussi,” Cosima T. Baldari,®

Xiao-Ping Zhong,” Wim J. van Blitterswijk,** Fabiola Sinigaglia,* Kim E. Nichols,""
Ignacio Rubio,' Ornella Parolini,'" and Andrea Graziani®

Dincy lglycerol kinases ([M:Ks) metabolize diacylglyeerel o phosphatidic add. In T lymphocytes, IMzKe acts as a negative
regulator of TCR sipnaling by decreasing diac ylglycerod lev els and nducing anergy. In this study, we show that upon eostinul ation
of the TCR with CD2E or signaling lymphecyte activatdon moelecule (STAM), DGR, but not TGEL. exits from the nudeons and
undergess rapid pegative regulaton of its enzymatic activity. Inhibiton of DGEe is dependent on the expression of SAP, an
aidaptor protein mutated in X-linked lymphoproliferative disease, which is essential for SEAM-mediated <ipnaling and contributes
it TCRACD 28-induced signaling and T eell activation Accordingly, overex pression of SAP is saffident to mhibit IM: K, whereas
SAFP mutants unable e hind either phospho-tyrosine redduoes or SH} domain are ineffective. Moreover, phospholipase C activity
amd calcinm, but not Sre-Family tyrosine ldnases, are also required for negative regulation of MGEe Finally, nhibiton of DGRe
im SAP-deficient cell pardally rescues defective TCR/CD2E dgnaling, induding Ras and ERK1/2 activaton, protein kinase C@
membrane recrutment, nducton of NF-AT transcriptional actvity, and IL-2 production. Thos SAP-mediated inhibition of

DK sugains discylglycerol signaling, therebhy regulating T cell activaton, and & may represent a novel pharmacological

strategy for X-lnked Iymphoproliferative disease treatment  The fowrsal of Immaeodogy, 2001, 187: 5041-5951.

along with simulation by costimulatory receptors such as

C2R, leads to T cell activati on, cytokine prodection, and
differentdation. Moneover, several ofwer receprors influence cell
activation by guantitatively or qualitatively modifying immunore-
ceptor-derived signals, Conversely, stimulation via the TCR alone,
althou gh partially activating intracellularsignaling pathways._ is
not sufficient w indwee effecior functions such as cytokine poo-
duction and proliferation (1.

Signaling lymphocyte activaton molkecue (SLAM; CDIS0) iz a
homotypic ransmembrane receplor expressed in Tand B lympho-
cyies, dendritic oells, and monocytes (2], Upon engagement, SLAM
wndergoes a conformatonal change leading © Fyn-medined tynoe-
sine phosphorylaion and activation of averal sigraling pathways
that modulate TCR-induced responses (21 Fyn recmiitment to the
activated SLAM i mediated by SAP, an adaptor praiein comprising

I T lymphocytes, engagement of the TCR by specific Ags.

asingle SH2 domain and a SHI domain-bhinding sequence (1) In
bumans, SAP los-of-function mutations cauwse X-linked lympho-
proliferative disease (XL, an imnune dizorder characterized by
aderegulated immune response 1o EBY, susceptibility to lymphoma
and defective Ab production {4). Inierestingly, S AP-deficient T lym-
phocytes from either XLP patients or SAP knockow mice exhibit
defective responses to TCRAT2R costimulation in vire: 1) T eells
from XLP patients feamre reduced ERK 12 and NF-xB activarion,
decreazed [L-2 production, and impaired proliferation () 2) CP4°
T cells from XLP patients exhibit reduced 1005 expression and
[L-10 prodhuction (61 and 3) T cells from S AP knoc kout mice feamre
redwced protein kinase © (PECH membrane recuitment Bel-10
phosphoryation, and NFxB actvation, which are associated with
defective 114 secration amnd enhanced INF-y production (TL
Ag-medisted activation of the TCR in the prese noe of other co-
activating mokcules iriggers a complex signaling network leading
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o wanscriptional activation of specific genss whose expression
mediates T cell proliferation and differentiation. Activation of Fas
and PRCB trigger key signaling pathways, leading, among others,
to the activation of NF-AT and NF-xB and contributing to tran-
seription of the -2 gene (B, 91 In T celk, activation of Fas and
PECH is dependent on the generation of diacylglyceral {DAG)
thirou gh pheo b lipase C (PLC)-madiated hydmlysiz of phosphat-
idylinosiml-4.5-bis-phosphate, DAG recruits RasGRF, the Ras
GEF mainly responsible for TCR-induced Ras activation, and
PECH to the plasma membrane { 10, 11). Nowbly, engagement of
TCR inthe shaence of costimulaton resulis ina weak and transient
activation of both Ras and PECH, which drives T cells into anergy,
& hyporesponsive gams charscterized by the inshility 1o produce
1L-2 and prolifersie (12, 13).

DAG generated upon T cell activation is rapidly metabolized by
DAG kinsses (G Ks), a multigenic family of enzymes responsible
for phvsphanylation of DAG 1o plaosplatidic acid{ PA)L Consistently
with the crucial ole of DAG signaling in Teell activation, several
pizces of evidence indicale that the DGKa and DG KL isoforms,
which are highly expressed in thymus and T cells, act as negative
regulators of TCR signaling and immune cell function {14). Spe-
cifically, 1} genetic deletion of DGKa and DGEL in T cells en-
hances TCR-indooed activation of ERK /2, resulting in defective
indueton of anergy (L3, 16); 2) DGK ais stongly induced inanergic
T cells {131 3) ovenexpression of cither DGKa or DGKL impairs
CDACD2R-induced activaton of Ras signaling {17-199; 4) phar-
maoological inhibition of DGEs reverses the inability of anergic
cells to produce [1-2 in response to TCR stimulation { 13); and 5)
DGR expression i downne gulatad within a few hours from Toell
activation (19}, Collectively, these data suppont the concept fat
seonnd messengers signaling is highly de pendent on the fine tuning
af DAG synthesizs and degradation rates. Although there is no evie
dence for megulation of DGKL upon T cell activation, TCRACTD2E
cosimulaton of T cellk results in rapid and sugained recruitmem
aof DGR i to the plasimna membrane {19), an event madiatad by both
Lek-dependemt phosphorylation of tyosine 335 and calciwm bind-
ing w the EF hand domain of DG K (20, 210

Based on the mole of DGKa a5 a negative regulaior of T cell
responses, we investigatad the hypothesis that upon T cell stim-
ulation, DGKa activity might undergo negative regulation. In this
stindy, we show indeod that the enzymatic activity of DGKa is
inhibdted wpon costimulation of TOR and CDZRE through a SAP-
mediated mechanism. Moreover, we found that, in SAP-deficiem
cells, defective TCRACT2E signaling and T cell activation can be
panially rescoed by inhibiton of DGKo

Materials and Methods
Cell e ulniers

Jurkst AS cells (LGT Sencards) and 293FT cells (Life Technologies) were
culimred, respectdvely, m RPMI 1630 GluaMAX mediom or DMEM
(GlmaMAX high glicose {Life Techmologies ), supplemented with 106
FBS (Life Techmologies) and sndhiotic-animsycodc soluion (Sigme-
Alkdrich) in humidhfied amosphers wath 5% O0L. PEMCs (PBLsj wese
isalated by Lymphoprep gradien {Axds-Shield) of ACD (130 mM cimic
acid, 152 mM siciam cmate, and 112 mM gluene-ireated venous hlood
olamed from heabhy wluneens afier informed consem. Brefly, blood
was byered omo Ficoll-Fypecque sparating medi and, afier 20 min
centrifugasion a1 3 relative cenmifugal force (RCF), cells were collecied,
washed, and suspended in RPMI 1620 GlaMAX medon supplemented
with 1'% hest-inactivates] FBS and antiiogc-antimycotic salution.
Monocyies were depleded by plastic adherence 2d 37°C for 1 h, and the
memaining PALs were maimiained for 18h ina hamid ified ammasphere wig
5% 00, hefore Amher somulation. BIL-141 TTE-5AP cells were a gifi af
A Veillege {Monaéal, QC, Canach).

JurkatfSAP-short haarpin RNA (shRMNA j cells were obtamed by infection
of Juriat cells wigh lemivimzes encoding SAP-specific shRMA in pLE{L]-
Puro vectar (clone TD TRECMKHER §2712 RMAI Comonium ghrough

SAF INHIEBITION OF DGEx IN TCR SIGNALING

Sigme-Oenoeys), ssquence; 5'-D0G0CACAAGOTACTACAGOG ATAA -
CTOOAGTTATOCCTOTAOTACCTIOTGTT TT TG 3

Jurkticomtrol -sh RNA cells were olamed by mfection wih lemtiviuses
encacling a shRNA specific for mamine DGEa in plKO1-Pam vecuw
{clone D TRCMINKIK) 248 25 RNAG Comantium duough Sigma-Oenonys),
segjuence: 5 -00000AGCTAADTAAOOTOO TATATCTODA GATATAC
CACCTTACTIACTTAGCTCTTTT RS .

Lemavines poduction and hrkat infection were camied om sccording
0 the manufacturer’s immuctions. Infeced Jorkat cells were selected For
14 d in puromyem {1 prefml) snd nsed =5 2 bolk popolation in all expen-
men

Reaganty

The Als wsed recogmize the followmg proteins: pan-Ras {(Ab-d; Merck),
H-Ras (FAA5, Cell Signaling Techmlogy i, linker for sctnation of T cells
{LAT; Sania Crr Bintechnology |, and-TL-2n recepior Ah {TAC; Ahcam),
COF agomia (K T3:; provides by 1L Dhameani, Nowvara, Inly), CD28 =p-
onist {ANC2E.1/S5D10; Ancell) {excep for Fig. 40D, where ang-CD2E was
from BD Plamsingen), SLAM spmnistic Ab (A12: Binlsgend), anti-DEEL
Ads {gift of M. Topham, 5alt Lake City, UT), mixsure af DO Ea Albs used
i memanywrecipiiagon (22), DOKe (G20 and PROD (Sans Oz
Bioecmology) used for immunofluorescence, ERK 12 and phoapho-
ERE1/2 framn Cell Signaling Technology for Sapplemenal Fig. 2 and from
Transduction Laboratones for Fig. 5C, SAP (FL-128; Upate Biotech-
norkogy ), eetuhalin (Sigma-Aldrich), socondary HREP-oonjugased Al
{PerkinElmer), sscondary FITC-conjugated Ab (Dako), and Alexa Fluor
Sdbphalloidm {(Life Tecdmologies). In all expenmems imvolving somala.
dmm with Ahs, apecies-maiched preimmune smm (Sama Cne. Biotech-
ncrlngy § was med for commals in egual amomms.

Inhihitors used were from Sigma-Aldrich: R599:59, DK s inhibisor; PPZ,
Src famaly imhihitor; UT3 122 PLE mhibiior, BAPTA-AM, cellpermeahle
cakcium chelator; wortmannin, FI3Es inshibfor: and PAS, PAK-specific
minhisor, BAPTA-AM wax dimalved m waler; others minhitnrs were
chissalved in TS DALS0 was 2l ways med in conmo] s zmples a2 the same
dilutiom as the inhihitor tesed

Erpresdon vectors wnd transfections

GFP-5APowild type, OFP-5APRTEA, and GFP-5AP-R55L were a gift of
P Schwanzherg (Natioma] Insteges of Heakh Bethesla MD ). N-temminal
yellow fuorescent provein (YFPREDOR: was obiined by chomng DO Ka
m pYFPNDEST {Life Techmokpien) using the Oateway kot (Life Tech-
nakgies) acconding o fie mamfacaer's nstroctions. pF-AT- TA-locif-
eree reporter vector and pRL-TE nomaliation vector were frim Clon-
tech. Small interfering RNA (RNA) and negative control siRMNA were
from Amhion/Life Technologies: DOKa siRNA (23) sme, 5'-0010A-
GUOADGUCCTA AADTT-3', smisense, 5'-CUUDAGOACATT ACTLINI-
ACCTEY

Transient mansfoctims in Fig. 50 and 55 were performed using Lipo-
foctamine N0 reagem (Life Technologies) sconrding to the momm fac-
frer’s nstnctinms. Miooporation of Jukat cells for imaging experiments
was performed acconding o e mamfacmren’ immuctons with the Mi-
croperator. WP 10 system from Digital Bio Techmology (Fig. 2, Supple-
memal Fig. 38) ar with e (Gene Poler I from Bio-Rad (Fig. 581

Cell srimulanor, prepararion of cell haates and homogenares,
immnoprecipistion. Wesrern Bloming, and DGE assay

Calla {3 X iﬂ-".":ru]:l were neaugpended in RFMI 1620 and incohoted for the
indicated time with agonist Ahs or comtmal species-madched  preimmame
serum st 370, For mmmumprecipitation, 3 % W cells were lysed in 1 ml
lysis budffer A (25 mM HEPES [pH 8], 1'% Nomded P30, 109 ghoenol,
150 mM N2l 5 mM EDTA, 2 mM EOTA, | mM Zolll,, 50 mM am-
memmm melvheate, 10 mM NaF 1 mM sodam cnheyanadase, and pro-
tease inhibitor mixmme from 5igme- Aldrch), An aliquot of cell lysae was
metined for Westemn blot analysiz, and fhe remainder was ommunoprec-
pitded with & mizue of na-DOKx Ahs s previomsly described (245
Whale-cell b B ‘wese prey | by homargenizing 3 = 17 celk
m | ml colel boffer B (baffer A without desergent) bty 20 pasages i a
2depmupe syrmge. Protem concenfatzm was determined by BCA {Pierce),
and equal amounss of proteins were Inaded in each bne. SDS-PAGE and
Western hlois were perfirmed 25 descrihed previonsly {250, Western hlot
resubs were acguired with a Ver=Doc system and gumntified osing
Cuantity One software (Bao-Rad).

DK sctiviny in cell homogemstes (25 jel) and =nzn-DO K mmamam-
rEcip e were ssyed by messuning mitial velocites (5 min st 3°Chas
mevinasly descrited (24 Raclionctive signals were detecied and quam ifisd
by G5-250 Malecular Imager and Phersphor Analyst sifowane (Bio-Rad).
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Imunoflicoresce nee

For immmmunaodfuoresxence on fized cells with Ab ssmulagion, cells wes
meded on poly-Llysmescosted ghss coverslps {Marenfeld) in 24-well
plates for | b and Sen stimobted with 10 peiml agoni= Ahs for | hinthe
presence o atwence af the ndicated ivhihiton Cells were then fixed with
Formaldehyele and sxined = previously desonibed (261 Confocal images
were scquired with 2 Leica confocal micromcope TSP2 (objective, ®A3;
numerical apertwre, 1.32) and amlyesd with LCS confocal sofware
{Leica),

Far the mmumlogical synapse expenments, Raji cells (used s APCa)
wete incuhated for 2 h with 10 peiml saphylocoocal emerotaonm E Raji
cells wene washed, mixed with Jukst controlshRMA or Jurkst SAPR
shBMNA (L1 for 15 man, and phted on polylysine-coaed wells of dmg-
nostic micmscope s hdes (Bhe Sciemific). Cellk wene alkwed to adhere for
15 min and #hen fived in methanal st <20°C for 10 min. Samples wee
theén washed fir 5 min i PBS and incofated with ani-PECH Ab overnisht
at 4. Afer washing in PBS. samples were movhated for 1 b st room
temperatire with FITC-lsheled ami-post Ah. Imoages were talen using an
Axi Imaper X1 micrscope equpped with an FRO 50-W meroury banp
fir epilorescence and with m AxioCam HR cooled charpe-conpled
camera (Car] Fems),

For lve cell maging experiments., Jurkat AJ cells, Jurkat comrl-
shRNA, and Judcat SAP-shRNA were microporaed and serum staned in
RPN 1620 plus (L2% BSA plus 50mbl HEPES for 2 h. Cells were seecled
mn plasshatinm dishes coaed with paly-L-yane or with the agonistic Ah
amti-C0], 2t CD3 plas ant-SLAM, or ang-CD3 plas ang-C0O28 st the
fimal concemtmtion of 1 pgfml. Confocal muges were acquired at the
incheated times with a Feizs LM 510 inverted laser scanning micmsoope
wing & C-Apochromi X437 water immersion chjective lems {(Carl Feiss).
Later scanming microscope image files wene processed using the i
FEN leser scamming mocmacipe mmage rowier softwae. When compar
wons g impes were 1o be made, fie mages were taken m klentical
omditions end equally monipobied using Adcbe Photshop 7.0 sofiware
{Adlobe Sysems)

Call fraeriomarion

Cella {3 % 107/ ml) were reaispended in RPMI 1640 and incohated for the
méicated dme with aponie Abs or commal speciesmatched preimmeme
serum at 37°C. Whole-cell homagenates were prepared by homageniring.
3% 107 cells as descrived shave and snicating the homagenates for | min
Pasmunclear and postmatochondrial fractions (ohtamed by 10 mm ceniz-
fugation at 10,000 RCF) wene fnther separated by ultrcenn fugation (30
min 2t 1(KEK) RCF), Sapematams {saluble cvtopbanic fraction) and
pellets {imoluble membrane fraction) were onllected and SDS-PAGE amd
Weslem blot wene performed as desrihed previously 25 using anti-
DOKo snd anti-1LAT Ahs

Riochemical Ray activarion assays

Recambman G5Tc-Ral-RBD protein was produced in Escherichia cali
a5 described (271 Jurkat cells were serum deprived (2 h m RPMI 1540
supplemented with (0.2% fmty scid-freefendmoxin-kow BEA 2nd 50 mM
HEPES [pH 7.5]1. After mimabtion, 1 ml cell supemsion (107 cells) was
ysed in 1 mil kce-cnld lysis buffer (50 mM HEPES [pH 7.5), 140 mM
MNaCl, 5 mM Mg, 1 mM DTT, 1'% Nonidet -3, protezse inhibaon)
supplementesd] with 25 pe GST-RBD prosein and 100 @M ODP o qoench
mmlytic OTP-kading and GAP-dependem Ras-hound OTP hydmlyss,
respectively, Cell extracts were clesred by cemnifugation and GST-RBLIV
Ras-GTP complexes were collecied o ghitdbione-Sephanse. washed
mmee with lysis huffer. and processed e SDS-PAGE analysis,

Mevmraalion nwe Rybead sysiem

A medified Clontech MachMaker (BD Bicsciences) mommali an ow oetinnd
hytrid asay was wsexl. Fulllengéh homan SAP and it point-manased var-
ianis were cloned imn the ph seres verioms as OAL&-hmding . dommain
Fusions.

Eiger foll-lngth DK a or the MN-termmal DOK o fogment was cloned
mw & pVP vecior o direct espesson of VP 1§-acivation domein fusian
i, These were cotramfected into suboon flusnt HEK 23 cells wath
a G ALA -luciferase reporer plasmdc 2nd & pWA X-hasex] expresdon plesmid
comining foll-kengh homan FynT. Lucifense sctivity was messumed afier
24 housing & commercial kbt {Promega)

NF-AT asquy

i cells {4 = ]EF."m]:l were cofransfected with pNF-ATTA-Tuc  smd
PRL-TK phsmids. Afier 48 h, cells were stimulated 2 ndicated for 16 0

3043

Lociferass was asayed with 3 Duallucifernss meporer smay sysem
!-.PNTI:I!‘E:I acoand mg 1o fe menufaciwrer’s mamction mnd soecsed wing
2 Victor V¥V maltibhel counter {PerkmBmeri. NE-AT-drven tirefly Io-
ciferase actiaty was nomalined for the meference Remilla hiciferase ac-
oviy 1o lake in scooom diffevences in mamsfection and expression
efficency, and all valies were expressed = nld incresse opon onstm.
lated comroks.

JL-2 agsay

Bukas cells {1 * 1) were pladed m 100 ol mediom supplemented with
1'% FBS and stimmlsed as mdicated for 72 h 1.2 released m &he medin
was mexiared by ELISA (GE Healshcare).

Sunristicel amalysis

The dhta were copresmed 25 meam = SE Sotistical amlysic was deter-
mumexd ty & Smdent 1 st

Results
MNeganve regularion of DGKe diring T cell aerivanion

Becaise DGEs ne gatively repulates T cell sctivation (17, 19), wesat
ot b imveatigate whother it is negulated in the early phase of Tym-
phacyie activation. To this parpose, we assayed the enzymatic ac-
tvity and sbcellular ncalization of DGEe wpon actvation of
primary lymphoc ytes {PBLs) and Jurkat leukemic T cells. DGR
activity was measured in vitno in the presence of exogenous sub-
Arates in ant-DOKe immunoprecipitates obtained from either
control or stimulated lymphoc ytes. Following | 3min costimalation
of PBLs with agonistic anti-CD3 and anti-CD2E Abs, the enzymatic
activity of DG Ka was reduced by ~60% o5 compared with unsti-
mulated cells (Fig. 1A), without any change in DGRa potein
ocontent{Fig. LA, kower Aghr panel). Stimulation of PBLs with anti-
(3 Ab aone did not significantly affect DG Ko activity | data mot
shown). Becawe activation of SLAM family receptars was reported
w0 enhance TCR signaling (28, 29), we investigaied whether SLAM
might regulate the enzymatic actvity of DGRa. Indesd, 15 min
costimulation of PBL: with anti-CD3 and anti-SLAM agonist Abs
resulied in an even stronger inhibition of DiGKa activity without
affecting DGR prtein content (Fig. 14). We then measued
DGEa activity in amti-DGKa immuncprecipitates from Jurka
kenkemia cells following costimulaton with anti-CI3 and either
ati-CD2E or anti-SLAM agonist Abs. Similarto the datm on PBLs,
DGRa enzynmtic activity was stmongly reduced upon 15 min co-
stimulation viathe TCR and either SLAM or CD2E and lasted for st
least | h, without changes in DG o protein content (Fig. 18, 10
Finally, to address the reponed ambiguity of how anti-SLAM Abs
may affect SLAM zignaling, we used an alemative approach 1o
induce SLAM signaling. We wsed a chimernic receptor featuring
SLAM intracellular domain and the extracelular and transmem-
brane regions of the human F.-2 receptor a-chain coexpressad with
SAF in BI-141 lymphacyies (300, Crosslinking of the chimeric re-
cepior with TAC triggers SLAM sigualing (300 and it was sufficient
o induce a8 strong decrease of DG Ka activity withowt changes in
DGR protein content { Fig. 10). This result indicates thet signals
ariginating from the intracelular domain of SEAM lead to DGKa
inhibition. Taken together, these observations indicate that wpon
costimulationof the TCR with either CD2R or SLAM, e eneymatic
aiivity of DGKa undergoss 8 npegative regulation, which likely
contributes 1o the accumulation of DAG required for RasGRP-
mediated activation of Ras and full T cell activation,

T verify whether this regulation was specific w DGRa, we fist
examined whether anti-CD3 costimulation with either andi-CTDI2R
ar anti-SLAM Abs regulated DGEL, which, slong with DG Ko, is
highly expressad in T cells. We ohservad duat neither CDAACD2R
mar CO3SLAM costimulation of T cells did affect the eneymatic
activity of DGEL in anti-DGKL immunoprecipitstes from either
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FHGURE L DUEx i mhitied npon T cell activation. PBLs (A) and Jurkest A3 cells {8} were stimulated for 15 min with 10 gefn] nccated Abs 2l
Tysed. Ang-D0 Ko imanumopseci pistes were assayved for DG K encymatic activity while an aliqoot of whole-cell lysate was analyred by Westem blot wit
and-DOEx Ab o emore equsl loading. A represnodive experimen & shown {(fwer pamelh together with = graph showing the mean = 5E of foor -
dependent experiments shown 25 percentape of contn {apper paacl . “p =< 05, r st versus comtral. ©, Jutdat A3 cells weore stimilated with 10 pgfml
2n3 =100 =nd 2mi-5LAM Abs sl Tysed a2 the indicated times. AntDOK @ immmamoprecipriates. wene zsayed for DGK enzymatic acovey while an aliguot
af whole-cell lyste was snalyied by Wesemn hlo wih anti-DOEx Ab o emare equal kbading. A representine expermment o shown (bwer panely
tngether with & graph ahowing the mean + 5E of foor independent experiment: shown 2 percentage of contm] (upper panely. *p < (L5, ©fest versus
connral, [, BI-14] TTS-5AP cell wers stimubied for 15 mm with 5 mgfinl awi-TAC and 2 mefml ang-Tg0 and lysed. And-DO K immemoprecipitsies
were zsmaved for DOK encymatic sctivity while an aliquot of whele-cell lysate was analyeed by Westem hlot with anti-DOEx Abhlo emsane equal loadmng.
A representative expenmer is shown (Imeer panel) opether with o graph showin g fie mean = SE of three independem experiments shown 2 percentipe

af contral {ypper panely. *p = 005, r s versos commol

cantrol or costimulated cells (Supplemental Fig. 13, These ohser-
vations indicate that TCR aaivation specifically regulates DGK o
enzymatc activity while not affecting DGEL To verify the oon-
tribution of DGKa megulation o the total celular DGK activity,
we measured DGK activity in whole-1ymphocyte bomogenates us-
ing exopenous subsraies Following 15 min TCRATD 28 costim-
ulaton of cither PBL: or Jurkat cells, total DGE activity was not
significantly affecied, even when fhe costimulation was sufficient
1o activate ERK1/2 (Supplemental Fig. 24, 287 Conversely, upan
15 min TCR/SLAM costimulation, total DGK activity was sig-
nificantly reduced ( Supplemental Fig. 20, 207 Given the specific
subcellular localization of DOK koforms, these obserations sug-
gest that DGKa inhihition doet not affeat the bulk of DAG me-
tabolism while selectively promoting DAG acoumalation st spe-
cific companmens,

As DGR recruitment from e cytoplasm o the plazma nent
brane is highly regulaied both upon growth factor stimulstion of
epithelial cells and TCRACDIR-medisted costimulation of lym-
phiocytes (20, 24, we sssessed DGRa localization following
costimulation of the TCR with either CD28 or SLAM. Both en-
dogenous DGKa in CD3* PBLs and YFP-DGEa transiently ex-
pressed in Jurkat cells bocaliee diffusely in the nucleus and in the
cytoplasm of wstimulaied or TCR-stimulated cells, Upon | b
costimulation of the TCR with either CED28E or SLAM, DGEa was
almost entirely excluded from the nuclens and recrited to the cell
periphery in both PBLs and Jurkat cells (Fig. 24, 28, Supple-
mental Fig. 34, 38). Whemras inhibition of DGEa enzymatic

activity was an early event, stanting 5 min following costimula-
tion, reaching maximal inhibition &t 15 min, and lasting upin | h
{Fig. 1), translocation of DGKa became detectabla 15 min after
costimulation, reached s maximum 8 30 min, and lased for
several hours (Fig. 28).

To distinguish between plasma membrane and eyioplasmic lo-
calizadon, we labeled plasma membrane with sither K-Ras-V 1Y
AZR (31) ar wheat germ agglutinin. Upon T cell costimulation,
DBl only panially colocalized with K-Ras-WI2Z/AZR (Fig. 18)
of with wheal germ agglutinin (Supplementsl Fig. 38} Accond-
ingly, ~10% of cyoplasmic DGKa sodimented in the 100000
RCF fraction of COANCD2E-cosimulared Judkar cells (Fig. 2
These findings indicate that. upon lymphocyte activation, DGEa
unde rgoes both. negative regulation of jts enzymatic sctivity amd
iransloc ation from the meclews o e cell periphery, although wity
different kinstics.

Regulation of DOGKw (nhibition and recruiimen o fe cell
periphery

We ex plored whether tramslocation to the cell periphery and negs-
tive regulation of DG K were regulated by common signaling
pathways. DGRa activity and localization are regulated by Sre-
medised tymsine phosphorylation (21, 24, 25), calciumn binding
(17, 32); and D-3 phosphoinositides (33). Pharmacological nhili-
tion of FLC by UT31I2 and calcium cheltion by BAFTA-AM
blunted DGR translocation from the nucleus o the cell periph-
ery induced by costimulation of TCR with either SLAM or CD28
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y Wiestern hloitmg for DKz and LAT comntent.

(Fig. 34). Inerestingly, PP2-modiasted inhibition of Sre family ty-
mosine kimnses (SFEs) inhibited only (D3/SLAM-induced trans-
lscation, Conversely, wonmannin did not affec DGKa localize-
tion, indicating that phosphoinesitide 3-kinases are not involved
{Fig, 3A). Similarly, pharmacological irhibition of PLC and cal-
cium signaling prevented the negmive regulation of DG Ka activity
induoed by TCR/SLAM costimulation (Fig. 38). These data indi-
cate thal PLC activity and caciom release madiate ot inhibition
of DGR activity and itz ranslocation 1o he cell periphery. Con-
versely, inhibition of SFKs impaired specifically negative reguls-
tion of DGEe activity and its translocation 1o the cell periphery
indoced by TCR/SLAM cosimulation, but not by TCRACD2R oo
stimalation (Fig. 34, 3C), indicating that the requirement of SFKs
i mestricted o SLAM-induced regulation of DG Ka. Despite that
SAP owrexpresion regulaes oded2, IPA-3-medisted inhibition
of PAK, a cdod2 effector, doss not affea DGKa activity (Fig. 380,

Upon SLAM engagement, SAP mediates the recruitment of
Fyn, thereby proanoting tyrmosine phosphorylation of SLAM and
activation of its dowsstream signaling (34). Thus, we investigated
thet role of SAP in negative regulation and membrane reomitmens
of DOKa. SAP expression was downregulated in Jurat cells by
lentiviral-mediated stahle expression of a S AP-specific shRNA
(Fig. 44, 48). In SAP-deficient Jurkat cells, but not in control
shRMA cells, DGKa activity was not inhibited following stimuls-
tian of TCR and SLAM (Fig. 44), consistent with the ewsential
mle of SAP in SLAM-induced signaling. Surprisingly, in SAP-
deficient cell, THGKa adtivity was not inhibited by TCRACDZE
costimulation, This observation suggests gt SAP s not only re-

quired for SLAM sigraling, but may also play a more direct role
in promoting negative regulation of DGKa eneymate activity
(Fig. 48). Indeed, overexpression of SAP and myc-DGER in Jurka
cells resulted in the reduction of DGKa activity by 60% as mea-
surad in anti-mye immunoprec pitaies, whereas myc-DGKa protein
content was not affected (Fig. 401 Conversely, in the same assay
SAP mutane unable to bind either SHY domains (SAP-RTEA) or
bovth - tyrosine-phospharylated proteins and SH3 domains (SAP-
R35L) (3, 35) failed to inhibit DGKa (Fig. 401 These findings
indicate that SAP overexpression is sufficient 1o inhibit DG Ka
trough 4 mechanizm that requines SH 3H-binding ability of SAP.

The saquence swroanding tyrogne 335 of DGKa (STYI35PSV)
features a high similarity to the SAP-5H: binding motif on SLAM
(TIY 281 AQY) {36), suggesting that DGKa might bind directly to
SAP. However, we conld not detect a direct physical association
between SAP and DGR in 8 mammalian owo-hiybrid assay (Sup-
plemental Fig. 44) or in coimmunoprecipitation assays using
ransfecied 293T cells (Supplemental Fig, 48), even when the two
proteins were ocpexpressed with SEAM and Fyn. Taken together,
e se resulis indicate dat SAF does ot inhdbit DGKa by direotly
hinding to it, b through the SAP-medisted recruitment of a yet
unidentified SHI-containing protein.

The role of SAF in DGEa membrane recruitment in Jurkat cells
was iwestigated by shENA-meadiaied able knockdown of SAP.
SAP zilencin g selectively impained the recmitment of DGEa tothe
cell periphery induced by TCR/SLAM costimolation, but not by
TCRACDIE costimulation (Fig. 400, Similar results werne obtained
opon ransient siRNA-medinted downre gulation of SAF in Jurka
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FH:URE i PLC and calcium meshade TUPReindoced regulation of
DO e A, Furkas A3 cells were trams fecied wigh YFP-DO B and affer 240
were senun ganesd for 2 h seded for | b oo polyi-lyme, CD3 plus
SLAM, or O3 plus CD28 agonistic Ab {10 jeefml esch bomted glasm-
hatiom dishes m the presence or ahsence af the mdicated inhihmors (50
EM PP 5 pM TTI2Z 10 2™ BAPTA-AM, or 100 oM wortmannin  and
images were soquired. The quantification of shree independent experi-
menis is shown, *p == (LKKS, § tes versas omeol 8, Jokat A3 cells wene
trested wigh e indicated intuibiors (1) M PP, 5 pM D73122, 10 pM
BAPTA-AM, 10 M [PA-3) or vehicle for 30 nein hefore stimalbton wik
160 pedm] ano-CT0 and and-5LAM Abs. After 15 min, cells were lysed
and snt+-DGKa immmoprecipises were mazayed for DOK emymanc
activity, The graph shows the mean & 5E of 2 least three independent
ex perimens fir each mbiins *p =X M5, e versus contral. ©, Jork
AF cells were treated wigh 10 pM PP2 ar vehicke for 30 min hefone
stimulation with 10 pgfml ang-C05 and U028 Abs. Adter 15 man,
el were lysd mnd anf-DOKr mmunoprecipinies were mssayed for
DOE emeymatic actrvity. The graph shows the mean + 5E of 2t leas three
independent expermenis. *p « U5, ¢ sl versas ool

cells (data ot shown), Thus, following engage ment of the TCR and
SLAM, SAP is mquined for DGKa enzymatic inhibition and re-
cruitment o the cell periphery. In contrast, wheneas S AP is requited
for TCRACD2E-induced enzymatic inhibition of DGR, it is mot
essential for translocation of DGKx b0 the cell periphery. These
findings indicaw that the localization and enzymatic activity of
DGR are regulated through distinet processes and kinefics, al-
though the mechanisms invobved ane still pantially unkoow .,

Tnkib o of DGEx rescues e flonedomal defects cowed by
SAP deficiency in XLP

Collactively, these dam demonsrate that SAP & esental for
regulation of DOKa activity upon T cell activation via e TCR/
SLAM or TCRACTIE, We therefore reasoned that similarly o
SAP-deficient Jurkat cells, T cell of XLP patients lacking fune-
tonal SAF might he defoctive in the negative regulation of
DGR, thereby contributing to fie defective lymphocyte respon-

SAFINHIBITION OF DGEa IN TCR SIGMAL NG

& observed in both XL P patients and in S AP-null mice. To ad-
dress this hypotless, we st chamcterized the signaling capacity
of SAP-deficient Jurkat cells following stimulation via te TCR
and CDXE. We then assessed whether phamiacological inhibition
of DGKe by R399, or itz siRMNA-medisted downnegulation,
might rescue those shemamt T cell responses.

DAG-de pendent recruiment of PECH to the plagna membrane
is defective in T cells from SAP-null mice, it is potentated upon
SAF overex pression {7, 37) and it is negatively negulated by oon-
stitutive activaton of DGEEa (38). Consistendy, in S AP-deficiom
Jurkar cells, FRCH recraitment to e immune synape with swper
Ag-laded APCs was impaired (Fig. 5A). Both pharmacological
inhibition {Fig. 54) and siRNA-mediated silencing of DGEa
{Fig. 35) nearly completely rescued the defective trandocation of
PECH in the immune synapse observed in SAP-deficient Jurkat
cells, pointing to a resoue of DAG-mediated zignaling.

Upen TCRACD2E costimulation, both T cells fiom XLP patients
and Jurka cells made SAP-deficiem by siRNA-modised down-
megulation exhibit defoctive ERK 2 activation (5, 39), suggesting
that DAG-medisted Ras-GTP sgraling is impained. ndeed, wpon
TCRACD2E cogimulation, Jurkat SAPshRNA cells showed both
a decrease in ERKL 2 phesphorylaton and 3 marked redoction
of Ras-GTP loading, az measured by Ras-GTP pull-down wid
GST-RBD (Fig. 5C). Phamacological inhibigon of DGEa with
R59%4% fully restored both ERK1/2 phosphorylation and Ras-GTF
loading (Fig. 5C). These findings confimm tat SAF is reguined for
R activation in buman T eells and provide funther support to the
hypothesiz duat megative negulation of DIGKa is a critical step in
the activation of the Ras pathway downstream of TCRACDIE
Intercaingly, RI9ME misd basal levels of ERK /2 phosphaory-
lation without significamly affecting Ras-GTP loading, suggesting
that under these conditions ERK 12 phosphorylation may be en-
hanced through 3 Ris-independen mechanisin lkely through
DAG-de pendent PECH activation (4.

Activation of PRCH and Ras pathways upon TCRACDIE oo
stimulation tiggers NF-AT ranscriptional activity, which plays a
central mle in cytokine production (8, 411. Moreover, NF-AT s
activated upon SAP overexpression in Jurkst cells (421 Consis-
tently, SAP downnegulation in Jurka cells impaired TCRACDIE-
induced stimulation of NF-AT activity, as measumd by luciferase
mepaner system (Fig. 30, 53E). In 3AP-deficient oellz. phamaco-
logical inhibition of DGE with 1 pM R39049 fully resiored TCRS
CD2R-induced activation of NF-AT without affecting basal WF-AT
activity {Fig., 50, whemneas siRMNA-medismed DGKa silencing re-
sulied only in partal rescwe (Fig. 5E). Thewe dats sug gest either
that DGKa along with other RSP4%-censitive DGKs medine
NF-AT activation dow nstream from SAF or thet the Tow guantity of
DGR o remaining sfter RNA imterference may still transduce the
signaling.

Upon T cell simulafion, activation of Ras, PROHK, and NF-AT
signaling pathways leads to IL-2 production (41, 43, 443, which
heas been repomed o be reduced in lymphocytes from XL patiems
3. Indeed, in Jurkat cells shRNA-medisted SAP silencing re-
duced TCRACD2E-inducad [1-2 secredon (Fig. 5F), Phamaoo-
logical inhibition of DGEa by R3%49 enhonced TCRACD2E-
indoced IL-2 production in comtrol cells and fully rescoed the
defective - seereton of SAP-deficient Jurkst eells. Thess
findings suggest that SAP-mediated negatve regulation of DGKa
is a key even inthe wodulation of T cell activation.

Discussion
In this study, we demonsrate fiat within minutes following co-

stimulation of the TCR with eitwer CD028 or SLAM, the enzymatic
activity of DGKa, as assaved in immunoprecipitaies in te pres-
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ence of sauwrating DAG subsirste concentration, undergoes a
strong negative regulation withowt proein downregulaion, This
finding is surprising, given accumubating evidence that syntheciz
of PA iz increased wpon T cell stimulation {15, 16, 45) and dat
DGE activity is increased in whaolecell lysates from in vive-
activaled T cells (19). However, increased PA sy nthesis through
DAG phespharylation may depend on both positive regulation of
one of mode DGE isoforms and an increased availabiliny of DAG,
whose production by PLCy is increased wpon TCRATDIR oo
stimulation {(46). A parallel increase of DAG and PA levek upon
TCR dgimulation has been indeed observed (45, 471 Several
pieces of evidence suggest ghat most of the PA generated wpon
T cell activation derives from phosphalipase DY-medized phos-
pholipid hydmlysis and from DG K- medisted phosphonylation of
DAG, whereas deletion of DOGRo does not significantly sffect PA
production upon T cell simuolaion (15, 16, 451 Nevertheless,
recent genetic and biochemical data indicating tat DGEa iz &
negative regulaior of DAG-medisted TCR signaling (15, 17) ane
highly consistent with our finding thet enzymatic activiy of
DGR is reduced wpon TCR costimulation with either CD28 or
SLAM. Thiz regulation appears @ be isoformespecific, s DGKL
activity is unaffected by TCR triggenng (Supplemental Fg. 1}
Inderestingly, the previous finding that stimulation of the sole TCR
s not sufficient to promote sustained DAG signaling (48) 1=
consident with our observation that TCR activationin PBLs & not
sufficient 1o inhibit DGKe activity in te ahsence of cotimuls-
tion. Moreover, costinm lation of TCRACD2E, compared with TCR
alome, strongly enhances production of DAG but not of PA (E5),
suggesting a shoow down inthe rate of DAG conversion o PA that is
consigent with a negative regulaton of DGE activity.

The molecular mechanians underlying e negative regu lationaf
DG Ko have not yet been elucidated. In iz study, we repon dat
the adaptor function of SAP is required for DGR inhibition is-
duced by TCR costimulaton with either SLAM or CD2E. SAP is
esaential for SLAM tyrosine phosphorylaton by recrudiing the
Sre-related kinase FynT {3, 34 however, a growing body of ev-
idence indicates that SAP iz also involved in T cell responses
1o antigenic stimulaton {2). Indeed, SAP hinds dirsctly to TTAM
sequences of CD3L subunit (29), whereas TCR activation pro-
maotes e recnuitment of SAFP and SLAM family receptons 1o the
signalosome (28, 29, 49). Funhemaore, genetic deletion of SAP
in mice resuls in te impairment of TCRACD2  -inducad DAG-
mediated activation of PECH and of downstream signaling e vents
{71 Moreover, TCRACDZ2E-induced ERKL/2 activation and -2
production, which are both dependent on DAG-medisted activa-
ticn of RasGRE anre impaired in T cells from S AP-deficiem X1F
patiends {51, Inriguingly, SAP iz physically ssocisted o PROH,
and it has been demonstmited that SAP overexpression, which is
sufficient to inhibit DGRy, promotes FECH recruitment to the
immune synapse {37). Finally, we and others have shown that, in
Jurkat cells, SAP silencing impairs TCR-induced Ras-GTP load-
ing, ERK 112 activation, PECH recruitment, MF- AT activation, and

SAPINHIBITION OF DGEa [N TCR SIGMAL NG

[L-2 production (5-T). Taken together, these obervations suggest
that, upon TCRAD2E costimalaion, SAP is required fior optimal
DAG signaling, The finding that SAP iz required for inhibition of
DK might provide a mechanistic link between SAP and the
regulation of DAG signaling. Thas, we propose that, upon stim-
ulation of T cells from either 8 AP-deficient XL patients or SAP-
pull mice, DGR« may inappropriately remin a high enzymatic
activity, thereby convening DAG to PA and decreasing DAG
signaling.

i this hypodwesis holds true, we would expect that inhibition
or downregulation of DOKa would rescue, at least pardally, the
defective signaling of SAP-deficiem T cellz. Accordingly, we
observed that te inhibition of DGK o enzymatic acdvity in SAP-
deficient Jurkat cells mescued defective DAG-dependent PECH
membrane recmnitment, Ras-GTP loading, ERE 12 and NF-AT
activation, and 1L-2 production. These findings indicate thar the
ecess of DGKa adivity contributes i the defective signaling
of SAP-deficient cells amd, along with e demonstration that
SAP overexpression inhibis DGR a, provide further suppon to the
hypothesis that SAP negatively regulmes DGKa. Acconding o
these findings, the negative regulaton of DGKa activity repre-
=enis 3 key evemt contralling the early phase of T cell activation by
contributing to fine maing of DAG levek requined for approprise
signaling.

In thiz study, we oberved that cogtimulation of de TOR wit
cither SLAM or CD28 induces DG Ka exit from the nuclews and
accumalation in the cytoplzm with only panisl localization at
the plasma membrane, This finding appears 10 contrast previous
studies reponting GFP-DGEa localization st the plasma mem-
brane of COANTD 2R costimulated Jurkat celk; however, acoording
to the same authoms, DGKe membrane transkcation s mpid and
transient and can be vimalized in conditions that inhibit its re-
localization o the: eytoplasn (17, 217 Momeover, DG K plasina
membrane localization was clearly induced by aranger stimuli,
swch as the activation of cotopically averexpressed nmsearinic
meoepuor (20, 21, 50, 51) or Ag challenge in vivo { 19). Further
support (o the hypothesk that encymatic activity of DGKa reg-
ulates DAG level at dee plasma membrane of T cells derives bot
from our finding tha unooupling of DGR ishibiton from TCR
stimulation impairs PECH recruitment 1o the immune synapses
{Fig. 54) and from: the observation fust phamacological inhibition
of DGKa allows accumualation of DAG at the plasms membrne
of T cells, thereby triggering activation of Ras signaling {32).

Imereaingly, gimulation with either SLAM ar TCR alone did
ot induce DGEx translocation from: the neclews, indicaing that
the comcerted sigmaling via both recepiors is required. Moneaover,
the finding that SAF, which & essential for SLAM tymosine
phosphorylation and dgualing, iz required for translocation in-
duced exclusively by TCR/SLAM, but not by TCRACDIE, sug-
gests thar SAP may not directly regulate DGEa subeellular
localization. Additonally, the fact that wpon TCRCD2E costim-
ulation, SAP is required for inhibidon of DGKa activity, but

ams-CO2E Abs and lysed. Am-D{OEe manunoprec ttes were asayed for DGE encymatic act vty while an ahguo af whole-cell 1 ysate was analyzed by
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far its exit from the nuclous, indicates that enz ymatic activity and
localization of DGKa are egulaed independently of each other,
a5 apgested ako by the different kinetics of the two processes,
Impomantly, these findings slo indicate dunt DWGR o exit frome the
muclas s ot reguired for the inhibition of s enzymatic activity.
The massive exit from the nucleus may reflect a poential increase
in the availability of DGKe owsde the nuclous for comml of
DAG signaling both @ the plasma membrane and a1 intracellular
vesicles, Indeed, several repons indicate a role of DGEs in T cells
intracellular trafficking (30, 33, 5. Conversely, DGR exit from
the mucleus meay comribute o regulate suclear poals of DAG and
PA. Indeed, several DGK isoforme have been reported to localize
in the nucleus where ey contribute o regulae transcription and
cell eycle progression {55

Previows evidence indicates that SFE-induced phosphorylation
of DGKa on tymsine 335 modiates its activation and membrane
localization upon growth factor stimulation of epithelial and large
cell lymphoma cells (24, 536). Moreover, in T cells DGR phos-
phorylation by LCK on tyrosine 335 medistes CD3CD2E- induced
recnutment of DGK e 0 fe plasma membrane (21). Swprizingly,
in our study phamacological inhibition of SFKs did not affect
either TCRACD2E- induced inhibition of DG Ko or its exit from the
muclous, suggesting that both events ane independent from SFK-
mediated tyrosine phosphorylation of DGKe Conversely, PP2
completely blocks DGR inhibition and exit from the nucleus
induced by CDFSLAM, s SLAM signaling is dependent on Fyn
tymosine kinase.

The mechanizm by which SAP regulates DGKa sill remains to
be elucidated. Based on the high similanty beoween the saquenoes
surrounding tymsine 335 of DGKa and tymosine 281 of SLAM,
we invedigaied the hypothesis that SAP may regulae DGKa by
associating with itina complex. However, we could not detect any
ditect ar indirect physical imemction between the wo proleins,
even in 8 moonstinded associathon assay in 8 mammalan two-
hybrid sysem. Our daa demonstrate that SAP shility o inhibit
DGR e reguires the ineraction with a yot unidentified SH3
dimcin -ooutainin g prstein. The finding tat inhibition of DGR is
inde pendent of activity by SFKs sugeests that the SAP interacior
required for DG Ko inhibition is not Fyn, The previons ohsenva-
tion that SAP overexpression activaies Cded2 signaling by inter-
acting with SH3-comaining BFIX and independemly of Fyn
sugpest fiat DGKa may be megulaed by Cded2-dependant PAK
activation, However, the PAK-specific inhibitor [PA-3 did not
affect the inhibition of DGKa following TCR/SLAM comimuls-
tion (Fig. 381 Finally, upon TCR stimulation of Jurkat cells, SAP
silencing results in defective tyrosine phosphory lation of several
progins, including LAT and SLETG (390, As both LAT and SLPT6
regulate PLCy actvation (57), it i possible to speculate that SAP
regulates DGKa by controlling PLCy activity, Consistent with
thiz possibility, PLC activity and cyisolic-free calcium are both
required for DGKa inhihiton and membrane recruimment. How-
ever, lack of BAF in T cells of bof SAP-null mice and XLP
patienis does not affect PLCy-mediated intracellular calcium in-
crease (5, 5R). Moreover, cell stimulation with a calciom lono-
phore and phorbol ester failed o inhibi DGKa activity and io
reemuit it to the plasma membrane, indicating that sctvation of
PLC iz pocessary but not sufficient to regulaie both encymatc
activity and membrane localization (data not shown) Further
maore, the mequirement for PLC activity in regulsing DGKa
suggest that the two enzymes may act &5 a bicomponent unit shle
1o finely modulate the exten and the duration of DAG =ignaling.

In conchision, our findings suggest that the coondinmed, but
independent, control of DGKa enzymatic activity and aof its -
calization regulates both its acoess to DAG and its raie of oon-

SAP INHIBITION OF DGEa IN TCR SIGNALING

verzion v PA. Upon T cell stimulation, such a coondinated and
complementary mechanizm of regulation might finely tune the in-
tensity and the durstion of DAG-modiaed signaling. Indeed, SAP
silencing, by uncoupling TCRAD2E costimalation from DGKa
inhibition, resalts in the impairment of TORACD2E-induced DAG-
mediated signaling, providing furnher evidence that the SAP-
medistod megative negulation of DGEa & crucial for the ability of
T cells i tigger DAG-medisted resposes.

Similar tv cAMP signaling, which is tigeered by G protein-
ocoupled reczpiors by reciprocal regulation of bot adenylae cy-
clase and phosphodicsterase activities (39), the indings presentad
inthis sudy suggest that TCRACDIE conrols DAG signaling hot
by means of PLCy sctivation and DGEo inhibition, Similarly,
genetic and biochemical stdies in Casnorhabdinis elegans moto-
nourans and murine hepatocyies showed that DAG-mediaed slg-
naling iz controlled by G pro®ein-coupled rece pior-de pendent re-
ciprocal regulation of both FLC and DGE S (60-62).

In summary, our findings demonstrate tha SA P-pedised DGKa
inhibition iz an early evemt in TCR signaling, which might be
required for efficient T cell activation, The impaired regulation of
DGE o activity in SAP-deficient lrmphoe yies may contribute &
their defective TCR-induced responses, suggesting fhat pharma-
cological inhibition of DGKa could be weeful in the restment of
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Abstract

Diacylghcenol knase a (DGR, by phosphondating diacyghvcenol into phosphatidic acld, prowides a key signal driving cell
migration and matrix invasion. We dernanstrated that in epithelial cells activation of DGK activity promotes
oytoskeleal remodding and matrix invasion by recruiting atypical PEC at ruffiing sites and by promoting RCP-mediated
recyding of 2501 integrin to the tip of pseudopods. In here we |mvestigate the signaling pathway by which DGEEa mediates
SOF-Te-induced matrix invasion of MOA-MBE-131 invaste breast carcinoma cells. Indeed we showed that, following SDF-Ta
stimulation, DGKx is activated and localized at cell protrusion, thus promating thelr elongation and mediating S0F12
induced MMP-2 metalloprotednase ssoretion and matex invasion. Phosphatidic acd generated by DEKx promotes
localization at cell protrusions of atypical PECs which play an esential role downstream of DGKz by promoting Rac-
mediated protrusion elongation and localized recuitment of i1 integrin and MMP-9. We finally demaonstrate that activation
of DG, atypical PKCs dgnaling and {1 integrin are all esential for MDA-ME-231 invasiveness These data indicates the
existence of a SOF-1a induced DGEa - atypical FKC - i1 integrin signaling pathway, which is essential for matrix imasion of
carcinoma cefls,
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Introduction while BhoA medotes frmation of membrane promedons and

CXCRS rafficking to the ool surface m Rabl |+ endosomes [7,H].

Most cancer-asociated maortahty 15 @used by metastanc
dsemmation of prmary tumors and the outgrowth of seconcdary
nEmors & ds@an sie. Ammg the moemromment signak
mustaiming the mvasive phen e of cancer cells, stomal el
derned factor-| 2 (SDF-1a, abo mamed CXCLLY, play 2 majer
mle in Tnemmg cance T metastass moseveral cancem, wJudmg
breast caner [1]. SDF-12 5 a chemokme semeed by aomor
wsvrmied fhmwblasts and bone mamow stmmal cells, which
thmngh acmanon of is CNCRS receptor, promotes mogration
and myvaman of mahgnant cells and therr hammg to aget ogams
[2.3]. Indeed CNCR4 & a poor prognouss. predictor n_several
cancer type [#].

In brest cancer, the chematachic and mvanve acthviaty of S0F-
1/ CHCRE 15 mediated by both Gayrmedized acihaton of
RhoA and Gaimedioied actvaton of Racl wvia DOCRCE S
ELMCY, whach regmate cyoskedenl rmodeling [16]. In oyeknd
orlh, Racl mediaes SDF- |e-mduced morese of integrm affinity,

PLOS ONE | weiw plosoneang

Momover, I gasttic cancer ordls SDF- L2 mvasdve and prolifrative
activity 15 also stmulaed by Gat and PHAEf-medaed acivaton
of mTOR complex 1, which conmbutes o Racl actvation as well
[9]. Finally, atymeal provein ks G (PRCED and 1, herealter
aPRCs), which do naot bind diacylgbyeeral (THG), play 2 key role m
mednung chemotaxis of bone mamrow and musde stem cell, and
of hmphocyes [, 11}, However neither the mechanims by
which SDF- 12 somulaes 2 FE G nor ther role m SDF-1a nvasive
sigmahng m breast cancer ok have been elucidared,
DGEs are a muitgenic fomily of ten enmymes phoaspisorylabing
M to generate phosphaddic acd (PA], ths recprocally
tmg m a hghly comparimenialzed mamer the ooncenira-
tion of both ipid second mesengers and their signaling actvites
[12]. Indeed, actvation of DGE s readis m the termnation of THG-
medaied :ng'r.a]s. while triggening PA-medizted ones. Inemeaing
evidenoe pomts to DGES a5 2 mincal node in oncogenic signaling

June 24 | Volume 9 | Baee 6 | «97184
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and a3 a putative o] therapeutic target in cancer, mnbaton or
milencing o DGR has been shown to meduce tumar growth and
martality m giohhstona and bepatic carcmoama xenrogralt modeh
[13,14]. Momover, we recmtly showed thar DGR actvy
sistaing the pro-mvasive actvity of metstate phd mutatons, by
promatng the recyclng of 250 | miegnn to the Gp of mvasne
protrusion 1o trdimenmonal matree [15]. DER2 & acthated and
mouied 1 the membrame by growth facon, edmgen anmd
tyremine kinase oncogenes through Sre-mediated wrylation,
Upom growth facior stimmlation, activaton of DGR medotes ool
migraton, mvasion and anchorage-mdependent growth [16-21],
Indeed, actvation of GE2 5 2 comiml dement of 2 nowvel lpid
sgraling pathway mvohing PA-mediated mooment af the
phmmhﬂnﬂ activabion 1ﬁlmﬁ1n=mrp]c:uﬁﬂ1
Rhot5DN] and Racl, thus providing 2 positional signal i
Rac | activation and ssciation i the membrane [2224].
Altoyge ther dure data suggest that DGR 2 and aPRCs may act
o signalmg nodes o the moleadar crosstalk between soluble
chemotactiz: faclors and the extmcellvbr matr; thus promptnsg
s o investigate the myvalvement of DER2 ™ odll migmton and
mvasion inchced by SDF-1a in breast cncer cellk, In e we
show that wpon SDF-14 stmulation of brest cancer cells, DGR
activity medintes aPKCs kxalmation at protmoon st and the
mboecuent merutment of Bl oimegrm and MMP-Y screton.
Comverssly overexpresion of DGE2 5 mdficent to mduce
AP B Cade cell elongaton; Frally, we ohserved that the
DGR - aPRCs - Bl inegrm pathway is an esental mediaor of
chemaolane-prometed cell migaton and matr mvason.

Materiats and Methods

Cells Culture and Reagents

MDAMB-231 celb were from ATCC, SAFT were from Lik
Technologies, Cells vere cultured m DMEM (Life Technolgie
vath 1% FCS (LONZA) and antinotes /anomycotics (Sigma-
Alcirich] in omdified atmosphers 5% GOy ar 3790,

R4 (figma-Aldrch] was desdwed m DME(E equal
amaonmts of DIMSCH were wed m the contml smplee. All reagens
are from Sigma-Aldnch apere matrigel growth factor mecuced (BD
Biosoences|, oman mecomibmoant SDE-1a and HGE {Peproech),
WMyr-PRCL/L peptide  mhubitor (BIOMOL and NSCHTES
(Tolers bioscence),

Antibodies e (clone SE1G Savta Cre), MMPS (303 Santa
Une for westem Ndi'hg and mnmumoflvoresceneoe or ELLHLE
RDdystemsl, PRCL A (PIT1Y Sigmma) B integrin (cat. 610467 BD
Transduction labemnres for weem blotmg and mmumaofe-
orsoenee or BVT Abcam for oytofhormimetry); StmpMab-tag (2
1507-0h1 [BA); actm (G- Santa Cne; adnadm (DA Sigma-
Aldnichl, DGR (Shazp eral, 1989, hanan RCE frabbar mebeoose
Ab mned agamat RCP reviches 3706404 Cdcd? (462 Cel
mgralmg), Secondaery mmtboches HRPmouse and HRPorabbat
were from Perkin Elmer. Secondary antbodes and-mbbit Iz
Alexa Flour488 and anthrmouse g Alex Flour-£8 were from
Life Technologies as well as Alxa Flour S46-phalloidn, TO-
FRO- 18 from. Life Technologries,

Imasion Assay

Inasion asay were perfmmed m BD BioCoat Mamgd
Chambers. 50,000 celb/well were plaied m the wpper chamber
whemes SDF-1a (10 ng'ml) or 1% FCS were added to the
kwer chamber in serum free mednm, After 20 homs of
meubation m a hemdified atmosphere 5% GOy at 37°C, non
mvading celh vere removed fom the upper moface of the

PLOG OME | werw plosone ong

DG/ aP RO/ Pathwery in Mattis b asion

memtrane mxd mwvadmg oellk were fived and stamed with Daff
Chiok Mechon Diagneontic] before coumtng.

Wound Healing Assay

Celh were grown & condhence in 12 welb plates and the
momalaver wounded with 2 pipet tp, Cell debrs were remaesd
and monchyer manhmed m seum e medim for 24 houns
wath or wathet HIGF l:.'lll :ng."'mJ]. The cells were smed with Thidd-
Chiik (Medion Diagnostic) and foreach experimental pomt § fiek
phoographed (Axovert imverted :rru:mmnpr with a 4x ohjectve
and a digital camem). Cels mgrating inside 23 mm of wound
were comted.

DGKx Activation Assay

Cells hiomogenates. were pregared by colke:tng the cella with 2
rubber wraper m bufler B (25 mM Hepea (pH 8], 1% glycerol,
150 mM. N2, 5mM EDTA 2 mM EGTA; | mM ZnCI2
5t mM ammomnomn mohbdate, 10 mM NaF, | mM sodinm
orthovanardate and Potese Inhdnor Cockail), homogenming
them with a 23 G syringe and by spirmmng at 5 g for 15 min,
method (Ferce] and squabzed for each poant with buffer.

DGR lcﬁv:ify i cell ]'lrl'nng:m ﬂ‘ﬁ |JJ:| W m‘yr.d h'y
meamuring  inital wlocbes (3 mmn at WOC) o presence of
miuratng subsmes concenraton . (1 mgiml dioden, 5 mbd
ATE, SuCiiml y“FATE (Perkin Elmer), 10mM Mg,
| mM ZnCE, | mM EGTA m 25 mM Heps pH 8, fmal
reaction voshmme 5 ml). Reaction was termnated wath {0, | M HCI
and lipids were extracted with clomdorm methanal {21} PA was
nqamtdhy TIL m chismformmethane] water- 15 % ammondmm
hydrocdde (Gk47:11:4. “P-FA vas identified by co-migration
with PA sandardi stamed by inoobetion in dodine chamber.
Badioactve sgnab were deteced and quamtied by Maecular
bmager (Bio-Raci,

Immunofluorescence

Cell (30,000 well) were plaed on marrige] coated coverlps m
04 wells ool cxdfire P]:iz and seTm rlq:m'l.n:' for 16-24 hoam
before sl ation, After stmclaton oells were washed with PES,
fized m PBS i.'m'nm':r:'nq; 1% and 4% mucmse
and permeabitized in cold Hepes-Trion bodfer (00 mM Hepes,
300 mM sucrose, 50 mM ROl 3 mM MO, 05% Triem X-
I, pH 7.4, FBS onmiming 2% BSA wa wsed = blcking
magent for 15 mmutes and a5 divting agent for privarny and
secomedarny antibodies (mowhated for at least | our), Intermediate
vashing wa perfommed with FBS contaming (L2% BSA

Antibodies were added directly onto each giss cwverstp in a
bumidified chamber. Fnally, each glms covendip was washed
brisfly m water and moured onto 2 ghs miooscopes shde wing
Mowaal 20% Mowvaa 488, L5% |, $-dhambayck [2.2.7] octane
m PR, pH 7.4).

Confocal images were acquined with Leica confocal micmscope
TCS 5F2 meing a Gix abjective, NA= 132, equipped with LCS
Leca omdocal software. Basal planes am shown, Fach experi-
memntal pel':rlf was pﬂ'ﬁnmm! m d:lpliu:ba Dq:m'ld:'ng [
prpamtion qualiy m each rephcate rosghly. 30 irogs wen
taken, confaming between 70 and (K cells,

Morphometry
For cell length amalyss cells were plaed m 24 wells plates amed

phase contmast mages of e coll wens acquired with an Axovert
mvertedd miroscspe squipped with a 4l objectve and a digital

camera (Cad-Febs) and iotal ool length was measured with
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Figure 1. DGKais necessary for 5 DF-To-induced cell invasion . MOAMI-23] o=l werns infected with benthinsl vecton sepnessing an indudble
shtlA againet DGE¥a shANA-DGKa 1) or an inducide contral shRMA {shANA-CTAL) Parents] snd infected cslls wene traated with 1 pg/mi doxpcyciins
far 72 hours to promote shNA trareciption 4] 50000 cell wene plaeed on mistsged imvasion chamber snd incubeted for 24 howrs in pretends o in
abvience of S0F-1a {100 ng/m). Histogram reports mesn = SE aof fold owver control values. fom 3 mdependent experiments with *1-test peo0005, *1-
et 101 B) The alfficiency of DGKa down—reguiation by shiNA wss verified By quantiative RTPOR =t4ea p-o001 A) Cell wers sed and the
efficiency of DGKa down-reguistion by shAhA was vedfied by western biat, tubulin was uted a< a loading control.

diai 10137 1/ journal pane 0097 144 4001

B5A cell were anabwed with a FACScabbur mstrument an

Image-Pro Phe software (ModnCybernetics).  Albematvely m
Cellheest software (B or Flowng seltware (Turdn Bicimaging),

Fig. 60 and Fig. 558 we wsed a llx Plan Flur obpcove, NA
14, and an mvered mimmacope (TEXE, Nikon) with a digial

camera (Coa SNAF HCY, Phoometrics) and Metamorph softwane sifiMA for Transient Silencing

Meleculer Devices|. For each expenmental condition 5 mndom
fiekds were photographed containmg more. tham 108 ok

Cytofluorimetry

Ciells were detached with 1ce could PRS 4 mM EDTA, fixed
with PBS oema'im'ng A p\z:m:ﬁ'rrrm-k'lrh\_.'rk and stmned =
maticaterd for 30 mm, Afier washmg with PES contxinmg (0.2%

PLOS ONE | wew plosoneang

Transient mlemcing was abtamed by tandecton. of aRNA
Bigma Genomn or Life Techndogesl. Brefly were plated on
matmgel coated coverlps @ 30-50% confheence the day before
translecton and  tmnsfected wmg  lpelectamme 2K (Lik
Technologes! acconding to mambachmer's instructions. The day
after tmnsdection cell were serm veiﬂ]'.rrh-ﬂ! for further 18 howm
efire immmumsfhiore scences. or western blkobmes.
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Figure 1. SDF-1n s timulates DGKn activity and locaization at protrusions site. A MOA-MB-231 colls, stably sxpresing mye-DGKz, wers

plated on masthgecosted coverslps for X hours in FCS containing mesdi
stimufated with 50 ngsimi of SDF-1a for the indscsted time s, fxed and sta

wm and aultused for furteer 20 howrs insenum free madiom. Cells wees then
nexd for sctin fred) and miyc-DGEET {green). Representative images st 4 hourm

after s thiria o, Amowhosds ndscate DGKa at protrisibni. Hstogram | B reponts the percentage of cells displaying myc-DGKa st proftrusion &5 mean
+ 5E of § independent experimea iy, *Fted o005, "ttt p-0005 Scale bar 24 pmo O MDA-ME-231 ol ‘were indeded with & Eriivital vechod
express ing Encdicibie OST-Hagged DGKa o an emipty vector To induce DGK T sxpression, oells wesne trastad ovemight with doxyaypeline {1 pg/mil in
serpm fee medium. Coll wes homogenteed with buffer B in sbsence of detergent and anafysed for DGEK 2 aivity {upper panel]. Vialues am mean = 5E

of 4 mdepeident axpedments with M-t po 005 OST-DGEa and s
P paned) .
dor1 L1137 1fjournalpone 0097 144 002

Validated mANA DGEa [17] snse §' GGAUGGUGA-
GADGGCUAAAR 3" antsense  STUUTAGOCAUCTNEGC
CAUC g 3.

sl %IE.'I:‘J.':; semae B'CGTUOGACAUCADCACCGARY -
teense STUCGGUGATUGAUGUCG AACGeg) .

PLOS ONE | wwew plosoneang

n protein expeswina wes verifisd by anti00T and anti-actn western biot

siRMA PRCL sense 5'CGUDCGACAUCAUCACCGARY
antisense 5 DCGGUGALGADGL 'l'Zl'rA.-'n.l':{'i-;.:_;::‘.'

st NA Bl miegn sense 5" GGEAGEAADGU LA CACGGCTE!
artizename 5" AGUCGUGUAACATLT l':{'.'['{':l':.:_;_: ¥
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Figure 1. DGKa mediates SDF-1o-induced cell invasion by regulating aPKCs recruitment to cell pseudopods. A) MDA-ME-231 o=l
were plated on mathge-coos e d coversiips for 20 hows in FCS containing mediiem, traefeded with CTAL or DGKa ~sjpecific sifNA and cultuned for
ferther 20 howrs in senm free medium. Celis wene then stimulsed for § hows with 50 ng/mil 50F-1 3, foeed, and staiined for actin jred] and aPKCs
tgreen]. Arrowrhe ad indicates sPHDS a1 peotrissona, Seake bar 24 pm. B) Histogram reports the pexentage. of cells displaying aPKDs ot pootneins e
mean = 5E of 3 independent expedment with *-1est p<0005, *1-tes p<0L0005. ) MDW-MB-23] cely were tramfecded with CTRL or DGEa
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spercific sANA and fysed. The efficiency of DGKa down-reguistion by sfNA was veified st 4 hours after tensiection by westen biof, fubuin wes
used an bosadiing cantrod D) MDA-ME-231 o=Bs were plated an covershipn for 20 hous in FCS conteining medium and cultued for
furthe s 20 howrs inSenm . free me dium, Celly wene then stimidated for § hoors with 50 ngdmi 30F-1 g in petence or inabsenceof 1 p RS9949, fived
anad stained for adin red] and aPECs jgresn] Arvowhesds indice afCs ot protrusiona. Soste bar 4 pm. E] Histoge m e ports the percentages of cells
displaying aPXCs atprotrusions as mean = SE of 3 indapendent sxpeiments with =*1tet po0 0005 F] MOA-ME-2 31 omdls {10%weil] were pisted on
matrige] invasion chamiber snd stimulstes fof 24 howrs with SDF- 12 (80 ng/mi] in peesence o shoence of PRCD meudosubatrate (PSP 10 phl)

mean = 5E of fodds over anted values foim 3 independent expedments with *t4et p<005

Histagram
et | 0137 1journal pane. 0097 144 5003

sRNA RCP: ON-TARGETphm RABLIFIFl snRNA L-
O] FepA-(e s (Dharmacn]. Silencer negative contrad aRNA
AME6LT (Lde Technoages) was ued as negaive contml.

Generation of Tet-inducible Strep-tagged DGR
Construct and Cell Infection

Human DGR waa amphified fmom pMT2- DGEa [M4] by
PCR ummg the prmens DGEa Sl fv (3 -COGOGEGGUAG
CATGGCCAAGGAGAGGGGC-Y) and DGEa HY rv (5-
AAGCTTTTAGETCAAGAAGOCAAA-Y) and doned  inio
PEXPR-IBA-105 (1BA GmbH) via Sacll and Hindll io generate
PEXPRSmep-DGEY In 2 fiother step StepDGRE2 was
amphified by PCR wimg primers [BA_fw N1 (5 -GGG OCGEA-
GACCCACCATGGETAGES) and 106DGEa_Miul_ne (5 -
ACGOGTTTAGCTCAAGAAGOCAAA-Y" and cloned via Nal
and Ml & pLVX-Tght-Pum: (Clontech]. All constructs wene
wverified by DINA sequencing.

The remuiimg pLV X -Tghr FURCHOST-DG B presents O5T-
DGR after a eracychne controlled promoter and was wed with
the Leno-X Tet-(n Adenced Induchle Expresimn  System
Clonter)  according o mandfacumer’s  memcton,  Lentivral
particles were obtimned m SHIFT packagng cell co-transfected
with hﬂlprr vectors, Afer douhle mfecton and selecion we
abtamed 4 pohrclmal population of MDA-MB-23 | celh expres-
mg OST-DGEE 2 10 2 tetracychne inducible manmer, A contral ol
hne was abio genemted with an empty vector.

Generation of MDA-MB-231 Stably Exprassing Myc-DGKa

Myc-DGEs was amplified fmom PMT2oye-DGRa [16] by
PCR wsing the primers sense.

SUTCGAGACCAATEGAACA AAAGTTGATTTCAGAA-
GAAGATTTATTAATGGUCAAGG AGG Y, avtizenoe
SCCCTCTOC T TGO CATTAATAAATCTTETTCT
GAAACAACTTTTGTTICCATGGETCGAGTGCAY and
coned in the pDONORIL ] vecor wing the Gateway system
{Life Technudoges) acoumiing to manufuchmer's matructon, The
Gatevay Technolgy (Life Technologies) wan abo used to
mibclone myc-DG Ea i Plrnd-’l-f‘-’ﬁ—ﬂm leniniral vector,
Lentiviral particks were obtamed m 255FT pacagng cells oo
tranesferted with hd;lﬂ'vu:rm!. After infection and selecion we
obtamed a palydoml popdation of MDA-MB231 ok coraate-
thvely expresmg myc- DGR,

Inducible Silendng of DGKx in MDA-MB-231

We umed the commencial pTRIPZ Inducible Lentnvrral Human
DGEA shEN A Clone ID: YVITHS 3405705 (shR MADGE 21| or
pTRIFZ Inducible Lenthiml Novsilencng shENA  Conted
RH54743 shBENA-CTRL). Those vecton expres shRNA and
turboRFP under a doxyoycline regulated promoter (Thermo
Saentific Chpen Bienrstems). Lentviral particles wene obiamed m
MIFT packagmg oelk co-ranseced with helper vectors. Adier

mfeciion and selecfon we dbiamed a Prﬂydmn] Pﬂpﬂlﬁm of

MDA-MB-21 cells which upon mdncton with doxyroycline
(1 pgdml, 72 hoors) are 1005 RFP positive.

PLIOS ONE | weevw plosoneang

Stable Silendng DGKx in MDA-MB-231

The shRMNA for DGR forward: 5 GATOCCCGGTCAGT-
CGATETICTAAAGTTCAAGAGACT TTAGGACATCACT-
GACCTTTTTGGAAA TeveEme: 5' AGCTTTTC-
CAAAAAGGTCAGTGATGTCC TAAAGTCTCTTGAACTT-
TAGGACATCACTGALCGGE) was cloned with H1-Promaoter
withm the leninviral vector pCCLam, PPT.APGE GFP'Wpm [25].
The :rmﬂhng VECHOT SO TS shENA-DGE 2 amd GFP GhRMNA-
DGR, Empty vector was wsed as a conmol, Lenthviml particks
were ohmed m 299F T packgng ol co-transfected with helper
vectors (Life Technokgies). At | week after infection meary 0%
of celly were GFI™,

Generation of ShRNA- 1 Integrin MDA-MB-231

ShEMNA-P Imtegrin m plE0) were a kmd gift of P, Defilipp
|T'b'| Lentiviral pﬂrhdu weTE gmcntd with ':sug'n:. Mizmon
Lenthvaral packaging mix accomding to mamdfacturer's mstruchon
m PYFT cell and seleced with P'I.EI'\CI'HYI.'ITI. Fm:pty p'i KO was
e a3 @ comaml.,

Western Blotting

To verified proem downeregulmon cells wene lysed 48 houns
after trandecnon. Cell were washed with oz cold PRS, scmped on
e in lyds buffer (5 mM Hepes, pH 8, 15 mMNaCl, 0.5/ 1%
MNomdet P40, 5mM EDTA 2mM EGTA, | oM Fnll2,
5 mM NaF, 10% ghceml smpplemened with freh | mM
M VO, amed protesse inhitars) and clanfied after centnfirgation
of 15 vmmrtes at [2ME) rpm ar 49 Samples were then
mesuspercded m Leemmb bndier, heat denoatumed, and seporated
by SDE/PAGE. Proteing were then trandermed on PVDF
membrane by iming semi-dry system. Membrane was then hlocked
with 5% BSA in PBS and incubned at 4°C owermght with
primarny antibodies dilwed n THS twesm 0,1%, BSA 25, (01%
azicie, Afer 4 washes with THSTween (L1 %, membranes wens
meubated with secondary antibodies and washed agam. Western
bkt were visulmed wsing Western Lightrang Cherm hemimes cenee
Rezgent Phes (Perlin Elmer).

Cuantitative RT-PCR

RNA was exwacted by TREReagent Sehien (Lale Technal-
ogies) retmrrasried with High-Capacity ¢DNA Reverse Tran-
seription Bt (life Technologies) and <DNA quantfied by neal
tmme PCR wsing GUSE = normalizer, Taghan gene expresion
zmays we fom Lie Technologies Bl integrm (Ha (O0658545),
GUSE (Hs (6038627, DGEx Hs 0076078 and MMEPS (Ha
(ES4574).

MMP-3 Sacretion

MDA-MB-231 cella {250,000 celb/well] were plited m Gowell
cell culiure plate and ranskced with the mdied aRNA After
4 hours in seum free media cell wene trested wath SDF- |2
(1ie) neg/ml o ®M) gl serum-free medivm). After 24 houn the
MMPY concentration in the supematants was determmed by

ELISA ey (Lide Techoologies),
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Figure 4. DGKa and aPKCs mediate SDF-Ta-induced recruitment of fi1 integrin to pseudopods. A) MDA-ME-231 cell were plated on
matrigei-coated coversipd for 20 hows in FCS containing me dium, tranmsieded with CTRL or DEXx-specific 1i0MA and cultuned for furthes 20 hoars in
sequm free medivm. Cells were then stimulated for & hous with 50 ngdmil SDF-1, Boed and stsined for actin (ed] snd {1 integrin {(green). Amows
naicate il intagdn at protnsions Scake bar 24 pme 8] Histogram reports the percentage of cells displaying 1 inlegrin s profusions a3 méan = 5E
vahiss o 3 indspendeant experiments with *-st p<0005 O MDA-MB-231 oofls wene plated on matrigel-costed covenlips for X hours in FCS
contaning medium snd cultured fior further 20 hows in senm fee mediom Cells wene then stimuisted for 6 howrs with 50 ng/md SDF-1a in
' nce o in absence of 1 pbd BS99, fixed and stained for actin fred] @nd B inegrin igresn). Ao indscates 1 intgdn a1 protaisions. Seals b
24 pm. I Histogesn repodts the perentage of el displaying [ integrin st protarsions s mesn + { 3 inde pendent experiments with *Hhest
PS5, *M-test e LO0S. E] MDA-MB-237 cnlls wers plated on mistrige boosted coverstips for 20 howts in FCS mntaning medium, tansiectsd with
CTRL o PRICDH —speacific siNA and cultined fos Rerthers 20 hoaus in senim free medium, Cefls whens then stimulsted for § hows with 50 ng/md SDF-1a,
fxed and stained for #cin fred]) and {1 integein igreen). Armowhesds indicate B integrin st peotnsions. Scale bar 24 pme F) Histogesm reports the
perceniage of o=l displaying M integein ot protruscns & mesn = 5E of 3 independent sxpedmants with *14est po0 005 G) MDA -MB-231 ool
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e (el ected with CTAL and PXCCA —specific sRMA and lysed. The efficency of

DGE/aPHCs /B Pathway in Mattix Invasion

PECCh down-reguistion by siRNA was venified by western

dating,
turtmlin was wsed o5 a loading contral M) MOAME-2 3] cesfls wens infectad with ntivical vectors expresting & shthld sgainst fi1-integdn {shRMNA-{1)
ar & contred e quence {shlWA-CTRLL S0000 celly were plated on maFigel invasion chamber and moubated for M howrs in presence or in aitence of

EDF-1a {100 ng/mil. Histogzsm
[} The effigency of f1-integrin
diai1 (137 1fjournal pone 0097 144 5004

Statistical Analysis
Data are shown as the mean = SEM, For stamatical anahsis,
Shudent's t-est o AMWHE were used, Experments shown ane

m;mﬁuﬂ:d:iw-. at least Fl-'indq:emlurl e:g:-u"n'nu'lt'..
Results

DGKa |5 Mecessary for S0OF- 1a-induced Cell Invasion

We previoushy showed thar DGKa 15 necesary e marix
vk promected by Epidermal Growth Factor (EGF) [15] or
Hepoudocye: Growth Factor (HGF) in MDA-MB-51  breast
caminoma ol [27]. In arder o mestigate the role of DGR
m chemokme mvaive sgmaling m breast cmeer, we knocked
dovwn DGKE m MDA-MB-2] wmg a lentnaml constrmc
expressmg 2 DGR2-apecfic shRNA umder an nducible promeoter
ahRNA-DGKal), Ths cosmuct stronghy down regulied DGR
expreEsion when compared with parental celb or 2 nonv-targeing
comtml sequence GhRNA-CTRL, Fig. | B and C). The mvasme
abihity of porental, DG Ea-knocked down and contml cells were
evahmied m a2 Marigel imasion asay, SDF-la (1) ngfml)
doubles the mmmber of parental 23 well = shBNA-CTRL MDA-
MB-23 mvading acmwes the mamgel insert (Fig. | A). Conversey,
ﬂ\ﬂh_l".u'i.-mxﬂ | cells were unmesponmee  SDF-1a samulanon,
We confrmed the findmg with an Tedepencient shENA ERNA-
DiGRad g‘nrmg a camparable mhibiion of SDF-1a stmutaed
matnx mvaion (Fig 51), making of-target effects unlkehy,

These :Enrimg inchicates that DGEa medmies the ]nu-mv‘.m'v:
mgnaling promated ot oy by fymane knase receptons [22] bt
als by chemokine moeptars mvohed m tumer cellh metastatza-
tom, much as those of SDEF- 12,

SDF-1x Stimulates DGEx Activity and Localization at
Protrusions Sites

The previous fmdmgs thar HGF, EGF and VEGF activar
Mhmdmm:ummmﬂn membrans m
epithelial and endothelal celk [15,17.2] suggest thar SDF-la
:rrLa'.y promaode kclmed DGR A actvation at mfilmg ges. Duput
iy telogical agnificance, the bow lowl of DGE2 eqresion m
MDA-MB-11 cella ]um.]'lﬂ': activation and localmation st of
the: enchgenons prodein: with curently avalshie antbodies.

Thus, for locahzation saufies, MODA-MB-231 cells wene stahhy
:ird"ﬂ:bﬂd with a lentiviral vector expressng myc-DGES and phued
o mr'gﬂ-uﬂml r.m.-uﬂ:ip o mimie e :Fiﬂldial AT T -
mament. In unstendated senom-deprived n‘]]l, mye DGR & was
manly cytoplevme, with some cells dn very little accmmaz-
btom at cell prowmsmons (Fig. 24). Prolonged STF- 14 stmdation
(50 mgSml; 4 iy 6 howns) resulted mote kealmation o DGR a1
the tp o lange promusions (Fg. A and B, No deteciable change
wen ohaerved at earher ome pomits (15 nomites, P, 26L

For snmymatc acivabon assays, we mfected MDA-MB-231
with a lenthviral vector expresing OneSrep-Tagged DGR2
(OET-DGEx) under the amrol of a doxyoychne-muh:ihle
promoter, Upon 48 hours  dosyeyclme  irextment {1 pg/ml},
OST-DGRY was strongly. oversagressed 23 compered o endog-
e proeem (Fig. S1A), Under e comedibons the enzymah:
actvity of OST-DNGK 2 was respona ble for almost the entire DGK
activity measured i cell bomogemates. Both SDF-12 and HGF (a

PLOS OME | wesw plosoneang

regrts meam = SE of fold over controd values nom 3 inde pendent expedments with *ttest pQU0S, "test pen0]
i by shAMA wa verifisd by quontitative AT-PCR

el | lesowns DMGRL . activator) induced a fiorther moderate incease
of DET-DGR 2 activaty withm 15 mmwies of simubabon (Fig. 20

Alogether thee dam mehicate that SDF- 12 regulaes DGR
activity and ocahzaton md suggest diat DGR plas 2 rale in the
formation and/or extension of cell protruion midisoed by SDF-
la,

DGEx Mediates SDF1a-induced Call Imvasion by
Regulating aPKCs Recruitment to Cell Protrusions

DGEa, by proucmng PA, mediaies aPKCs acthation and
mecrmiment to the cell mmrice induced by growth factons [29,24].
Thum, we aet i mvestgae whether DGR mediates SDEF-12-
maduced cell mvamion by regubiring aPECs. To myvertigate the mile
of DGER2 m eguliing aPKCs baalmnen, MDAMEB-231 ol
were imansiently mansfected with comtmd RRNALCTRL) or
DGR spediic siRNA @RNA-DGRa) Upsn £ houry from
tamikction with sENA-DGES, te expresion of DGR2 was
nearly undetectable a3 comporesd o i im ol
transected with comtml aRNA (Fig. 30 Then, MDAMB-241
cells were plated on mamigelooaed covershps, serum staned and
strmulated with 50 ng/ml SDF- 14 for & bours, In contral aRNA
tamkcted cell, SDF-la teatment significotly incresed the
pementage of oelk disphiyving aPKCs at protrusions, while DGR
rﬂcnl:i:ng: st’m@yimpaird aPECa recrintment o the membrane
Fig. 3A and B} In omer to veridy the mqumement or DGR
emrymanc activity, we camied out aPRCs bcalzbon =eaw m
presence or T absenos of | pM RSO, 2 rather specific DGRa
mibhalitor [16,29]. K994 teatmen t completely abmgated aPECa
boralzation at protnsions nduced by SDF-la, while it did not
alfect aPRCs kocalaton m unstmuhited odlb (Fig. 30 and E)

In crder to imvestgate the mle of aPKCs in SDF-| sandhced
mvadon thmngh exracslule marx, MDA-MEB-231 ol were
meated with [0 pM cell permeahle PECE pewdomistmate (P
PRCE. In a mairige] mmasion sy a PR Cs inhabi ton sgmficanthy
miduced SDF-lginduced mwaaxon, whie basal masm wa
ursailexted in umstmulated cels (Fig. 3F

Altogether, these data demonstrate that ™ STF-1 2 tmmelated
et cam moma cells, locahzed actviny of DGR at peedopodial
tps provides a ouckl locahzation  hped suan.ﬂ for APECs
menomment, thus medintmg SOF-1g-mduced mvasne sgnaling.

DGHx and aPKCs Mediate S0F-1a-induced Recruitment
of (1 Integrin to Protrusions Sites

Becylmg and chestering of Bl integrin at the tp of mvasive
Psmldulpn-rll"u zlzye\-unlmahigﬂuiw:ﬁw rmlpﬂ'liﬂa{
mahgmant celb [30]. Comersely, growth factons simulate imaon
bath by mehicing imiegrm chesermg at actine-nch adbedvwe stes and
lamelipidia and by stmulating megrm mwoychng [26,91]. Thus,
wee st fo inves gt whether the DGR and 2 PE Ca at profrsion
promete local acommubition of Bl mtegnn, I senm starved
MDA-MB-241 cells plated on mamigelooated covenlps B
mbegrin 13 masty loabzed in omiracellubr veside oo the
peonuckar/Golgl area. Upon SDF-12 stirulation, il integrm
also kcalmed in chusters &t the tip of cell promusiona (Fig 44, C
aned E]. Huw!\u', erther BN A-medmied l:l']cru:ing of DGEA or
RS%s-medaed mhibition of ity ereymatc achvity mmpamsd
SDF-la-mouced localization of Bl integrin at orll exdtensiona
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Figure 5. DG Ko and aPKCs mediates MMP-9 secretion and localization at protrusions. A) MDA-ME-231 cslls wens tamsfected with CTRL oo
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expeetiments nomslizd for control, with %t-est peo005. B) MDA-ME-237 cell were plated on mastrigeb-mated  covendfips ke 20 houn n FCS
Coaining e dium, transke ded with CTHL or DGKa ~specii s5RNA snd cultured e farther 20 howrs in serum fee mediom, Cells wese s timulated for
6 haours with 50 ng/mil 50F -1, fooed and stained for actn fred) snd MWD jgreen] Armwhesd indicates MMWP-9 @1 profrusions. Sesie bar 24 pn O)
Histogram == ports the of ool displaying MMP-9 ot protrions o mesn = EﬁSthmh"ﬂupimiﬂj
MDAME-231 cells were plated on matigel-mated coversdips for 20 houts in FOS ftumd for furthers 20 houwrs seoum free
mﬂm&tmmﬂdhﬁﬂ%iﬂmﬁﬂ-1mmmmmmmﬂ1pﬂﬂjgg-ﬂ fioeed sndd stained for actin {red] and
MMAP-D fnresn] Asowhesd indicates MMWP-9 ot protnaions Scals bar 24 pm E) Histogasm reposts the of el displaying MMP-9 a1
protrusions a5 mesn = 5E of 3 independent experiments with *ttest p<0005 ="ttt p<0.01. F) MOA-ME-25] oofls were pated on matriged-
coated owealips for 20 howrs in FCS containing medium, tensfectsd with CTRL or PRIDA —specfic siiNA and cultured for furthes 20 hours in ssnm
free rrychionmy. Celis weere then sSmulated for 6 howrs with 50 ngu'mi SDF- 1o, Fsed and steined for adin jred) snd MWP-3 (green]. Armwhes d indicates
MAKAP-9 ot protiudans. Scale bar 24 pm. G His togram repats fhe peentage of o=ls displaying MMP-9 st protrusions o mean = 58 ol 3 independent

experimenty with *-test p-o005, **1test p-0005
dio1 0137 1/journal pone 0097 144 g005

Fig. A, B, C and D). Inerstngly SDF-12 stmubton and
mﬁﬂimiﬁﬁlnrﬁdmtﬁdﬂmeqNEdmrfﬁlirm at the
ol arfice, = meaured by FACS anabwis (Fig 54A) Smee
DGR pomots Racl actvaton and membrane ndffles by
megulatmg aPRCs [15] and 2 DGR medutes SDF-l2-mduced
aPRCs mowitment to the membrans protieons, we e
whether aPE Cs comimols il negrm locabzation. Indeed, sBLNA-
mechated sikemong of aPRCs (Fig. 4G] mpamed SDF 1-2-meduced
lecalzation of il imegrm at ool promsons (Fig. 4E and F)

Alogether these data suggest that SDF-1a, by activating the

DR P Cs pathway, stmulates the chsenng of 1 mbegnnat
cell protmexms, mter than stmulating its bulk translocaton at
the plasma membrane.
DGR stomdates ool mvasion by tmggenng BCP-mediated
reoyclmg of miegrin 501 [15], we 2t o imestigae the role of
Pl mtegnn in SDF- | e-promeded cell imvasion, To this purpeese we
1] ghRUNA mechabed krocldown of B-I :i.'ni-.-gr'n which rendied m
an B% reduction of its expresion in MDA-MB-241 cells {Fg. 4).
We foumd that, fil "umgﬁn Imawk down wﬂ'&yi‘rﬁpﬁ'ﬂ!ﬂw
ability of MDA-MB-I3 celb i owade through mairgel m
AP B SDF-1a stmulation fﬁg. 4H).

Altogether these dam indbcoate thar DGE2, by mguliting
aPE(Cs, conmek chemokine-induced il miegrm locahzation at
]mm'mmn:mhrmmr:& ﬂmomﬂ'mngﬂr
prvotal rale of [l jmtegrm m SDF-1opr texd matre 1

DGHa and aPKCs Mediate SDF-1x-induced MMP-
9 Secetion and Localization at Protrusions

Secretion of matmx metallopraeinoeses (MMPs) is imohed m
the extmcellubr mamx degradaton mqured for imamon of
cancer celbs [42,99). SDF -1 2 stmnilates the secretiom of MMP-%9 m
several cmcer cells, inchefing MDAMB-241 cells [34,35]. In
migratng celh, MMP-% 15 addresed to the cellubr exenmons
myvohed m cell mgmbon and acomuhies ai ther ops [36]. Thas,
we mvestgated whether SDF1-2 regulses miracellular locdloa-
tinm and secretion’ of MMP-2 diough the DGEa /2PECs axs,

MDA-MB-241 cells presented 2 low, consotutive secretion of
MME-S 2080 pg/ml m the spermaant), which was not afleced
by SOF - 12 but wasseverely rechaced by sBNA-medinied silencing
of DGR 2 (Fig. 5A)L However, the mRNA levels of MMPS were
not affected by edther SDF-1a stimulstion or DGRs mhdbiton,
nwtrgﬂutﬁm pathway does not regulste MMP-% at the

level m these orlls (Fig. 540C). Conversely, SDF-1a

stmmckuted MMP-% acoumdation at protrusions of senmm-stared
MEMA-MB-23 | plated on maingel-coated coverships (Fg. 58 o E)
We canmot nile ant that MMEP-9 staming many be asseciaied to the
plasma membrane, mdeed FACS analyis of these ool detecied
low amaonmits of membmne-bound MMP-9 with a small incremse m
MMPSG surfice positve odlls followang SDF-12 strmdaten (Fig:
52B). Silenang of DGR 2 mpaived MMPS mamslecaton mdueed

PLOG OME | wevw plosoneang

by SDF-12, while i didd not affesct 1ts loahmation m ums Sl ated
oxlls (Fig. 5B and C}. Smikady, [ Ba pharmaces] mhibition
with RAWMY, compleely impared MMP-4 recnment inchiced
by SDF-1 2 (Fig. 50 and E)

Altogedher these data suggest thar DG RS 15 essennal for MMP-
4 aoommubiton at prorusons and subesquent rebase o the
extracelhlar space. Given the rae of DGR 2 m megulatng aFRCs,
we invemtgated whether aPRCs medmes SDF- | 2-mouosd regz-
lagon of MMP-9 lalzaton. Indeed, 5 RNA-mediaied silmoing
of aPECs blumted 50F-12 induced MMPY kaalzabon at
poeudiopodnl tps (Fig. 5F and G}

Altogeter thee data demosrate fot acivaton of the
DGR/ PR pathway drives both MMP-% and Bl integrm
Incaltation at the preudopodial tes, ths regulating the sxennon
of Tvave promuions: and sustaming the mvasive behador of
MDAME- 5] ol

DG Ovesxpression Promates aPKC Rac Dependent
Call Elongation
We ohserved that prolonged SDF 12 treatmest 6 hears, 540 ngs
ol o matriged plated MIA-MB-24 | promates the tansitimn to
elongated shape with the extendon of long prommons. nenest
mgly bah sRNA downregulaton of DGRa and RA%HS
mediaed nhibiion mpams this change m shape (Fig. 534 w0 )
madicating the crecial equrerest of DGR 2 acthaty
Smce the ver-epresion of membranebound  myr-DGRa
mull.tu cell migraton m untrandormed oell [ 1§ and
st exctension and 1 n ALTH) ovarian cancer oelly
rl ], e mvestgated whether wild e DGR S overmpmesion
vas mfficent to frther simmdate mvasion m MDA-MB-T1 cells.
The previcusly described meducble OST-DGE2 cosmmict m
MDA-MB-23] orlls allowesd us to verify this isue = docyoyclme
iretment moheeed 2 Y-bld moreme in DGES rnq:ue:::i:m {Flg. A
and Fig. 52AL with an increase of about 3X0-fold of the enmymatic
activity (r':g. NI However, VTR ST of CET-IMGEa wa
not mdfident to enhance migration of MDA-MBE-231 m wound-
my =may or oo merease imvamion throwgh margel Fig 518
and ). MNewerthels, sweroxpmsion of OST-DGE2 led 1o
wom of s aned MDA-MB-231 celh, while doxycy-
cline did mot =flect the cell length of empty vectorandeced MDA-
MB-251 cells (Fig #B and D). Both in elongated and m shorter
cells, CRT-DGER A & bcalmed at the fip of onll potnesions {Fig. 60
suggesting that despite the absence of cyiokines mnd gowth fucton
the srong up-regulation of DGR actvity 19 sufficent & reonnt
the signabing rachmery fr membrane extenmion and to establish 2
fred fowand loop recnntng frther DGR
Congistently, with the reported rae of the 2PRCs in medntng
[ Rac actvaton and membranse poerasko
[23], we oberved that aRNA-mediated sdencng of aPRECs
tFig. ) bhmied ool elongaton mduced by OST-DGR2 over
expressiomn (Fig, 6E). Abo the Bac infabitor NSC29766 canpleely
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Figure &. DGKa ession promotes a PKC-dependent cell elongation. MDA-ME-231 csils were infected with lent
expresing inducible 05 T4aqged DGMx or ah empty wettor To induce DGKa expre sion, oolls wene trested ovemight with dosxypgyciine {1 pg
s=nem fee mednom. A) Alter cell hysis OST-DGET induction was verified by westemn blotfing with an antibody recognizing the OST-1ag, while the
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extent of overespres inn wa veifisd with anti DG antibodies. Tubufin was used s bading control 8] Phase contant images of antsol and O5T-
DGEa cefls oulitued in peesence of absence of doxycydine. Axows indicate o=l with long protrusions.. Scale bar 50 pm. C) Confocal images of
dayeyclins induord calls showing OST-DGKa locaitration, celis wes stained for actim frad) and OST jgreen]. Seale bar 2 pm D] Time apurse of cefl
whongation at 2, 10 and 18 hous with or wéthout doogoyciine trestment: Time iapge video wene morded and o1al o= length messmed. Boxd sod
whisken plot {bisck fines show medisn, whisiers: 595 percentile] of data from 3 independent experiments am shown, *p-<0000, 1wy ANOVA_
E) MDA-ME-231 ooty expesing D5 T-DGKy wers trantienty transkeded with ontod or PROChapecific sENA Mter 48 hoas DGEa expresion was
inchocexd by overnight treatment wath docycpcline {1 pg/mil] in senem fes mediom. breges  were soquied with a2 phase contrast michoscope,
repree nbative imsges s thown Scales bar 50 pm. Totsl ool kngth wes mesaimed for ot ket 100 cofiv snd reported a5 b snd whislers plat. F)
MDAME-23] colly expesting DET-DGKa werne induced by ovemight treapment with doxypcycline {1 pgfm) in serum free medium with or without
MNSC23766 {100 g bmagess wene scquired with a phase confrast micnasaps, nepesentalive images. ane shown. Sale bar 50 pm. Total c=fl E=ngth
was e s lor st beest 100 oolls snd mported s boe snd whiskess plot. MODA-MB-231 il were trambeded with CTRL and PUODh - specific SR

and hysed. The efficency of PECDA down-regulstion by skl was vesifisd by western Hotting tubodin was wssd &5 & loading conbrol

do 1157 1journal pons 0097 184 5006

bhmied OST-DGR2 mduced slongaton indicarmg, the myohe-
ment of Rac family GTPasen (Fig. 6F). Thene findings confirm the
mlevance of aPRCs and Rac = DGEa downstream effection
promotng cytskeden] meoddng and exteraim of menbrane
PrOtTuskons,

The expresson of myr-DNGE  drives preudopodial extension by
lﬁmuh.h:? R{F-medined rﬂ-.g.rr]ing of Bl 'umgﬁn m AFTRO
caminoma cell [15]. However, aRNA-mediaied slencng of
ether fl mmrgrm or RCF (Fg. 585C and D) did mt aflect
Tt wn mauced by wid type DEE2 m serom
starved MODA-MB-231 celb (Fig. 55A and B, suggesting that m
thi mxpermmental meede fl mEegm and 1 RCP-medoted
recycling are ot Tegquired for protrsion skngation.

These data mdicae tha upregebbon o DGR2 sty by
SOF-12 & sufficem o the extension of membrane
protrusions through the aPECy - RheGDI — Rax ;m-}rw:r.g,r
[#229), taot that addiional lwu]mg pﬂ.‘ﬂ'lmu anadior it
kcalration ai specific myrsiyoalation-dimced membrme oom-

]nrh'rr.:rllmrﬂ[n:ir\udhr trig\cr nr]]l:imu:':u'l.
Discussion

We md others sstablished the relevance of DGR acthvation
and membrane recrritment 1o gmwth facirs ggabng [37]. In
nomal epitheha, endothelia and hophocytes DGR acoviy =
requred o convey pralfemove [ 17,385 and mgamory [16—
18,22 2] mgnaling. Smezml shohes pomted out DGES anvohe-
muumrmﬂ'uhmmgﬂla1nmynm:ryhriwiw
glichbistoma and hepatocelhbr caminoma. progresaon [ '°|'| amad
m gtw - prolifaton md amvival of mdometrial carcmoma
[21], anaphistc large cell hmphoma [ 19], and melanama [44].
Momover, DGEa actnaty medhiates mamx mrvadon mestmed by
P53 pro-meastatc mutatons mocancer oelb | 5], However, the
malscular pathwans by which DGEA contmob caminora forma-
bon and metsptraion ane pusu']'y Jomorwm .

Inhere we mvestigated the mile of DGEEs m mvadve sgnolng of
SDF-lz, one of the ey sgnab diving metastasa [41], whose
receptor, CXCRS, & strongly asociated o fomor growth amd
spontmeos metstes fommaton [ We wsed MDA-MB-231
l:r]k, a ighly imasve homn breast cancer cell Ime, whonse
mvasvenes and are dependent an the expresion
of SDF-12 momptor, CXNCR4 [#144] In tese ool we had
previcusly shown thar DGR & mquomed :BrET'F- ['I‘L] and HGF-
Tk esd [2?] :rmg'd:!m m a tmdmens T

1mﬂwm}ﬁrﬂnfml’:ﬂu.lkr rq'l.llltdl:ry
EDF-HI, 'udnrJ\ stimmlates s enmyTRbc actvity and T it
recnnment a rudffling sies (Fig 8. Moreover, we show thai
actvaton of DGEE pmvide a key nd mgnal mquired for SDE-
L& pro-mvamve actity m MDA-MB-231 c=lls (Fig. 1),

We previoushy showed that the PA grmemaed by HGF-mehuced
actvagon of DGR remom to the plisma membrane and
actvaes aPRCs m a complex’ with RhoGDl and Raxcl, thom

PLOS OME | waw plosonsang

medatng the mlase of Racl from Rho(G DL and sta keahzaton
and actvation at ruffle sites [ 23, TheaPKCs subdamly comprise
thee el 1 s, whichs are activated by FA 28] bt ms ens tive
e TG,

Several pisce of evidence show that aPRCs and m partcular
PRCL play a key role m cancer cell invasion and  frmor
progrsson [£5]. hersongly, PRCL b esential fir K-Ras-dnven
mvaRen m ooden cancer by mgubing Racl [446], while aFRCs
medmies EGF-mduced cell mugranon of MDA-MB-H 1 breast
comscer oells [4?| ﬁhﬂg\eﬂ:ﬂ' these data further mgg-ﬂ that the
DGR 2/ 2 PR Ca signahing mos coneribasbes to pro-mvasive sigmalmg,

Amuﬂ'l:rld\r the fmdmg that SDF-12 mduces 2K Cs locahizs-
T At prodrsian sibes throngh sctvaton of DGR S, mdicates that
the DGRa/aPKCs sgmalng axis mediates chemaolkime-driven
mammary canisama invasvenss, (Figeo 3L DGRS-dependent
mecrmnmment of af Ky at protnskn 13 an ssental sgmaling event,
s the mlencing of sther DGR or aPRCs mpaim downstream
evints such = accumubition of Bl integrn amd MMP-9 at the
phsma membrane (Fig, 4 and 5] The functional mlevance of
aPRCs = a DGR effecror is further proved by the cbservanon
that in slencing impars DGE &mduced orl] dloogaion Fig. 6E)
and that 1t mhimtm blocks SDF- 1 #-mduesd mamx imanon
(Fig. 38)

Ther fmeciingy thar aFKCe, RCF andd fil mtegrin are all requansd
for the imvasnenesa of MDA-MB-231 (Fig. 3F, 4H and wef, [ 15]],
aned that upon SDF-1a smmubiton fl inbegrm & conoemtrated at
prosnoion tps m 2 DGR 2 and aPRCh-de 1 manner, awe
conskient with our previews data showmg that DGR 2-greneraimd
PA, through bmcding to RUP, docks 253 | recycling vesicles 1o the
tips of Ivamive peendopod, Altogether the fincings suggest that
activaton of aPRCs may abo contmbute to mtegnn mcycling
medwced by chemoldne and gmwth fuctom, although there i3 no
experimental evidence for it

Several pieces of evidence m differemt cell types Tebicate that
tﬁuﬁmnf:mﬂsr@ﬂmhl”ﬁm:&mmdm
[#4]. For mstance, FECE acmanon mediates MMPY secre=hon
maduced by SDF- 12 1n hematopoienc progentiors [| 1], MMPs ane
ke plavers m the temer micmemaramment and ploy 3 magpr mle
m imasion of edracelldar matme [49]. While some MMFPs ame
transmembrane protens, most of them are sohshle and bnd to the
extracelular cell mrboe by mtevaction with several membrane
proteins, inchding [l mtegrin and CD44y [50-54].

Chur finching that both DGR 2 and aPKCaame required for SDF-
| -mcbuced melase of MMPY in the cell mednm and for 1
accummelation at protrissens, provides further strength to our thes s
that DGR A/aPRCs axs 5 a majer nn'l'pem:rrt of chiemokine pro-
myzave ng.  Intrestmgly, m SDF-lesomulaied  cells,
MMPG L:-n]'lz:.'hn:m at pell mrbce mpm'mtpm with that of B |
mtqp: :n.ngptmg that ther fmchon at ! hpl w
covrimately regdated by actvaton of DEKa/aFECs sgnalng.
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Fanmally, the oheervation that DGR over expression drives by
mwel elmgaton of cell promemsm by regulatng aPRECs =
comenistent with active PRCS proamoetng wide optoskeletal remed-
eling and joms in untmastrmed cells [29]. The molecular
mechamama by which aFEK s inchices cell ebmgatiom dovnistmeam
o DGRA & stll partally koown, In e with our previous
demonstation that activation of the DER2/2PKCs ajgnaling
mukule stmulates the BholFDT driven localization of both Racl
and Cdc®! at membmane ruflls, we chaeved thm the Rac
inhibitor WSC2376 bhmes DGRa inducsd ol donganas
{Fiz. 6] and that SDF-lo-mduced kcalmiion of Cdedl at
protrumicns of MDA-MB-291 cells % sgoficantly reduosd by
DGRa inhindon (Fg. 5300 and EL Comrﬂw:]'y, prodruman
extension rum even in the absence of [l inegrm and RCP,
suggeting that DGR a-dependent activation of aPRCs regulates
eytoskeletal remocieling mdependently from Bl integrm moyclmg
and fimction, which ar requred, however, ® enzble oell
migraton thmough 2 30 matre (Fig, #H). While 1t is clear that
DGE2/AFKCs actvty on cell elngaoon & independent on [
mtegrin wcycling, thess data canmot nde ont that acoemubation of
Pl megrn and MMP-4 at protmsion tps depesds on DGE2/
APKCs-inchuced regulaion of Racl or Cdetd and cytoskeleal
comtracthty [31],

ngﬂiu'wﬂmwd that activaton of the DGR/ 2PES/ B
'mmqs:nn p.'lﬂnv:'y plovs a key ol o chemokme-driven matrx
mvasion in bremt cancer cells, Those oheenabons s uggest thai
DGR ibingon or slencng could be efectve not only m
mducing  primary  twmer growth moowe [19,19] but oould
potenially sho rechee the metmabe: poteniial of cacmoma cell.

Supporting Information

Figure 81 DGR is necessary for SDF-la-induced cell
imvasion. MDAME-2%1 cells were miected with lentharal
vecmrs expreming 2 shENA agamst DGRa hRNA-DGE2D) or
an empty vecior. Al Cells were hyaed and the effidency of DGR
down-regulation by shRNA was venfisd by wesem blat, tuindm
vas wsed a2 loading contml. By 50000 celh were plated on
matrige] invamion chamber and merbated for 24 hour m presence:
or m absence of SDF-12 | 16} ng/mil. Histgram reports mean =
5E of okl over omitrel vahes from 3 independent expenments
with ®-test p"-’l}.li.'r, et I:-A'-Cll.lmﬁ..

(TIF)

Figure 52 DGRG overexpression does not affect migra-
don and imasion of MDA-MEB-231 cells. MIDA-MB-27]|
otlks were inkced with lentviml vector expresang meucble OST-
t:gg!l DGEA or an mtpqrvndnr To induce DGR 1'.I'.P:I'EID|H'I.|
rells were treated overmght with doxyeycline | | gg/ml) m serum
free mediom. A} After ocll hag, the extent of DGR overexpres-
s was venfisd with anh mKﬂ.z.nd:ﬂHﬂicl, ]m’.\ganﬂd\m‘!
xS A shown, Actin was weed = kading contrl, By Cells
ver grown o confleenor in 12 well plates and subiected 1o 2
wound healing asay for 34 bouns in serum free medum, HGF
(i mg/ml) wan uved 2= 3 pomtive control, The cells were stamed
amd thase migratmg made 23 mm of wound counted, Hangram
meports mean = SE of fold over contml vahees from. 3 independemt
r.q:ﬂ'im.mh wath ®t-fesi p{i}.ﬂi. ﬂ'_l _'H:l_,ﬂ:ll ks were ]'ﬂ.'l:uv:! m
matrige] masion chamber amd moshated for 24 bours mossum
free metiuem. Mediem with (6% PUS vas weed as positive contmd,
H"ncbng—nn rq:mmmiﬁﬁufi&]diwqmn\]m:ﬁm 1
inclepedent experments with ®rtent piloh,

(TTF)
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Figure 53 DGEe is required for SDF- le-induced psen-
dopod elongation. A) MDA-MB-21 celbh were plaed on
nnmgﬂ-ﬂmui i:mnﬂ'ﬂ']:u for 2 hovey m FCS n::nta.'im'ug:
mednm, tardeted with CTRL or DGR2 speafic aBNA and
cutiured for fumther 290 howrs moserum free mednm, Cells wers
then stmudated for & howrs with 50 ng/m] SDF-12, foed and
phongraphed at phase contmst. B) Hatogram reports protruson
lengih m pim as mean = SE values of 4 independen t expermients
with *f-tet pil(f. C) MDA-MB231 cels were plated on
matr gel-coated covershps for 240 boars in FOS containmg mesdizm
and ouliued br further 20 houm in senm foee mednm., Celb
were then stmmlated for 6 houn with 50 ng/ml SDE-12, m
presence o in abwence of | b RG99, faed and photographed
at phase contrast. Histogram reports protnesions kngth in pm.
mean * SEof § 'indq:endﬂnl ﬂcpﬂ'h'llmh with ®i=fessi F'C'ﬂ.m’n.
B MDA-ME-251 cells were plaied on mamigebooated covenlps
for 20 oy m FOS containmg mednm. and adared for firther
N hours serum free medium Cells were simulaed for & houmn
with 50 ng/ml SDF-la, m presence or m atemence of | pM
RS0, fooed and stamed for actm fred] and Cdefd (green].
Armywhead incdicates Cdedd at protneans, Scale bar 24 pm. E)
H‘imhg:m ety the pecentage o cells diplaymg Cecdl at
oms as mean = SE of § independent epermens with -
et b,
{TTF)

Figure 54 SDF-la is not affecting surface exposidon of
fl-integrin and MMP-9. A} Surfice expresnon of Bl mtegrm
was anabyzed before (amgquote) mmd afer red) SDF-12 stmub-
tim. Flow cyometry histogram overay comparng the kevel of i
metegrin expresdon bedone and afer SDF-12 ecpreson. Tsotype
matched comtras mAL u'lz.irri'ng:m !_"n-m = dmhed Ime. MFL
median fluorscmee intenmty. B Surfior expresion of MMP-2
vas analyzed belore (hirquone) and afier jred] SDF-14 sbmuls
e, kacy'lmﬂr:r}mmg:mm :Whyrxn:npmﬂvhd of
MME-G expresaon befom and after SDEF- 14 expresoon. [sotype
wnﬂwdmism&nﬁﬁmmgﬁmmdaﬂudhﬂ. MFL
mechian fuorescmon mtensity, C) MDA-MEB-231 oellswere plated
on 6§ welh dish for 20 hours m FCS contaiming medmm and
culhured for horther % hours serum free medium. Cells wen
stimlated for 24 hours: with 180 ng/ml SDE-1%, m presemos or m
aheence of | pM R399, MMP-9 mBNA was quantified by
quantimtive RT-PCR. Histogram reports the mean = S5E of 3
T

Figure 55 DGHa promoted cell clongation is i

dent from 1 integrin and RCP. MDAMB-23 ool wer
mfected with lenthviml] vecior expresang mwhcble 05 T-tageed
DGR A or an empty wector, A Cells were transiently transdected
with control or fl mtrgmin-specific ARNA After 48 howrs DGR
expression was induced by overmight trestment with dosoroyclme
{1 pg/ml) i serum e mednm. roges were aoqpomed wits a
phese contrast muomecepe, Tepresentative mages areshown, Scale
bar 5 pm. Toal ol length wan mesured for at least 104 celh
aned Tepuried & boat and whikers plot B Celb were tansenty
tmanskcted with control or RCP-specific sRNAC Afier 48 houn
DGRy expresion was induced by owrmight teatment with
donyowlme (| pg/ml) 1o sem fee omedivm Images wers
aciquired with 2 phase contrast MR, TEprEen v mage
are shown, Scale bar 50 pm. Total cell length was meanmed for at
lezist |00} colls and reponted as box and whiskens plot. ) MDA-
MEB-1| cells were sranstecied with CTRL and il inteprm-specific
ARNA and hysed. The efficency o Pl oimtegrm dowr—regulanon
by sIRNA was vertfied by westen bloting, tubulin was weed @ 2
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loading

contral, [ MDA-MB-23| c=ls were trandected with

CTRL and RCP-specific siENA and hsed. The efficency of RCP

ation by aRNA and of OST-DGE2 mducton was

verified by western blotting, actin was used 2 a kading contral.
(TIF)
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