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The development of cell polarity in epithelia, is critical for tissue morphogenesis and vectorial transport between the environment and the underlying tissue. Epithelial polarity is defined by the development of distinct plasma membrane domains: the apical membrane interfacing with the exterior lumen compartment, and the basolateral membrane directly contacting the underlying tissue. The de novo generation of polarity is a tightly regulated process, both spatially and temporally, involving changes in the distribution of plasma membrane lipids, localization of apical and basolateral membrane proteins, and vesicular trafficking. Historically, the process of epithelial polarity has been primarily described in relation to the localization and function of protein ‘polarity complexes.’ However, a critical and foundational role is emerging for plasma membrane lipids, and in particular phosphoinositide species. Here, we broadly review the evidence for a primary role for membrane lipids in the generation of epithelial polarity and highlight key areas requiring further research. We discuss the complex interchange that exists between lipid species and briefly examine how major membrane lipid constituents are generated and intersect with vesicular trafficking to be preferentially localized to different membrane domains with a focus on some of the key protein-enzyme complexes involved in these processes.
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INTRODUCTION
Epithelial cells that line mucosal surfaces mediate many of the interactions between biological organisms and the outside environment. In the intestine, this includes a remarkable multi-functional remit, involving nutrient gathering via selective permeability, environmental sensing and surveillance, and defensive barrier function. A critical architectural feature that underlies these functions is the formation of cellular asymmetry or polarity, which consequently allows for vectorial movement of proteins, nutrients, ions and fluid across the epithelium. Epithelial cells contain two distinct plasma membrane domains, organized to direct vectorial transport and partition selective functions within the cell. Basolateral (or organism facing) membrane domains interface with the underlying tissue including the circulatory, lymphatic, immune and nervous systems in higher organisms, with the lateral aspect of this membrane mediating interactions between neighboring epithelial cells. Apical plasma membrane domains face the exterior lumen, and are primarily responsible for fluid, electrolyte and nutrient absorption or secretion, as well sensory and defense functions.
The development and maintenance of epithelial cell polarity has been the subject of extensive investigations in a variety of model systems (Mathan et al., 1976; Madara et al., 1981; Ng et al., 2005; Gassama-Diagne et al., 2006; Martin-Belmonte et al., 2007; Bryant et al., 2010; Alvers et al., 2014; Bryant et al., 2014; Román-Fernández et al., 2018). Studies have largely focused on the mechanisms and sequence of events by which cellular proteins are involved in the development of polarity. At a cellular level, epithelial polarity begins with initial cell division and cytokinesis, generation of an unpolarized cell, followed by the arrangement and rearrangement of specific membrane domains that eventually become defined apical and basolateral membranes (Martin-Belmonte et al., 2007; Román-Fernández et al., 2018). Several key protein complexes including the Par, Crumbs and Scribble complexes have been shown to be important in formation and maintenance of the intercellular junctions that define the boundary between apical and basolateral membranes. Although numerous studies have focused and coalesced around a set of core polarity proteins, there remains significant variations in both the key proteins involved in different epithelia such as the kidney vs. the intestine (Zegers et al., 2003; Roignot et al., 2013; Rodriguez-Boulan and Macara, 2014; Jewett and Prekeris, 2018) as well as between organisms (Mathan et al., 1976; Madara et al., 1981; Ng et al., 2005; Yan et al., 2011; Alvers et al., 2014).
Lipids are the major constituents of cellular membranes and studies, primarily in cyst models systems, have highlighted their importance as primary drivers in organizing and defining the apical and basolateral membranes in mammalian epithelia. In cells, several different classes of lipids exist that help both define and functionally separate membranes within organelles, endosomal compartments and the plasma membrane as well as between specific nanodomains within membranes (van Meer et al., 2008). These include phosphoinositides (PIs), phosphatidylserine, glycosphingolipids and cholesterol. An increasing body of literature suggests that these lipids serve specific and critical functions during polarization of the epithelium, including directing vesicular trafficking and the subsequent destination of protein constituents within the distinct compartments of the plasma membrane (Shewan et al., 2011; Roignot et al., 2013; Hammond and Hong, 2018). In this review, we broadly describe the evidence for a primary role for membrane lipids in the generation of epithelial polarity, concentrating principally but not exclusively on intestinal epithelia. We present a brief overview of tissue morphogenesis and the protein complexes primarily involved in polarity generation, and refer the reader to excellent and comprehensive reviews of these topics elsewhere (Zegers et al., 2003; Bryant and Mostov, 2008; Roignot et al., 2013; Bryant et al., 2014; Rodriguez-Boulan and Macara, 2014). We review the complex interplay and interchange that exists between lipid species and describe how major membrane lipid constituents are generated, intersect with vesicular trafficking, and are localized to different membrane domains; focusing on key protein complexes involved these processes. Finally, we review the existing evidence for specific membrane lipid species as drivers of apico-basolateral polarity and highlight key areas requiring further research.
Overview of Intestinal Epithelial Morphogenesis
The formation of epithelial polarity is a critical process that underlies tissue morphogenesis in hollow lumen organs such as the intestine. The creation of tubes during development and tissue maintenance occurs at multiple levels within the intestine, in relation to the formation of a central intestinal lumen as well as various glandular structures. Broadly, there are a number of different models of lumen formation that exist across tissues, species and organ systems (Schlüter and Margolis, 2009; Sigurbjörnsdóttir et al., 2014; Jewett and Prekeris, 2018). Epithelial budding, a process that occurs during the formation of the mammalian lung and kidney and in drosophila salivary glands, trachea, and hindgut (Jewett and Prekeris, 2018), involves the outgrowth of a small subset of cells initially growing in a continuous layer to form a budded structure with a central tubular blind-ended lumen. Another process termed cavitation results from the apoptosis and subsequent loss of inner cells within a larger mass of cells, allowing for the clearing of a central luminal space and is exemplified by mammary duct formation (Jewett and Prekeris, 2018). The de novo generation of epithelial tubular structures has largely been ascribed to a process termed ‘cord hollowing” that has been extensively studied in vitro using 3-dimensional cyst models. The basis of this model involves the coordination of multiple cellular processes including polarization of epithelial cells, de novo apical membrane biogenesis, intracellular trafficking to a prospective apical domain, lumen enlargement and, in some cases, epithelial remodeling (Jewett and Prekeris, 2018).
Tubulogenesis and lumen formation in the intestinal epithelium is thought to broadly occur through a modified cord hollowing process requiring membrane polarization followed by initial generation of a multi-lumen structure that subsequently coalesces into a single lumen and tubular structure. There are several lines of evidence for this model, although many of the molecular details and particularly the role of membrane lipids remains to be fully elucidated. Important early studies in the rat intestine showed that the formation of the fetal duodenum occurs in several steps, with polarization of cells within a multicellular layer of stratified epithelium, followed by formation of multiple lumens between cells within this layer, and finally reorganization of these luminal structures into a single continuous lumen (Mathan et al., 1976; Madara et al., 1981). This same phenomenon has also been carefully described in the developing zebrafish intestine, with the initial polarization of epithelial cells leading to an intermediate multi-lumen structure and subsequent fusion of adjacent lumens (Alvers et al., 2014).
At the tissue level an integration mechanism termed radial intercalation (Sedzinski et al., 2016) has been proposed for re-organization of cells and lumens during tubular morphogenesis at barrier surfaces, at least in Xenopus and Drosophila. Radial intercalation involves the movement of basal cells toward an existing primary lumen, via rearrangement and expansion of adjacent cells. Recent high-resolution studies suggest that this process may describe aspects of tube formation in the intestine (Moreno-Roman et al., 2021). At the cellular level, the reorganization and fusion of secondary lumens has been proposed to critically rely on intracellular endosomal trafficking events driving sorting of membranes and consequently, membrane proteins, from the basolateral surface to the remodeled apical surface. These trafficking endosomes are typified by the presence of Rab11a GTPase, a well-described cell membrane protein that marks endosomes responsible for polarized cellular trafficking. Loss of Rab11a or its associated effector protein FIP5 function, and subsequent loss of endosomal sorting to the developing apical membrane results in the formation of multiple lumen structures in cyst cultures (Willenborg et al., 2011). Other studies have also highlighted the importance of junctional proteins (Odenwald and Turner, 2017; Buckley and Turner, 2018) as well as the correct orientation of critical ion and fluid transport proteins for correct lumen formation in vitro and in vivo (Bagnat et al., 2007; Alvers et al., 2014; Blasky et al., 2015).
As postulated by the cord-hollowing model, cell division events are linked to the first signs of apical and basolateral polarity establishment. The initial organization of the apical membrane occurs in the two-cell state following cell division and the delivery of key proteins to the apical membrane via vesicular transcytosis. This allows for the establishment of a transitional environment at the nascent apical membrane that has been termed the apical membrane initiation site (AMIS). The AMIS then progresses into a stage termed the pre-apical patch (PAP), where junctional membrane proteins begin to demarcate the separation of the apical and basolateral membrane (Zegers et al., 2003; Bryant and Mostov, 2008; Román-Fernández et al., 2018). Lumen initiation occurs at the PAP and paracellular ion transport and subsequent fluid accumulation enlarges the immature lumen allowing for expansion (Martin-Belmonte et al., 2007; Román-Fernández et al., 2018). Final coalescence of the multiple lumen intermediate state formed in the in vivo intestine appears to occur by rearrangement of basolateral proteins together with expansion of the apical membrane, with the Hedgehog signaling pathway implicated (Alvers et al., 2014) as well as apical-basolateral transcytosis. While the initial studies in the zebrafish intestine identified some of the key players in this process, the role of membrane PIs and PI-generating enzymes remain to be fully explored.
Organization of Protein-Complexes During the Generation of Epithelial Polarity
Despite differences in cellular structure and function, many aspects of the protein machinery involved during polarization in epithelia are highly conserved across species and have been the topic of several extensive reviews (Roignot et al., 2013; Rodriguez-Boulan and Macara, 2014; Hammond and Hong, 2018; Polgar and Fogelgren, 2018). Three major “polarity complexes” (Figure 1) have been characterized in studies and play key roles in orchestrating cell polarization. The major complexes include the Par complex located at tight junctions, the Scribble complex at basolateral membranes and the Crumbs complex at the apical membrane and junctions. The localization of these complexes during the development and establishment of apico-basolateral polarity is critically dependent on association and binding with underlying membrane lipids, and in particular specific PIs (discussed in detail in the next sections).
[image: Figure 1]FIGURE 1 | Protein complexes important in epithelial polarity. Proteins belonging to the same family or complex are represented in the same color. Four major polarity complexes are highlighted: the apically localized ERM (brown), Crumbs (Crb/Pals1/Patj) (purple) and Par complex (Par3/Par6/Cdc42/aPKC) (red) and the basolateral Scribble (Scrb/Lgl/Dlg) (aqua). The basolateral proteins Par1 (blue), LKB1(green) and AP-1B (purple) are also highlighted. Structural proteins including actin, and junctional proteins occluding, JAM, claudin and E-cadherin are all represented as rectangles. Par3 localizes to the cytoplasmic scaffolding Zonula Occludens (ZO) protein anchored to the membrane by occludin at the apical junctions. The ERM proteins provide anchorage to actin filaments at the apical membrane. Synaptotagmin-like proteins (Slp2 (navy) and Slp4 (pink) are anchors for vectorial transport towards the apical membrane. Transcytotic vesicles, transiting from basolateral to apical surfaces are marked by Rab11a to deliver and maintain the recycling of apical membrane proteins at the apical surface.
The initial formation of the apical membrane (AMIS) is characterized by movement and ultimately sequestration of polarity complexes to distinct membrane domains. The Par complex which includes various Par proteins (Par1,4,3,6), as well atypical protein kinase C (aPKC) and GTPase CDC42, is found at the early apical membrane before transitioning to its final location at tight junctions by interactions with ZO proteins, and forms the boundary between apical and basolateral membranes in terminally polarized cells (Macara, 2004; Krahn et al., 2010; Rodriguez-Boulan and Macara, 2014; Hammond and Hong, 2018; Jewett and Prekeris, 2018). The Par complex plays a central role in polarity development, primarily through recruitment of aPKC to junctions and subsequent phosphorylation of other complex members (Crumbs and Lgl), as well as interaction with CDC42. A critical aspect of Par protein complex localization occurs via various PI binding domains, which likely facilitates changes in localization through the course of emerging polarity. The Crumbs complex has also been shown to be an important component in the formation of the apical membrane. The Crumbs complex is found apically sequestered and is concentrated at tight junctions, where it interacts with the PALS1 adapter protein and PATJ, to interact with tight junction proteins. The Crumbs complex inhibits Rac1 mediated activation of PI3kinase (PI3K), allowing for the formation of the apical membrane domain (Chartier et al., 2011). Rho family GTPases, including CDC42, Rac1 and RhoA (Iden and Collard, 2008; Rodriguez-Boulan and Macara, 2014; Blasky et al., 2015), play a role in polarity development by control of cytoskeletal rearrangement. RhoA controls the actin-myosin filament assembly whereas Rac1 and Cdc42 organize microtubule and actin assembly at the cell membrane (Iden and Collard, 2008). Another group of important proteins involved in AMIS formation are the synaptotagmin-like proteins such as Slp2a, which are thought to cluster at the AMIS by interacting with PIs (Gálvez-Santisteban et al., 2012).
Following initial apical membrane specification, the formation of intercellular junctions including tight, adherens and gap junctions are crucial for partitioning of apical and basolateral membrane domains and maintenance of polarity. Tight junctions are belt-like structures that form a selectively permeable barrier separating apical from basolateral surfaces. Tight junctions are composed of a variety of structural and cytoskeletal connecting proteins such as the occludins, claudins, and junction adhesion molecules (JAMs), in addition to zonula occludens (ZO) proteins (Buckley and Turner, 2018). Following apical localization of Par3, cell-cell contacts are generated by enriching E-Cad, JAM and ZO1 at the membrane. These contacts activate Rac1 and RhoA to allow formation of cell-junctions (Ferrari et al., 2008). Tight junction maturation and maintenance is intimately correlated with the localization of the Par complex and by activation of aPKC (Lin et al., 2000; Schlüter and Margolis, 2012).
Vesicular trafficking is thought to play a major role in correctly localizing proteins to apical and basolateral membrane. The plasma membrane and intracellular organelle membranes are in constant flux with one another via endocytosis, transcytosis, vesicular recycling at apical and basolateral domains, and secretion from the Golgi to the plasma membrane (Blasky et al., 2015; Garcia-Castillo et al., 2017; Jewett and Prekeris, 2018). Multiple proteins are involved with the vesicular trafficking of apical and basolateral protein cargoes within the cell including small Rab-GTPases (i.e. Rab11a) as well as the clathrin adaptor proteins. The clathrin adaptor protein (AP) complexes have shown to be important in the sorting of cargoes within the cell (Bonifacino and Traub, 2003). Epithelial cells co-express the epithelial cell specific AP-1B complex in addition to the closely related ubiquitously expressed AP-1A complex. In epithelial cells, AP-1B mediates basolateral trafficking of polarity proteins from recycling endosomes, while AP-1A localizes at the trans-Golgi network and in early endosomes (Fölsch et al., 2003; Fölsch, 2005) AP-1A has been implicated in some instances to direct cargoes to both the apical and basolateral membranes (Gravotta et al., 2012; Gravotta et al., 2019).
Finally, the Ezrin, Radixin and Moesin (ERM) complex of proteins, which link membranes with the cytoskeleton, are important for localization of apical membrane proteins. Evidence for the importance of the ERM proteins in cellular polarity, and tissue morphogenesis come from studies where loss of function in any of the ERM proteins leads to aberrant polarity and lumen formation (Fehon et al., 2010). PIs have been shown to play an important regulatory role in the correct localization of the ERM complex (Michie et al., 2019). ERM also modulates the positioning and activation of apical membrane proteins responsible for fluid secretion, including NHERF (Na+-H+ Exchanger Regulatory Factor) (Terawaki et al., 1993; McClatchey, 2012), NHE3 (Zhao et al., 2004; Fehon et al., 2010), and NHERF/CFTR (McClatchey, 2012), as well as the proper translocation and insertion of H-K-ATPase vesicles in the membrane (Zhu et al., 2010).
As briefly outlined above, the protein complexes involved during polarity formation have been extensively studied with a broad set of main players now well established. The regulation of sorting and membrane localization of these protein complexes is thought be directed by the underlying membrane lipid environment, and in particular the presence and interconversion of PIs.
Key Lipids Involved in the Development of Epithelial Polarity
Lipids are the main constituents within all plasma membranes, and consist of phosphoinosities, glycosphingolipids, sterols, and phosphatidylserine among others. Phosphoinositides (PIs) consist of less than 1% of the lipids within the cellular membrane, yet have been implicated in a wide variety of cellular processes, including signaling, cytoskeletal and adhesion dynamics, protein complex formation, and cell division (van Meer et al., 2008; Balla, 2013). A growing body of literature suggests that PIs and their metabolism play a crucial role in the process of cellular polarity formation. PIs undergo reversible phosphorylation and dephosphorylation by cellular kinase and phophatases, generating a number of biologically active PI species (Figure 2). Phosphorylation occurs on hydroxyl groups on the inositol ring at three positions (3,4, or 5) to produce the seven known differentially phophorylated species that exist within cells. Phosphorylated PIs originate from the ER (Figure 3A) and subsequent enzymatic reactions drive interconversion between all species. Of the seven species, here we focus on five PI species known to be involved in the generation and maintenance of epithelial polarity; PI(4)P, PI(3)P, PI(3,4)P2, PI(4,5)P2, and PI(3,4,5)P3. Enzymes regulating PI phosphorylation can be found localized to specific cellular membranes allowing for membrane, and therefore organelle, specific generation of compartmentalized pools of PI species. Spatiotemporally regulated production of PIs by specific kinases (e.g., PI4kinase and PI3kinase) or phosphatases (e.g., PTEN) allows for targeting of specific proteins to destinations within the cell. Regulation of membrane PI identity, therefore, has been proposed as a primary driving factor in polarity generation. Evidence for this as outlined in the next sections comes from a number of studies that show that loss of enzymes involved in PI phosphorylation status results in a loss of normal apico-basolateral polarity.
[image: Figure 2]FIGURE 2 | Metabolic pathways of phosphoinositides implicated in cell polarity. PIs may be phosphorylated at any of the three hydroxyl groups on the inositol ring. Protein kinases and phosphatases involved in PI phosphorylation and dephosphorylation are indicated in red. PIxK- phosphoinositide x-kinase; OCRL- Inositol polyphosphate-5-phosphatase; SYNJ-phosphoinositide 5-phosphatase; INPP4- inositol polyphosphate-4-phosphatase; SHIP- Src homology 2 domain containing inositol polyphosphate 5-phosphatase. PTEN- phosphatase and tensin homolog.
[image: Figure 3]FIGURE 3 | Membrane distribution of lipids involved in epithelial polarity. Membrane distribution of phosphoinositides (PIs), phosphatidylserine, glycosphingolipids and cholesterol in an unpolarized cell (A), in a partially polarized cell (B), with an apical membrane initiation site (AMIS), and in a fully polarized cell (C) including locations for key kinases and phosphatases (red) Inset legend indicates color scheme for lipid species (AEE) - Apical early endosome (ARE) - apical recycling endosome (BRE) - basolateral recycling endosome and (BEE) - basolateral early endosome.
In contrast to the phosphoinositides, there are relatively few studies of the involvement of glycosphingolipids, cholesterol, and phosphatidylserine in the regulation of cellular polarity. Glycosphingolipids (GSLs) and cholesterol provide membrane structure by forming membrane nanodomains known as lipid rafts (Lingwood and Simons, 2010), and GSLs are enriched in specific membrane domains in organelles and vesicles along the protein secretory pathway (Zurzolo and Simons, 2016). Phosphatidylserine (PS), another key component of the cell membrane, is involved in several signaling pathways. The exposure of PS on the external leaflet of the plasma membrane is a hallmark of apoptosis, though PS has a variety of other functions in the cell (Shlomovitz et al., 2019). One role of PS that potentially impacts cell polarity is its involvement in maintenance of plasma membrane pools of PIs. In the next sections we describe in more detail the role of membrane lipids, focusing on phosphorylated PI species and important regulatory proteins involved in directing their production and localization.
PHOSPHOINOSITIDES
PIs represent a minor component of plasma membranes yet control a vast array of diverse cellular functions through their recruitment of protein effectors and interaction with various PI binding domains. PIs modulate several processes including actin polymerization, growth and survival signaling and vesicular trafficking (Balla, 2013; Skwarek and Boulianne, 2009; Sasaki et al., 2009; Di Paolo and De Camilli, 2006; Burke, 2018). PIs are enriched in various membranes in unpolarized and polarized cells, with modulation of their distribution dependent on the location of specific PI kinase and phosphatase enzymes, and vesicular trafficking (Balla, 2013). (Figure 3). PI distribution within the plasma membrane changes through the process of polarity development (Figures 3A–C). The initial sources of a given PI species are highly diverse and context specific given the multiple interconversion pathways that exist (Figure 2). All phosphorylated PIs (PIPs) can originate from non-phosphorylated PIs within the Golgi following initial conversion to PI(4)P by PI4kinase (PI4K) (De Matteis et al., 2013; D'Angelo et al., 2008). PI(4)P and PI(4,5)P2 are concentrated along exocytic pathways (Ketel et al., 2016) (i.e. ER, Golgi, sorting/recycling endosomes, exocytic vesicles) as well as the plasma membranes of both polarized and non-polarized cells. PI(3)P is generated in the ER and can be found in various endosomal (Ketel et al., 2016) and autophagy-related compartments, with PI(3,4)P2 found in both endosomes and plasma membrane (Román-Fernández et al., 2018) and PI(3,4,5)P largely thought to exist on plasma membranes (Gassama-Diagne et al., 2006; van Meer et al., 2008) (Figure 3A).
The plasma membrane distribution of PIs changes considerably during the process of epithelial cell polarization. In the non-polarized cell state, PI(4,5)P2 and PI(3,4,5)P3 are thought to be equally distributed with areas enriched with PI(3,4)P2 (Figure 3A). As polarization is initiated, the PI species are initially inverted with PI(3,4,5)P3 sequestered at the cell-cell contacts and the remaining membrane containing PI(4,5)P2 (Martin-Belmonte et al., 2007) and PI(3,4)P2 (Román-Fernández et al., 2018). As polarization progresses the formation of the apical membrane initiation site (AMIS) leads to the concentration of possibly both PI(3,4)P2 (Román-Fernández et al., 2018) and PI(4,5)P2 (Martin-Belmonte et al., 2007) at the site of the eventual apical membrane, in the midst of pools of PI(3,4,5)P3. Finally, in the terminally polarizing cell, the AMIS expands to form the apical membrane containing PI(4,5)P2 and PI(3,4)P2, with PI(3,4,5)P3 now enriching the basolateral membrane (Martin-Belmonte et al., 2007; Bryant and Mostov, 2008; Román-Fernández et al., 2018) (Figure 3B).
The process of PI species interchange appears to be controlled by the membrane specific localization and trafficking of PI-kinases and phosphatases (Figure 3C) within the cell as well as chaperone proteins important for this localization. For example, the phosphatases PTEN and SHIP1 are generally located at the developing apical membrane, whereas SHIP2 and PI3K are found basolaterally (Román-Fernández et al., 2018). In the following sections we discuss the generation and specific localization of each subclass of PIs and some of the proteins that are thought to be important for their localization and/or function.
Phosphoinositide-4-Phosphate
Phosphoinositide-4-phosphate (PI(4)P) is the most abundant of the monophosphorylated PI species in the cell. PI(4)P can be phosphorylated by both PI-3 kinases and PI-5 kinases, and is often considered an intermediate in the biosynthesis of both PI(3,4)P2 and PI(4,5)P2. However, recent studies have shown that PI(4)P itself may be important for cellular function independently of its role in generating downstream PIPs species (Zewe et al., 2020; Pemberton et al., 2020). PI(4)P is synthesized from the precursor PI by class II PI-4 kinases (PI4KIIα and PI4KIIβ) and class III PI-4 kinases (PI4KIIIα and PI4KIIIβ) (Figure 2). Class II and class III PI-4 kinases exhibit slightly different membrane distribution within cells. The Class II PI-4 kinases, PI4KIIα and PI4KIIβ are found in the Golgi, trans Golgi network (TGN), plasma membrane, and endosomes, with PI4KIIβ also in the ER. Within the Golgi and the ER, PI(4)P is necessary for the recruitment of AP-1A required for sorting to polarized membranes (Wang et al., 2003; Heldwein et al., 2004).
Class III PI-4 kinases exhibit a distinct distribution, with PI4KIIIα found in the plasma membrane, ER and nucleus and PI4KIIIβ localized to the Golgi, TGN, nucleus, endosomes and exocytic vesicles (De Matteis et al., 2013; D'Angelo et al., 2008) (Figure 3c). Class III PI-4 kinases appear to have distinct functions in the organization of the apical and basolateral domains. PI4KIIIα and PI4KIIIβ and subsequently PI(4)P generation are postulated to be involved in Rab11a driven vesicular trafficking of membrane proteins to the apical membrane (Bruns et al., 2002; Yan et al., 2011; Tan et al., 2014). PI4KIIIα in particular may be involved in regulating of PI(4)P at the plasma membrane (Baskin et al., 2016).
PI4KIIIα is thought to be localized and function in membranes by assembly within a multi-protein complex, which includes the putative chaperone proteins, TTC7A/B, and Fam126, and tethered to the plasma membrane by the anchor protein Efr3 (Baird et al., 2008; Dornan et al., 2018) In yeast, the PI4KIIIα homolog Stt4p is found on the plasma membrane where it regulates actin and cytoskeleton organization (Audhya et al., 2000). In oocytes the loss of PI4KIIIα results in malformed microvilli, and in the intestine, human loss of function mutations in TTC7A result in abnormal apico-basolateral polarity (Bigorgne et al., 2014) and crypt glands with multiple lumens (Jardine et al., 2019) conceivably due to loss of either PI4KIIIα localization or function. There is increasing evidence that this protein complex may play an important role in intestinal morphogenesis, apical basolateral polarity and lumen formation (Jardine et al., 2019; Avitzur et al., 2014). Multiple different patient mutations that alter TTC7A protein levels or function appear to manifest as a variety of architectural defects including the formation of multiple intestinal atresias as well as severely abnormal intestinal crypt gland lumen formation. It remains unclear whether the observed alterations in apico-basolateral polarity are due to a direct loss of PI(4)P (Avitzur et al., 2014) within a cell, or secondary to the subsequent loss of downstream phosphorylated PI species. Historically, there has been a general assumption that PI(4)P primarily acts as a precursor for the synthesis of PI(4,5)P2 (Hammond et al., 2012). However, PI(4)P is also a major a precursor for PI(3,4)P2 within a cell (Figure 2). Emerging studies suggest that PI(3,4)P2 is critical for driving transcytotic pathways from the basolateral surface to the apical membrane during the process of polarization (Román-Fernández et al., 2018) and loss of PI(3,4)P2 prevents normal lumen formation (Román-Fernández et al., 2018). As with other PIs, the downstream mechanisms by which the loss of the TTC7A-PI4KIIIα complex and PI(4)P may lead to abnormal polarity likely occurs via alteration in the binding and localization of polarity complexes at the plasma membrane. PI(4)P, like many other PIs, serves as a scaffold/anchorage point at the plasma membrane for protein complexes. In a polarized cell, Par1 and the Scribble complex are often seen at PI(4)P rich domains (Dong et al., 2015) and plasma membrane targeting of Lgl is partly dependent on its interaction with PI(4)P at the basolateral plasma membrane (Krahn et al., 2010; Hammond and Hong, 2018). Further studies are needed to determine exactly how loss of TTC7A function alters PI4KIIIα in the intestinal epithelium and whether and critically where in the cell this may impact PI(4)P, PI(3,4)P2 or PI(4,5)P2 biogenesis and subsequent polarity complex formation.
Phosphoinositide-3-Phosphate
The other main monophosphorylated PI that may be involved in cell polarity is PI(3)P. PI(3)P is generated by Class I and III PI3-kinases or by dephosphorylation of PI(3,4)P2 by INPP4A/B. PI(3)P has been primarily studied for its role in modulating autophagy (Nascimbeni et al., 2017). There are relatively few studies that have studied PI(3)P during polarity. One potential intersection between PI(3)P and polarity is via endocytic trafficking and recruitment of proteins such as early endosome antigen 1 (EEA1). EEA1 is a Rab5A effector protein required for sorting at the early endosome. Endosomal localization of EEA1 by interactions with PI(3)P allows Rab5 to act in concert with PI(3)P to regulate polarized membrane trafficking (Mayinger, 2012), including recycling or sorting of apical membrane proteins to their correct location. While PI(3)P has been well-studied for its role in endocytosis and endosomal dynamics, it is unclear from the current literature if PI(3)P levels within the cell can modulate polarity by aiding the formation of PI(3,4)P2 and PI(3,4,5)P3. In cyst formation models, PI(3)P positive vesicles appear to accumulate below the forming AMIS (Román-Fernández et al., 2018). Despite the localization of these endosomes, these PI(3)P positive vesicles do not deliver proteins to the AMIS (Román-Fernández et al., 2018), although it is possible that apical cargo may potentially pass through PI(3)P positive vesicles en route to the forming AMIS.
Phosphoinositide-4,5-Phosphate
PI(4,5)P2 is by far the most well studied PI species in epithelial cell polarization (Roignot et al., 2013). PI(4,5)P2 is involved in a wide variety of cellular functions; it serves as a substrate for phospholipase C cleavage in G-protein coupled signaling cascades, as a precursor for PI(3,4,5)P3 by Class I PI3-kinases, and as a binding molecule for the recruitment of many membrane associated proteins (Balla, 2013). A number of studies have shown that PI(4,5)P2 segregates at the forming apical membrane early in polarization (Martin-Belmonte et al., 2007; Román-Fernández et al., 2018). As cell polarization continues PI(4,5)P2 recruits several polarity complex proteins, via direct interactions, towards the forming apical membrane (Balla, 2013). PI(4,5)P2 promotes localization of the Par3 and Par6 proteins apically through interactions with the PDZ domains of the proteins, as well as facilitating the apical localization of ezrin, radixin and moesin through direct binding of their FERM domains (Michie et al., 2019). Loss of PI(4,5)P2 or loss of binding of these complexes to PI(4,5)P2 in a polarizing cell impairs epithelial polarity. Segregation of PI(4,5)P at the apical domain can occur either by phosphorylation of PI(4)P by PI-5 kinases, or dephosphorylation of PI(3,4,5)P3 by the phosphatase PTEN (Martin-Belmonte et al., 2007). Interestingly, at the forming apical membrane the action of PTEN itself facilitates protein localization. Loss of PTEN activity causes ectopic PI(4,5)P2 localization, preventing PI(4,5)P2 binding to Annexin and subsequent recruitment and activation of Cdc42 and aPKC (Martin-Belmonte et al., 2007). Regulation of PTEN can also occur by Rho-kinase mediated phosphorylation (Sanchez et al., 2005), and both the Rac1 and Rho GTPases activate PI-5-kinase (Weernink et al., 2000) thus providing additional mechanisms of promoting PI(4,5)P2 production. Rho in particular has been proposed to be involved in the production of PI(4,5)P2 during polarity, following the finding that use of the Rho-kinase inhibitor Y27632 can potentially remedy altered polarity in certain disease states (Bigorgne et al., 2014).
Although multiple studies have reported the segregation of PI(4,5)P2 at the apical membrane, during its formation, opinions about its relative importance and position in the process of polarity have varied. Early studies in cyst models proposed PI(4,5)P2 as the critical PI species during de novo polarity generation, with later studies using the same models amending this hypothesis (Martin-Belmonte et al., 2007; Román-Fernández et al., 2018). Further, conflicting results in a different models or tissues have also suggested that the role of PI(4,5)P2 may be context specific. The bulk of the data supporting a pre-eminent role for PI(4,5)P2 in polarization has come from kidney (MDCK) cysts (Gassama-Diagne et al., 2006; Martin-Belmonte et al., 2007; Román-Fernández et al., 2018), with similar findings in colonic T84 cysts (Martin-Belmonte et al., 2007). However, in contrast to MDCK cyst models (Martin-Belmonte et al., 2007), the loss of apical PTEN localization resulted in the expansion of the apical membrane domain in the intestinal cell line LS174T:W4 – an inducible single cell polarity model forming microvilli-like apical plasma membranes (Gloerich et al., 2012; Bruurs et al., 2018), rather than the suppression of the apical domain as previously seen (Martin-Belmonte et al., 2007). Further, in vivo studies of the rat pancreas showed that PI(4,5)P2 is only enriched at the gap junctions with an equivalent distribution in the apical and basolateral domains (van Zeijl et al., 2007). More work remains fully understand the role of PI(4,5)P2 in polarization, and understand where PI(4,5)P2 fits into the emerging model that the other major PIP2 species - PI(3,4)P2 - may in fact be an earlier and therefore more important factor in apical membrane specification (Román-Fernández et al., 2018).
Phosphoinositide-3,4-Phosphate
Despite the lack of clear signaling functions in the cell, PI(3,4)P2 is emerging as the potential key PI species in the establishment and maintenance of apical and basolateral surfaces. Historically, a role for PI(3,4)P2 has been implicated in cell motility, and endocytosis (Balla, 2013). In polarized cells, PI(3,4)P2 was found to have a prominent role in the maintenance of basolateral polarity complexes by SHIP2 dependent dephosphorylation of PI(3,4,5)P3 (Awad et al., 2013). The localization of SHIP2 at cell-ECM contact sites provide further impetus for the idea that generation of PI(3,4)P2 was mostly important at basolateral membranes (Awad et al., 2013).
However in recent and fascinating studies in epithelial cysts, a primary role for PI(3,4)P2 in formation of the apical membrane has emerged (Román-Fernández et al., 2018). These studies showed that PI(3,4)P2 is also found together with Rab11a sorting endosomes at the forming AMIS and later at mature apical membranes (Román-Fernández et al., 2018). It is thought that SHIP1 (PI(3,4,5)P3 → PI(3,4)P2) may play a critical role in initial polarization, but not in maintenance of the membrane. During epithelial polarization, SHIP1 recruits Par3 localization apically and maintains apical pools of PI(3,4)P2. Disruption of SHIP1 during cyst polarization consequently was found to alter apical membrane trafficking and lumen formation. However, it appears that SHIP1 and subsequent PI(3,4)P2 generation is not involved in apical membrane maintenance in fully polarized cells, as there was no effect of loss of SHIP1 in cysts once lumens had already formed (Román-Fernández et al., 2018).
PI(4P) to PI(3,4)P2 biosynthesis may also play a role in polarity generation and lumen formation via the class II PI3kinase isoforms PIK3C2A, PIK3C2B and PIK3C2G. Loss of either PIK3C2A or PIK3C2B results in a loss of de novo polarity formation, and causes the presence in cysts of multiple lumens (Román-Fernández et al., 2018). Conversely, the loss of the PIK3C2G isoform appears to promote lumen formation (Román-Fernández et al., 2018). These divergent effects between PI3K isoforms may be in part explained by their differential cellular localization and, therefore, role during early polarity formation. PIK3C2A is closely associated with Rab11a vesicles throughout polarization, whereas, PI3KC2B is initially seen in cells at the pre-apical membrane, but is trafficked to the basolateral surface in Rab11a positive vesicles (Román-Fernández et al., 2018). How PIK3C2G is involved in polarity and lumen formation remains unclear. Nevertheless, there appears to be dynamic regulation of PI(3,4)P2 by different Class II PI3K isoforms, and the preferential localization of these enzymes at different membranes may be critical to lumenogenesis and the sorting of apical and basolateral determinants to the correct membranes.
The role of PI(3,4)P2 in localizing polarity proteins appears to differ from PI(4,5)P2. Loss of PI(3,4)P2 generation does not appear to affect aPKC/Par6/Cdc42 or Annexin2 localization in contrast to loss of PI(4,5)P2 (Román-Fernández et al., 2018). However other PI(3,4)P2 -protein interactions do appear to be critical with the finding that PI(3,4)P2 is required for binding with Syntaxin 9 (SNX9), with loss of this interaction resulting in disrupted AMIS formation (Román-Fernández et al., 2018). Despite these intriguing results for PI(3,4)P2, the relative importance, temporal hierarchy and generalizability to other epithelial cells of the two PIP2 species in polarity generation, remains an open question and an important area for future studies. The studies thus far suggest that both PI(4,5)P2 and PI(3,4)P2 are essential, but may promote different aspects of protein sorting during apical membrane and subsequently lumen formation.
Phosphoinositide-3,4,5-Phosphate
Numerous studies have established that, in polarized epithelial cells, PI(3,4,5)P3 is typically excluded from the apical membrane and localized at the basolateral membrane (Watton and Downward, 1999; Gassama-Diagne et al., 2006; Martin-Belmonte et al., 2007; Takahama et al., 2008; Román-Fernández et al., 2018). PI(3,4,5)P3 displays a dynamic localization during polarization. In an unpolarized cell, PI(3,4,5)P3 is somewhat evenly distributed along the cellular membrane. When a cell undergoes division, initiating the process of polarization, PI(3,4,5)P3 is typically enriched the plasma membrane at cell-cell contacts that ultimately become the developing apical membrane. (Gassama-Diagne et al., 2006; Martin-Belmonte et al., 2007; Román-Fernández et al., 2018). After this initial cell division with ‘inverted’ PI polarity, as described above, apical accumulation of PI(4,5)P2 occurs by apical PTEN recruitment (Martin-Belmonte et al., 2007) and PI(3,4)P2 appears on vesicles that are trafficked from the basolateral surface to the forming apical membrane (Román-Fernández et al., 2018). How basolateral PI(3,4,5)P3 is maintained during the process of polarity and especially after the formation of the apical membrane remains unclear. Current models largely attribute the presence of basolateral PI(3,4,5)P3 as a secondary consequence of reorganization of PI(4,5)P2 and PI(3,4)P2 to the apical membrane. Maintenance of PI(3,4,5)P3 levels in cells is dependent on Class I PI-3 kinases and PI-5 kinases (Figure 2) (Sasaki et al., 2009; Balla, 2013; Burke, 2018). In epithelial cells, the localization of Class I PI-3 kinases is dynamically regulated, and is thought to occur in part by lateral and basolateral membrane proteins such as Dlg, β-1 integrin, and E-cadherin (Pece et al., 1999). It is postulated that PI3K is recruited and subsequently activated by Dlg, as E-cadherin cell-cell adhesions occur. This idea was further supported by studies showing that E-cadherin and laminin in the basolateral membrane provide a pool of active PI-3 kinase during polarization (Pece et al., 1999; Xu et al., 2010), whereas the apical Crumbs complex inhibits PI3K activity, allowing for localized effects of PI3K at the basolateral surface. Importantly, PI(3,4,5)P3 is needed for localization of AP-1B in recycling endosomes and basolateral sorting of AP-1B–dependent cargos (Fields et al., 2010), suggesting a secondary mechanism by which endosomal trafficking drives PIP3 localization in the polarized epithelium. Transferrin positive recycling endosomes contain PI(3,4,5)P3 colocalized with AP-1B (Fields et al., 2010). PI4P 5-kinase (PIPKIγ-90) colocalizes with TfnR in recycling endosomes and this colocalization depends on AP-1B expression (Ling et al., 2007; Fields et al., 2010).
Overall, the current evidence suggests that the role of PI(3,4,5)P3 in de novo polarization is largely secondary to the PIP2 species, although whether this is the case for maintenance of existing polarity is unclear, and more studies are needed to clarify the mechanisms that restrict PI(3,4,5)P3 to the basolateral domain.
GLYCOSPHINGOLIPIDS/LIPID RAFTS AND PHOSPHATIDYLSERINE
Glycosphingolipids (GSL) are a class of glycolipids consisting of a ceramide backbone bound to a complex glycan headgroup. GSL synthesis is complex, with lipid synthesis originating in the ER with glycosylation (attachment of the glycan) occurring within the Golgi (D'Angelo et al., 2013), resulting in several GSL species (e.g., GM1, GM3, GB3, GT1 etc). The function of GSLs within cells are wide-ranging, and include modulation of membrane-protein function and cell-cell communication (D'Angelo et al., 2013). Examples of direct GSL-protein interactions which modulate function, include the interaction between GM3 and EGFR, or interactions with structural membrane proteins such as integrins (D'Angelo et al., 2013). It is postulated that glycosphingolipids are responsible for forming functional domains with the epithelial apical membrane and serve as a protective barrier for the epithelial monolayer. In keeping with this role, the apical plasma membrane domain of epithelial cells is enriched in GSLs. This apical membrane enrichment of GSLs may impact cell polarization by potential GSL-protein interactions. GSL sorting from the TGN to the apical membrane may drive the localization of several apically functioning proteins (Brown et al., 1989; Lisanti et al., 1989; Mishra et al., 2010; Zurzolo and Simons, 2016). Previous work has shown that as a cell begins to polarize that the acyl chain length, hydroxylation status and glycosylation of GSLs are altered favoring GSL sequestration within the apical membrane (Nichols et al., 1987; Sampaio et al., 2011; Wattelet-Boyer et al., 2016). In addition, sequestration of GSLs may occur due in coordination with local cholesterol rich domains in the apical microvillus membrane domain of intestinal epithelial cells (Hansen et al., 2003; Kunding et al., 2010; Zurzolo and Simons, 2016). A potential role for GSLs in the genesis of the apical membrane is further validated by knockdown studies, where inhibition of glycosphingolipid synthesis can prevent normal formation of the apical membrane in kidney cells (Pescio et al., 2012), with further evidence later provided by a genetic screening studies in C. elegans intestine (Zhang et al., 2011). A particularly interesting observation in these studies was that restoration of GSL lipid biosynthesis is sufficient to reverse the multiple lumen phenotype induced by loss of GSLs (Zhang et al., 2011; Wattelet-Boyer et al., 2016). Although there are relatively few studies that have investigated in detail the role of GSLs in epithelial polarity formation, the data from cell lines and C.elegans suggest an underappreciated role for GSLs in the establishment and function of the apical membrane.
Phosphatidylserine
Phosphatidylserine (PS) is a negatively charged phospholipid that displays a highly uneven distribution within cellular membranes and is essential for several cellular processes. PS biosynthesis occurs in the endoplasmic reticulum, followed by transport to the plasma membrane. Similar to PIs, phosphatidylserine serves several purposes within the cell, including modulating both protein localization and lipid homeostasis and localization (Fairn et al., 2011; Moser von Filseck et al., 2015; Sartorel et al., 2018; Lenoir et al., 2021). Phosphatidylserine is required for the localization of CDC42 and cell polarity formation in yeast (S cerevisiae), in part due to localized clustering of PS at the apical membrane (Fairn et al., 2011; Sartorel et al., 2018). The polarized distribution of PS is not unique to yeast, as PS is also shown to be localized to the apical plasma membrane in mammalian systems as well (Shi et al., 2007). Further work in yeast and mammalian systems show that the PI4KIIIα and its ortholog, Stt4 (Trotter et al., 1998) are essential for the proper generation and clustering of PS in the cell, while increased PS in the ER has been linked to activation of the PI(4)P phosphatase Sac1 (Sohn and Balla, 2016). The dynamic interplay between PI(4)P and PS is not unsurprising as PS transport to the plasma membrane is tightly coupled to PI(4)P-dependent transport at ER-plasma membrane contacts sites (Sohn and Balla, 2016). Given that PS is apically enriched (Shi et al., 2007), and that PI4KIIIα (Trotter et al., 1998) and PI(4)P (Sohn and Balla, 2016) are required for the proper localization, PS, PI(4)P and PI4KIIIα may all be sequestered together within the apical domain. The PI4KIIIα dependent apical enrichment of PS adds to the concept that the PI4KIIIα/TTC7A/B complex is important in polarity generation.
CONCLUSION
Apical-basolateral polarity generation and lumen morphogenesis are fundamental and multifaceted processes that occur across different organs and tissues. The protein complexes involved in this process have been generally studied extensively, while the role of the lipid components of membranes remains an emerging field. Several lipid species, including most notably the PIs have been identified as crucial for the correct sequence of events that underlies polarity generation. The exact proteins-complexes and lipid species that are involved, likely varies between epithelial cell types, and tube formation mechanisms may be subtly, but importantly, different between organs such as the kidney and the intestine. In intestinal epithelia, a variety of mechanisms contribute to the distribution of PIs, GSLs, and PS in the polarizing epithelium, with evidence emerging for a central role for protein-enzyme complexes important for PI species generation such the PI4KIIIα/TTC7, PTEN/CDC42 and Rac/Rho complexes. The relative importance of individual PI species in polarity remains to be fully understood, and further work is needed to investigate this aspect. It is, however, becoming increasingly clear that vesicular trafficking events are critical early in the process of defining the apical and basolateral membrane domains, although exactly how PIs are involved remains to be fully characterized.
In summary, there is growing appreciation for the importance of membrane lipids such as the PIs, GSLs and PS in epithelial cell polarity. Future studies focusing on these membrane lipids, including overcoming the considerable technical challenges inherent in studying lipids, will help further illuminate our understanding of the process of polarization in epithelia.
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