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Summary  

 

        During these three years of PhD fellowships I 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. 
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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 
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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. 
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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 
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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).  

 

 
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 
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image of an MDCK cysts. Here, the apical domain is marked with GP135 in red, the basolateral 

domain is marked with β-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 I 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 



10 
 

and are also necessary to preserve epithelial cells polarization and organization in 

the 3D context. 

 

 
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 regulators 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: 



11 
 

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, Dlg 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: 

Rac1, 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, Rac1 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. Rac1 

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)P2 – and phosphatidylinositol-3,4,5-triphosphate – PI(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 

PI(4,5)P2 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)P2. As a 

consequence, the apical membrane results enriched in PI(4,5)P2, which in turn 

recruits different proteins at the apical domain (18).  

 

 
Figure 3: PI(4,5)P2 and PI(3,4,5)P3 segregation during cystogenesis. PI(4,5)P2 and 

PI(3,4,5)P3 colocalize in unpolarized cells (yellow). Apical recruitment of PTEN leads to PI(4,5)P2 

enrichment at this domain (green). PI(4,5)P2 recruits the Par complex to form apical plasma 

membrane and lumen. (18). 

 

PI(4,5)P2 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)P2 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 

PI(3,4,5)P3 restriction to specific membrane domains. In particular, PI(3,4,5)P3 

accumulates at the midcortex, where it recruits dynactin and induce the dynein-

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

  

 
Figure 4: Mitotic spindle orientation in 2D cultured cells. PI(3,4,5)P3 enrichment at the 

midcortex drives the orientation of the mitotic spindle in parallel to the substratum (a). PI(3,4,5)P3 

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. 

   

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

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 Gαi-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 Gαi respectively). GDP-loaded Gαi 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.  
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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.    

 
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 (Rac1- 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 Cγ, 

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 DGKζ binds 

directly to the Rho GTPase Rac1 (25).      

Every single DGK class also features some characteristics structural domains: 

1. type I DGKs comprehends the α, β and γ isoforms. They show calcium-binding 

EF-hand motifs, that make them more active in presence of calcium, and a 

Recoverin Homology Domain; 

2. type II DGKs class is composed by the δ, η and κ isoforms. They have 

pleckstrin homology domains at their amino-termini, which are able to weakly 

bind PtnIns in DGKδ. 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 III DGK is DGKε. It shows a strong specificity toward 

arachidonate in the sn-2 position of the acyl chains of DAG. This preference 

suggests that DGKε may be a key component of the pathway that induces the 

enrichment of PtdIns with arachidonate; 

4.  type IV DGKs are the ζ and ι 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 DGKθ. It has three C1 domains and a putative PH 

domain that contains a Ras association domain, though DGKθ do not 

associate with Ras (25).    

 

 
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 I DGKs – is 

specifically involved in cell migration, invasion and angiogenesis. In particular, DGKα 

is activated downstream growth factors stimulation – such as HGF and Vascular 

Endothelial Growth Factor (VEGF) – by Src kinase, that phosphorylates DGKα on 

Tyr335. Moreover, expression of the oncogenic constitutive-active v-Src is sufficient to 

induce DGKα phosphorylation and consequent activation (28; 29; 30). In epithelial 
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MDCK cells, DGKα 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, DGKα activation provides a lipidic signal, PA, which recruits to the 

plasma membrane a complex containing Rac1, RhoGDI – a guanine nucleotide 

dissociation inhibitor of the Rho GTPases family members – and the atypical protein 

kinase Cζ/ι (aPKCζ/ι), which are activated by acidic lipids, such as PA. After its 

activation, aPKCζ/ι phosphorylates RhoGDI, with the consequent release of Rac1 

from the complex and its activation. Rac1 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 DGKα controls membrane 

localization of Cdc42 through a mechanism independent from aPKCζ/ι. 

All these findings demonstrate that DGKα is a key regulator of epithelial cells 

polarization and migration. Indeed, DGKα is a regulator of some members of the Rho 

family of small GTPases – Rac1 and Cdc42 at least – which are key determinants of 

cell polarity (17). As described before, both Rac1 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 

Rac1 and Cdc42 silencing (1, 18). Together, all these observations suggests that 

DGKα 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, DGKα is both a regulator of lipidic signals, 

metabolizing membrane DAG to PA, and of Rac1 and Cdc42 intracellular localization.      
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Aim of the thesis 

 

Data previously obtained in our laboratory demonstrate that in epithelial cells 

DGKα is an important regulator of cell migration and of the front-rear polarized 

phenotype of migrating cells. Indeed, DGKα catalytic activity is necessary to trigger 

actin cytoskeleton remodelling, ruffles elongation and cell scatter (30; 31). Active 

DGKα metabolizes membrane DAG to PA, which is a lipidic signal that recruits Rac1 

and Cdc42 at specific sites of the plasma membrane. Rac1 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). DGKα is also involved 

in Integrin recycling and in β1-Integrin-dependent elongation of protrusions. DGKα is 

recruited at the tip of the emerging pseudopods, where PA enrichment allows RCP- 

and α5β1-Intergin-containing vesicles docking to the plasma membrane (42). DGKα 

catalytic activity is necessary to trigger all these cellular functions, suggesting that 

during cell migration, actin remodelling and Integrin recycling DGKα 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, DGKα is a well demonstrated regulator of cell migration and front-rear 

polarization. Previous observations also demonstrated that DGKα regulates both Rho 

GTPases and Integrins (31; 32; 37; 42). Thus, we hypothesized that DGKα can be 

involved also in epithelial cells 3D polarization and cystogenesis. Indeed, we 

demonstrated that in MDCK cysts DGKα 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 DGKα during epithelial cells 

polarization and cystogenesis. DGKα is a regulator of two important lipidic second 

messengers, DAG and PA: they act as docking sites/localization signals for vesicles 

and proteins and DGKα catalytic activity is strictly necessary to trigger their 
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downstream signalling,. Here I analyzed DGKα involvement in apical and basolateral 

recruitment of proteins, in particular of Cdc42 and Rac1. Moreover, I analyzed the 

role of DGKα 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 DGKα 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% CO2.  

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 DGKα were obtained by 

lentiviral transduction. After 3 weeks in selective medium, cells were analyzed by 

immunofluorescence and western blot.  

HeLa 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% CO2.  

 

3D cells culture and cystogenesis 

To obtain MDCK cysts in Matrigel, cells were trypsinized to a single cell 

suspension of 2x104 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, HeLa 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 HeLa 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-α−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.  

 
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-α−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 α 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.  

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

HeLa cells. The α 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 DGKα pharmacological inhibitor R59022, 1µM final concentration) were lysed in an 

equal volume of gold lysis buffer (2% Triton X-100, 40 mM Tris-HCl, 100 mM NaCl, 

20 mM MgCl2, 30% glycerol, 1 mM dithiothreitol and protease inhibitors), then 

centrifuged at 15,000 rpm for 5 minutes. A 50 µl sample from the supernatant was 

set aside for determination of Cdc42 and Rac1 levels in the total lysates. GTP 

loading on Cdc42 and Rac1 was determined by GST-PAK beads pulldown and 

revealed by western blot.  

 

RNAi 

Three different custom siRNAs against the canine DGKα isoform were 

synthesized as double strand RNA:  

- c1: sense GCUCAGAAGUGGACAGGAUtt and antisense 

AUUCUGUCCACUUCUGAGCtg; 
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- c2: sense CCCAGACAUCCUGAAAACCtt and antisense 

GGUUUUCAGGAUGUCUGGGtg; 

- c3: sense CCUUCCACACCACAAAAACtt and antisense 

GUUUUUGUGGUGUGGAAGGtg. 

MDCK cells plated at low density were transfected with 200 pM of DGKα 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 DGKα is a validated siRNA and was buy from 

Ambion. HeLa cells plated at low density were transfected with 12.5 pM of DGKα 

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 

siRNA 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 DGKα activity during cyst development in 3D 

cultures of epithelial cells, we used MDCK cells either silenced for DGKα by specific 

siRNAs (Figure 10a) or treated with a DGKα pharmacological inhibitor. The 

specificity of the custom siRNAs and of the pharmacological inhibitor R59022 for 

DGKα have been previously demonstrated (31; 33). 

When grown in matrigel for 4 days upon DGKα 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). DGKα expression was analyzed by 

western blot and it is still quite knocked down after 4 days from the transfection with 

the DGKα specific siRNAs (Figure 10a). Moreover, the same phenotype was 

obtained by pharmacological inhibition of DGKα  by cell treatment with R59022. 

Indeed, following DGKα inhibition we can observe large, intercellular, hollowed, actin-

rich lumen in the 70% of the cysts (Figure 10e and 10h).  

This findings demonstrate that DGKα enzymatic activity is required for the 

formation of cysts whit a single central lumen.   

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

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

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

E-cadherin staining is also preserved: we can detect a strong basolateral E-cadherin 

staining both in control and DGKα silenced cysts (Figure 10c). Similar results were 

obtained following DGKα 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 DGKα 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 DGKα is pharmacological 

inhibited: the Golgi apparatus is still located among nucleus and apical membrane as 

in control cysts. 

Overall, these data indicate that DGKα 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 DGKα 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 DGKα 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 DGKα is necessary for single lumen formation. 

a) DGKα silencing in MDCK cysts. MDCK cells were transfected with a control siRNA or with 

siRNAs specific for DGKα (c1, c2 and c3) and cultured as described in material and methods. DGKα 

silencing was analyzed by western blot. A Jurkat A3 lysate was used as a positive control for DGKα 

expression b and c) DGKα silencing leads to the multiple lumen phenotype without affecting single 

cell polarization. MDCK cysts transfected with a control siRNA or with siRNAs against DGKα (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 20µM. 

d) Quantification of multiple lumen due to DGKα silencing. MDCK cysts transfected with a control 

siRNA or with siRNAs against DGKα (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) 

DGKα inhibition induces the multiple lumen phenotype without affecting single cell polarization. MDCK 

cysts cultured in presence or not of DGKα pharmacological inhibitor R59022 at 1µM 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 

20µM. e) DGKα inhibition doesn’t affect the polarized localization of the Golgi apparatus. MDCK cysts 

cultured in presence or not of DGKα pharmacological inhibitor R59022 at 1µM 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 20µM. h) Quantification of the 

percentage of multiple lumen due to DGKα inhibition. MDCK cysts cultured in presence or not of 

DGKα pharmacological inhibitor R59022 at 1µM 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 DGKα localization in MDCK cyst and we have found that 

endogenous DGKα is localized predominantly at the basolateral domain (Figure 11a), 

accumulated in dot-like structures, suggesting that it piles up in intracellular vesicles.  

DGKα basolateral localization was further confirmed using MDCK cells that 

stably express an inducible OST-tagged form of DGKα. In these cells, OST-DGKα is 

expressed upon doxycycline administration to either 2D or 3D MDCK cultures (Figure 

11b and 11c). Unexpectedly, OST-DGKα 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-DGKα expression in MDCK cells cultured in 

2D but not in 3D Matrigel-embedded cells (Figure 11b vs Figure 11c). In MDCK cysts, 

OST-DGKα 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-DGKα. 

Moreover, OST-DGKα basolateral localization is comparable to the endogenous 

DGKα one (figure 11f).  

Meticulous analysis of several pictures revealed that following its 

pharmacological inhibition DGKα accumulates at the apical domain (Figure 11f 

arrows and 11g). The finding that DGKα 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 DGKα 

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: DGKα localization in MDCK cysts. 

a) Endogenous DGKα accumulates in small vesicles at the basolateral domains. MDCK cysts 

were fixed and stained for DGKα (green), actin (red) and nuclei (blue). Representative single confocal 

sections through the middle of the cysts are shown. Scale bar 20µM. b and c) OST-DGKα expression. 

MDCK CTRL or OST-DGKα cells were cultured as a monolayer (b) or as cysts (c) 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 DGKα. d, e and f) OST- DGKα 

localization at the basolateral domain is catalytic activity-dependent. MDCK CTRL or OST-DGKα cysts 

were treated with 1000 ng/ml doxycycline for 24 hours, fixed and stained for OST-DGKα (green), actin 

(red) and nuclei (blue). Representative single confocal section through the middle of the cysts are 

shown. Scale bar 20µM. Arrows indicates apical OST-DGKα staining. g) DGKα inhibition induces its 

apical accumulation. The graph shows the percentage of cysts with apical OST-DGKα 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 DGKα signalling in MDCK cysts is the 

multiple lumen phenotype. In particular, DGKα 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 DGKα silencing or pharmacological inhibition (Figure 12a and 12c). 

Spindle orientation was analyzed as described in material and methods, revealing 

that in cyst where DGKα 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 DGKα 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 DGKα controls the orientation of the mitotic 

spindle in MDCK cysts. Moreover, mitotic spindle misorientation is an early event 

upon DGKα pharmacological inhibition, since it can be observed after only 24 hours 



32 
 

of treatment with the DGKα pharmacological inhibitor. Indeed, at least 60% of mitotic 

cells display a strong misorientation of the mitotic spindle alignment upon DGKα 

inhibition for 24 hours, as shown in figure 12d. Thus, in most cases the first cell 

mitosis occurring following DGKα inhibition is not oriented, suggesting a very strong 

link between DGKα 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 DGKα activity in MDCK cysts.  

 
Figure 12: DGKα regulates mitotic spindle orientation. 

a) DGKα silencing induces mitotic spindle misorientation. MDCK cells transfected with a control 

siRNA or with siRNA specific for DGKα were grown in matrigel for four days, fixed and stained for α-

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 20µM. b) Quantification of the percentage of misoriented mitotic spindle upon 
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DGKα 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. c) DGKα pharmacological inhibition leads to 

spindle misorientation. MDCK cysts grown in presence or not of the DGKα pharmacological inhibitor 

R59022 at 1µM final concentration were fixed and stained for α-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 20µM. d) 

Quantification of the percentage of misoriented mitotic spindle upon DGKα 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).  

DGKα 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 Rac1 (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 DGKα 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 DGKα 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 DGKα silenced or 

inhibited cyst and hardly detectable in control cysts.  

However, despite DGKα 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 DGKα may affect the activation state of a small-

hardly detectable pool of Cdc42 molecules.   

As DGKα 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 DGKα in MDCK cysts. They also suggest that DGKα 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: DGKα regulates Cdc42 localization. 

a and c) DGKα silencing/inhibition affects Cdc42 localization. MDCK Cdc42-GFP cysts  

transfected with siRNAs against DGKα or grown in presence or not of DGKα pharmacological inhibitor 

R59022 at 1µM 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 20µM. b and d). DGKα 

silencing/inhibition affects active Cdc42 localization. MDCK CBD-GFP cysts transfected with siRNAs 

against DGKα or grown in presence or not of DGKα pharmacological inhibitor R59022 at 1µM 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 20µM. e and f) Cdc42 localization at the mitotic spindle. MDCK Cdc42-

GFP or CBD-GFP cysts grown in presence or not of DGKα pharmacological inhibitor R59022 at 1µM 

final concentration were fixed and stained for α-tubulin acetylated (red) and nuclei (blue). 

Representative single confocal sections of metaphase cells are shown. Scale bar 20µM. g) Cdc42 

activation is not controlled by DGKα activity. MDCK cysts grown in presence or not of DGKα 

pharmacological inhibitor R59022 at 1µM 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)P2, while PI(3,4,5)P3 concentration is higher at 

the basolateral domain. PI(4,5)P2 apical enrichment is important to direct vesicular 

trafficking at this domain, through a mechanisms involving PTEN, Annexin A2, aPKC, 

Cdc42 and Rab11-containing vesicles (18; 36). On the other hand, basolateral 

PI(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). DGKα regulates mitotic spindle orientation also in 

this experimental system: following treatment with DGKα 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 DGKα is silenced using a specific siRNA (Figure 14c). 

As in both HeLa cells and MDCK cysts, both DGKα and PI3K enzymatic activities 

regulate multiple lumen and mitotic spindle orientation, we assayed whether inhibition 

of DGKα affects PI(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)P3 and 

PI(3,4)P2, and the localization of PH-PLC-GFP, a probe for PI(4,5)P2. In DGKα 

silenced 3D cysts, PI(3,4,5)P3 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 DGKα pharmacological inhibition (Figure 15), 

indicating that the catalytic activity of DGKα is required to maintain the proper 

segregation of membrane lipids in MDCK cysts.  

Conversely, inhibition of the DGKα does not affect the localization of the  

PI(4,5)P2 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 DGKα inhibition, indicating that PI(4,5)P2 segregation 

is not affected. 
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Overall, these data suggest that DGKα can regulate mitotic spindle orientation by 

regulating the localization of Cdc42 and of PI(3,4,5)P3. The molecular mechanisms 

by which DGKα regulates the localization of both Cdc42 and PI(3,4,5)P3 still await to 

be investigated.  

 

 

 
Figure 14: DGKα regulates mitotic spindle orientation in HeLa cells. 

a) DGKα pharmacological inhibition induces spindle misorientation. HeLa cells plated on 

fibronectin coated coverslips (5µg/cm2) grown in presence or not of DGKα pharmacological inhibitor 

R59022 at 1µM final concentration and synchronized by double thymidine block were fixed and 

stained for actin (red) and α-tubulin acetylated (green). Representative single confocal section (xz axis) 

of metaphase cells are shown. b) Quantification of the percentage of misoriented mitotic spindle  upon 

DGKα 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 DGKα 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: DGKα regulates PI(3,4,5)P3 segregation at the basolateral domain but not 

PI(4,5)P2 enrichment at the apical domain. 

a and b) DGKα silencing/inhibition affect PH-Akt-GFP localization. MDCK PH-Akt-GFP cysts 

transfected with siRNAs against DGKα (a) or grown in presence or not of DGKα pharmacological 

inhibitor  R59022 at 1µM 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 20µM. c). PH-PLC-GFP apical localization is 

independent from DGKα activity. MDCK PH-PLC-GFP cysts grown in presence or not of the DGKα 

pharmacological inhibitor R59022 at 1µM 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 20µM.  
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DGKα and Rac1 regulation: β1-Integrin signalling at the basolateral domain  

In MDCK cysts also Rac1 is a key regulator of apical-basolateral polarity. Indeed, 

Rac1 localizes at the basolateral domain, where it mediates β1-Integrin signalling to 

induce laminin deposition (39). Moreover, suppression of Rac1 activity at the apical 

plasma membrane is critical for the maintenance of the cysts structure: upon 

constitutive activation of Rac1 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 Rac1 and Cdc42. Indeed, while α2β1- and α6β4-

Integrins are required to establish a Rac1-dependent basal cue, leading to apical-

basolateral polarization, α3β1-Integrin was found to regulate the orientation of mitosis, 

likely through Cdc42 (41). 

DGKα regulates Rac1 (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 DGKα is involved in 

α2β1-Integrin recycling and consequent elongation of protrusions (41). In MDCK 

cysts, DGKα localizes at the basolateral domain (Figure 11), which is more rich in PA 

than the apical domain (35). Together, these observations suggest that DGKα acts 

mainly at the basolateral domain, where it could drive i) Rac1 and Integrin-α2β1 

laminin deposition, leading to apical-basolateral polarization, and/or ii) Integrin-α3β1-

dependent Cdc42 regulation.  

Despite DGKα is a well demonstrated Rac1 regulator in MDCK cells grown in 2D 

(32), in MDCK cysts its pharmacological inhibition has no effect on Rac1 basolateral 

localization (Figure 16a and 16b). However, when we looked at the activation status 

of Rac1 – measuring biochemically the Rac1-GTP level by a pulldown assay – we 

found that it is less active in presence of the DGKα pharmacological inhibitor respect 

to control untreated cysts (Figure 16c).  

These data suggest that in polarized MDCK cysts DGKα acts on two Integrin-

dependent pathways responsible for mitotic spindle orientation: i) the α2β1-Integrin 

and Cdc42-mediated pathway and ii) the α3β1-Integrin and Rac1-mediated pathway. 

Further experiments will rule out both hypothesis.  
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Figure 16: DGKα regulates Rac1 activation but not its localization. 

a) DGKα inhibition doesn’t perturb Rac1 basolateral localization. MDCK cysts grown in presence 

or not of DGKα pharmacological inhibitor R59022 at 1µM final concentration were fixed and stained for 

actin Rac1 (green), actin (red) and nuclei (blue). Representative single confocal sections through the 

middle of the cysts are shown. Scale bar 20µM. b) Rac1 apical and basolateral localization. The graph 

show the percentage of cysts whit apical (AP) and basolateral (BL) Rac1 staining. The mean value of 

3 independent experiments ± standard error is shown. c) Rac1 activation is DGKα−dependent. MDCK 

cysts grown in presence or not of DGKα pharmacological inhibitor R59022 at 1µM 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 

DGKα 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)P2 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 killing 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 DGKα restores the normal 

phenotype (figure 17a and 17b). Indeed, cysts treated with both DGKα and PLDs 

inhibitors show a single, actin-rich central lumen (Figure 17a). Moreover, also 

basolateral PI(3,4,5)P3 segregation, which is lost upon DGKα 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 DGKα is inhibited to give 

rise to the multiple lumen phenotype induced by inhibition of DGKα activity, i.e. by 

either DAG up-regulation and/or reduction of DGKα-generated PA.  
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Figure 17: PLDs mediate the lack of DGKα activity-dependent multiple lumen phenotype. 

a) DGKα and PLDs are necessary for single lumen formation and PI(3,4,5)P3 basolateral 

enrichment. MDCK PH-Akt-GFP cyst grown in presence or not of DGKα pharmacological inhibitor 

R59022 at 1µM 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 20µM. b) DGKα 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. c) DGKα and PLDs inhibition 

together restore PI(3,4,5)P3 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 DGKα 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 DGKα 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)P2 

rich apical domain (18). 

In order to define how DGKα 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 

DGKα 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 DGKα-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)P2-dependent, as already known (18), but also driven by the PA product 

by DGKα. This data is in contrast with the well demonstrated PA basolateral 

enrichment in polarized MDCK cysts (35). However, we have demonstrated that 

endogenous DGKα localizes at the basolateral domain and also in dot-likes 

structures that reminds recycling vesicles (Figure 11a). Thus, it is possible that DGKα 

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, 

DGKα 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 DGKα 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 DGKα regulates Annexin A2 enrichment at 

the apical domain. Thus, the lipid kinase maybe regulates also the Par complex-drive 

Cdc42 apical enrichment. 

 

Figure 18: DGKα regulates Annexin A2 apical recruitment. 

a and b) DGKα silencing/pharmacological inhibition induces Annexin A2 basolateral 

relocalization. MDCK Anx A2-GFP cysts transfected with siRNAs against DGKα (a) or grown in 

presence or not of DGKα pharmacological inhibitor  R59022 at 1µM 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 20µM. 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 µM 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 20µM. 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 
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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 DGKα 

The previously described data suggest that DGKα 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 DGKα (32; 37). 

Indeed, during HGF-mediated membrane ruffling in MDCK cells, DGKα regulates the 

localization of the RhoGDI-aPKC-Rac1 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 DGKα silencing (Figure 

19a and 19b). Moreover, DGKα 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 DGKα 

silencing/inhibition, no diffuse or basolateral staining are detectable and there are no 

remarkably differences among control and DGKα silenced/inhibited cysts respect to 

aPKC localization both after 2 or 4 days of culture.  

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

apical domain by alternative pathways.    

 

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

a) DGKα pharmacological inhibition doesn’t affect aPKC localization in 4 days old MDCK cysts. 

MDCK cysts grown in presence or not of DGKα pharmacological inhibitor  R59022 at 1µM 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 20µM. 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. c and d) DGKα silencing/pharmacological inhibition doesn’t affect aPKC 

localization in 2 days old MDCK cysts. MDCK cysts transfected with siRNAs against DGKα (c) or 

grown in presence or not of DGKα pharmacological inhibitor  R59022 at 1µM 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 20µM. 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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Rab11-mediated vesicular trafficking is independent from DGKα 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, 

Rab11 positive vesicles are recruited to the nascent apical domain. These vesicles 
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contain not only Rab11, 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). 

DGKα is involved in Rab11-RCP-mediated α5β1-Integrin recycling in ovarian 

cancer cells (42). Moreover, in MDCK cysts endogenous DGKα localizes in vesicle-

like structure (Figure 11a) and controls Annexin A2 (Figure 18) and Cdc42 (Figure 13) 

apical recruitment. These observation suggests that DGKα 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 Rab11 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 DGKα is pharmacologically inhibited (Figure 20a and 20b). Indeed, 

Rab11 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 DGKα inhibited 

cysts. 

These observation suggests that DGKα is not involved in Rab11-dependent 

vesicular trafficking in MDCK cysts, at least at late stages of cystogenesis. This data 

enforce the hypothesis that the most important event downstream DGKα 

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 DGKα independent. 

a) DGKα pharmacological inhibition doesn’t affect Rab11-GFP apical localization. MDCK Rab11-

GFP cysts grown in presence or not of DGKα pharmacological inhibitor  R59022 at 1µM 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 20µM. 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). DGKα is a key regulator of cystogenesis and 

of the polarized phenotype of epithelial cells. Indeed, when DGKα 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). DGKα 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 α3β1 

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).  

DGKα 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, DGKα relocalizes at the apical 

domain when pharmacologically inhibited (Figure 11f and 11d). This observation 

suggests that DGKα localization depends on its activation status in MDCK cysts. It is 

not the first evidence of a correlation between DGKα activation status and 

localization. Indeed, in T-cells DGKα is recruited to DAG rich membranes, where 

DAG itself acts as a docking molecule (48). Here, DGKα converts DAG into PA and 

then detach from the membrane as consequence of DAG reduction. Moreover, a 

kinase dead mutant of DGKα accumulates at DAG rich membranes (49). The same 

mechanism can be observed in MDCK epithelial cells, where a DGKα kinase dead 

mutant blocks HGF-induced ruffles formation and accumulates at the leading edge 

(30). It has also been demonstrated that DGKα translocation to the actin-rich 

cytoskeleton rely on its Y335 phosphorylation (30; 50) and consequent activation: the 

DGKα-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 DGKα suggests that the DGKα-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 Rab11 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)P2 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 DGKα product, PA, can act as an Annexin A2 docking molecule. Indeed, 

in MDCK cysts Annexin A2 apical recruitment is DGKα-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). DGKα regulates also Cdc42 apical recruitment (Figure 13), but not 

aPKC localization at the apical domain (Figure 19). Thus, DGKα 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 PI(4,5)P2 and Annexin A2 and one mediated by 

Crumbs. Upon DGKα silencing or pharmacological inhibition, only the PI(4,5)P2-

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 DGKα 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, 

DGKα is a well established regulator of Rab-11-mediated β1-Integrin recycling (42). 

Surprisingly, in MDCK cysts DGKα doesn’t regulates the recruitment to the apical 

domain of Rab-11-contayining vesicles (Figure 20). This observation suggests that 

DGKα 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 Rac1 – are properly localized in MDCK cyst where DGKα is silenced or inhibited. 

This observation supports the hypothesis that the main phenotype induced 

downstream DGKα 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 β1-Integrin and Rac1. 

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 Rac1 activation leads to mitotic spindle misorientation 

(38). Although DGKα regulates Rac1 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 Rac1 or β1-integrin inhibition. Indeed, no lumen 

filling or inversion of polarity are observed, which are characteristic phenotypes of 

Rac1 and β1-integrin inhibition respectively. These observations suggest that the 

small effect on Rac1 activity is not responsible of the multiple lumen phenotype 

observed in MDCK cysts lacking DGKα and that the laminin deposition pathway is 

not affected.  

A second integrin-mediated pathway that regulates mitotic spindle has been 

described and involves α3β1-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 DGKα (Figure 13). Despite 

DGKα do not regulate also its activation (Figure 13g), 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 DGKα 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 DGKα can regulate the mitotic spindle 

orientation through Cdc42, considering that DGKα regulates the small GTPase 

localization not only in MDCK cysts but also in other cellular models (37). 

Basolateral DGKα 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 

Gαι-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).  
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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 Gαi-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. DGKα 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 DGKα catalytic activity, 

and the PA product by PLDs. Indeed, inhibiting both DGKα 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 β-

catenin localized at the basolateral domain. The same behaviour is observed upon 

DGKα 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 DGKα is inhibited (Figure 17). The involvement of PLDs in the endocytic traffic 

regulator ARF-6-mediated pathway suggests that when DGKα 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 DGKα 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 DGKα and PLDs 

we can revert the multiple lumen phenotype due to DGKα inhibition/silencing 

blocking the EGFR internalization and the consequent mitotic spindle misorientation. 

Moreover, IQGAP1 is a regulator of Rac1 activation, because RacGAP1 is one of its 

binding partners (55). As any other GAP protein, RacGAP1 can activate the GTPase 

activity of Rac1, leading to GTP hydrolysis and Rac1 inactivation. Thus, IQGAP1 

displacement from the plasma membrane due to EGFR internalization can also affect 

Rac1 activation at the basolateral domain actin on RacGAP1. In this context, 

IQGAP1 is more available and interacts with RacGAP1, regulating Rac1 activation. 

This hypothesis can explain the reduced Rac1-GTP levels observed upon DGKα 

inhibition (Figure 16c). 

Together, these hypothesis suggest that DGKα could act both on the EGFR and 

the Gαi-LGN-NuMa complex and on the PI(3,4,5)P3 enrichment at the basolateral 

domain – that is lost upon DGKα 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, DGKα 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 DGKα is a strong regulator of mitotic spindle orientation 

in MDCK cysts and we hypothesized that DGKα 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 DGKα involvement in these processes, but they need to be further 

explored.   
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