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ABSTRACT
Epithelial cells have characteristic membrane domains. Identification of membrane proteins playing an
important role in these membrane domains has progressed and numerous studies have been per-
formed on the functional analysis of these membrane proteins. On the other hand, the precise roles of
membrane lipids in the organization of these membrane domains are largely unknown. Historically, the
concept of lipid raft arose from the analysis of lipid composition of the apical membrane, and it can be
said that epithelial cells are an optimal experimental model for elucidating the functions of lipids. In this
review, I discuss the role of lipids in the formation of epithelial polarity and in the formation of cell
membrane structures of epithelial cells such as microvilli in the apical domain, cell-cell adhesion
apparatus in the lateral domain and cell-matrix adhesion in the basal domain.
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Introduction

The cellular membrane is continuous, but the dis-
tribution of membrane proteins and lipids consti-
tuting the cell membrane is domain-like and
heterogeneous. It is possible to classify such cell
membrane domains by morphological features of
plasma membrane, such as microvilli, tight junc-
tions and caveolae etc., functional roles, existence
of specific membrane protein maker, and deter-
gent insolubility. The myriad possible classifica-
tions as well as the functional and compositional
differences in the membrane domains of epithelial
cell have attracted many researchers.

Epithelial cells are polarized and maintain apical
and basolateral membranes. In addition to epithelial
cells, formation of cell polarity is observed in various
biological contexts such as neurons, chemotaxis of
neutrophils, asymmetric division of budding yeast,
and so on. However, it remains unclear to what
extent these various cell polarization phenomena
can be explained by a common molecular mechan-
ism. Evolutionally conserved polarity proteins
including Par-3/Par-6/aPKC/Cdc42 complex,
Crumbs complex, Dlg/Lgl/Scribble complex were
identified as key regulators in determining cellular

axis in epithelial cells.1 However, among these mole-
cules, only Lgl and Cdc42 have homologs in the
budding yeast.2 Considering that diverse lipid mole-
cules are evolutionarily well conserved, it is reason-
able to assume that cell membrane lipids play some
role in the formation of cell polarity. With regard to
the functional importance of lipids in cell polarity,
we still have no clear answer for the following ques-
tions: Do cell membrane lipid differences contribute
to generation of functional differences in cell mem-
branes? If the composition of lipids is important for
functional difference of each cell membrane domain,
what is a mechanism that makes it possible to main-
tain restricted distribution of cell membrane lipids
by inhibiting the free diffusion of lipids?

In addition to the differentiated apical and baso-
lateral membranes, epithelial cells have morpholo-
gically distinct membrane structures with specific
functions. For example, in the apical membrane,
membrane protrusions called microvilli exist and
play essential roles in absorption of nutrients.
What role, then, do cell membrane lipids play in
the formation of such membrane structures? In this
review, I will outline recent findings that address
these issues.
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Roles of sphingolipids in the formation of
apical membrane

Kai Simons and colleagues examined the composi-
tional differences of membrane lipids in the apical
and basolateral membranes by taking advantage of
the enveloped virus. They extracted lipids from the
fowl plague virus that selectively sprouts from the
apical membrane and the vesicular somatitis virus
that emerges from the basolateral membrane in
MDCK cells and compared the lipid composition
of these enveloped viruses. This pioneering work
revealed that sphingomyelin is enriched, compared
to phosphatidylcholine, in the apical membrane
but not in the basolateral membrane.3 The fact
that sphingolipid-rich domains exist in the apical
membrane was later extended to the concept of
“lipid raft”.4 Kai Simons and colleagues first
described that sphingolipids biosynthesized in the
Golgi apparatus form lipid rafts with cholesterol in
the trans-Golgi network and then a group of pro-
teins having affinity for lipid rafts such as GPI
anchor proteins assemble to form transport vesi-
cles directed to the apical membrane. In fact, GPI-
anchored proteins often have saturated fatty acids
in their lipid moiety and have affinity to detergent-
insoluble fractions.5 Thus, lipid rafts were pro-
posed as a mechanism of polar transport to the
apical membranes in epithelial cells.6 In this way,
the sphingolipids-enriched membrane domain is
assumed to be involved in the establishment of
apico-basal polarity.

Importance of lipid rafts is assumed not only
in intracellular transport but also in the regula-
tion of cell signaling. Proteins subject to covalent
lipid modification by saturated fatty acids (myr-
istoylated/palmitoylated) also tend to gather in
lipid rafts. Therefore, it is thought that lipid
rafts enhance the efficiency of signal transduction
by promoting the accumulation of signal trans-
duction molecules such as Src and trimeric G
proteins that are covalently attached to saturated
fatty acids, and increasing the probability of their
interaction. Thus, the heterogeneity of the signal
transmission intensity in the cell membrane
domains, due to the difference in the degree of
integration or efficiency of assembly of signaling
molecules, may also contribute to axis formation
of cell polarity.

Our group addressed this issue by using a
sphingomyelin-binding toxin, lysenin. Lysenin is
a proteinous toxin derived from earthworms and
recognizes the membrane region in which sphin-
gomyelin accumulates at high density in the pre-
sence of cholesterol.7 We stained cultured
epithelial cells using lysenin to visualize the dis-
tribution of sphingomyelin in epithelial cells.
Interestingly, lysenin specifically stained the apical
membrane of mouse cultured epithelial cells
(EpH4 cells), suggesting that sphingomyelin is
enriched in the apical membrane. On the other
hand, when apical membrane and basolateral
membrane were each physically isolated using col-
loidal silica particles and examined for differences
in contents of phosphatidylcholine and sphingo-
myelin, we found that both apical membrane and
basolateral membrane also contained larger
amounts of sphingomyelin compared to phospha-
tidylcholine and that there is no difference in the
ratio of sphingomyelin to phosphatidylcholine
between these membranes.7

These seemingly contradictory results were later
resolved by analyzing the apical membrane domains
recognized by lysenin in more detail. Examining the
membrane region recognized by lysenin in the apical
membrane by immuno-electron microscopy
revealed that lysenin selectively recognizes the fila-
mentous-actin-based membrane protrusion of the
apical membrane – microvilli (Fig. 1A).8 Thus,
sphingomyelin is enriched within a uniquely defined
membrane domain of the apical membrane.
Intriguingly, when epithelial cells are treated with a
sphingomyelin degrading enzyme from the apical
side, the establishment of apico-basal polarity was
not affected but formation of microvilli was mark-
edly and specifically impaired.8 The accumulation of
sphingomyelin in the microvilli was recently con-
firmed by using nanoscale secondary ion mass spec-
trometry (NanoSIMS) imaging.9

Kai Simons and colleagues also conducted a
detailed study on the lipid composition of apical
membrane by using mass spectrometry.10 They
reported that sphingomyelin is enriched in the apical
membrane, compared to the whole cell lipids, by
physically isolating apical membrane using nitrocel-
lulose membrane. However, since they did not
examine sphingomyelin content in the basolateral
membrane, further analysis is needed to establish
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the relative enrichment of sphingomyelin in the
epithelial cell plasma membrane.

Further complicating the issue is that enveloped
virus choose specific membrane domains of
plasma membrane when budding from the cells.11

For example, influenza virus emerges from the tip
of microvilli.12 According to our findings, micro-
villi constitute a unique membrane domain con-
taining higher amount of sphingomyelin in the
apical membrane. Therefore, analysis of lipids
derived from enveloped virus particles should be
evaluated carefully since they may reflect lipid
composition in a specialized membrane region,
i.e. properties specific to the enveloped virus rather
than general to the membrane region of interest.

Roles of phosphatidylinositol in the
formation of membrane domains

Phosphatidylinositol is one of the most well-char-
acterized phospholipid species among membrane
lipids. Phosphatidylinositol can take a total of
eight different phosphorylation states depending
on the phosphorylation of the hydroxyl groups at
the 3, 4, 5 position of the inositol ring. Among
them, PtdIns(4,5)P2 and PtdIns(3,4,5)P3 are pre-
sent mainly in the plasma membrane. PtdIns(4,5)
P2 is involved in the regulation of actin cytoskele-
ton and in various phenomena such as endocyto-
sis, cell movement and cell division.13

Pleckstrin homology domains (PH domains) of
particular proteins have binding affinities to

PtdIns(4,5)P2 or PtdIns(3,4,5)P3, which allows
subcellular distribution of PtdIns(4,5)P2 and
PtdIns(3,4,5)P3 to be visualized by expressing PH
domains fused with fluorescent proteins. In
migrating cellular slime molds or neutrophils,
PtdIns(3, 4, 5)P3 3 is distributed at the leading
edge whereas PtdIns(4,5)P2 is accumulated at the
rear end. This asymmetric distribution of phos-
phoinositide species is reported to be involved in
the establishment of front-rear polarity.14

Keith Mostov and colleagues examined the distri-
bution of these lipids in MDCK II cells and reported
that PtdIns(4,5)P2 exists mainly in apical membrane
whereas PtdIns(3,4,5)P3 distributed in basolateral
membrane.15 Furthermore, when PtdIns(4,5)P2 is
ectopically supplied to the basolateral membrane,
apical marker membrane proteins are re-localized
to the basolateral membrane.15 Thus, the asym-
metric distribution of PtdIns(4,5)P2 and PtdIns
(3,4,5)P3 contributes to asymmetric distribution of
membrane proteins in epithelial cells. Polarity pro-
teins regulate the apical localization of the lipid
metabolizing enzyme that dephosphorylates PtdIns
(3,4,5)P3, PTEN, to drive enrichment of PtdIns(4,5)
P2 in the apical membrane.15 However, it remains to
be elucidated how the asymmetric distribution of
PtdIns(4,5)P2 and PtdIns(3,4,5)P3 regulates localiza-
tion of membrane proteins in epithelial cells.
Recently, it was reported that PtdIns(3,4,5)P3 of the
lateral membrane is essential for recruiting β II-
spectrin, an essential component of submembranous
cytoskeletal networks, to the lateral membrane and is

Figure 1. (A) Localization of sphingomyelin clusters was visualized with a sphingomyelin-binding toxin, lysenin. When cultured
epithelial cells (EpH4 cells) were stained with green fluorescent protein (GFP)–lysenin, using anti-GFP antibody and the gold-
conjugated secondary antibody, immunogold particles were present selectively at the microvilli in the apical membrane, suggesting
that microvilli are specialized membrane structures where sphingomyelin clusters localize (Scale bar: 0.5µm). (B) PIP5Kbeta is
recruited to the microvilli by its interaction with EBP-50, which in turn binds to podocalyxin-1 associated with sphingomyelin
clusters.
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important for the formation of the lateral
membrane.16

On the other hand, we showed that PtdIns(4,5)P2
is not distributed uniformly in apical membrane, but
rather that PtdIns(4,5)P2 is concentrated in
microvilli.8 That is, in the microvilli, sphingomyelin
is highly accumulated in the outer layer of the cell
membrane, and PtdIns(4,5)P2 is abundantly present
on the inner layer side. So, how is such asymmetric
distribution of phospholipids achieved? Our group
searched for membrane proteins that co-localized
with sphingomyelin in the microvilli and identified
Podocalyxin-1. Podocalyxin-1 is a single-pass mem-
brane protein that binds to a scaffold protein present
in microvilli, EBP-50.

Interestingly, we found that Podocalyxin-1 has an
intrinsic affinity to sphingomyelin-enriched mem-
brane domain, irrespective of binding to EBP50. In
addition, we found that EBP 50 directly binds to the
type I phosphatidylinositol phosphate kinase iso-
form-beta (PIP5Kbeta) which is responsible for the
production of PtdIns(4,5)P2 and forms a tripartite
complex of Podocalyxin-1-EBP50-PIPK5Kbeta.
Therefore, clustering of Podocalyxin-1-EBP50-
PIPK5Kbeta occurs in the sphingomyelin enriched
membrane domains, which results in the local accu-
mulation of PtdIns(4,5)P2. We proposed that the
local accumulation of PtdIns(4,5)P2 mediated by
this protein complex promotes the activation of
ERM family proteins and the formation of microvilli
(Fig. 1B).8 Thus, we revealed that the two apically-
enriched membrane lipids – sphingomyelin and
PtdIns(4,5)P2 – are accumulated in the microvilli
of the apical membrane and involved in the forma-
tion of microvilli.

Diffusion barrier of cell membrane

As described above, the epithelial cell apical mem-
brane and the basolateral membrane have different
membrane protein and lipid distribution. Given
that membrane proteins and lipids freely diffuse
in the plane of cell membranes, some barrier that
restricts free diffusion of membrane proteins and
lipids are required at the boundary between the
apical membrane and basolateral membrane to
maintain epithelial polarity. As such a molecular
mechanism, it is assumed that one of the cell
adhesion apparatus, tight junction, which localizes

to the boundary between apical membrane and
basolateral membrane, is essential for the compart-
mentalization and maintenance of apical and baso-
lateral membrane domains.17 To examine whether
tight junction functions as such a fence, we estab-
lished cultured epithelial cells lacking tight junc-
tions by knocking out the main scaffolding
proteins of tight junction, ZO-1 and ZO-2.

The epithelial polarization was severely delayed
in ZO-1 and ZO-2 deficient cells. However, adhe-
rens junctions were formed when cultured for a
long time. Tight junctions are never formed
because ZO-1 and ZO-2 are essential structural
components of tight junctions.18 In ZO-1 ZO-2
double knockout cells, the cell adhesion molecules
of tight junction, claudins, did not concentrate at
the intercellular region and tight junctions were
not formed between these cells when observed by
the freeze fracture electron microscope. To our
surprise – and contrary to the initial expectations
– the epithelial cells that lack tight junction
showed normal distribution of membrane proteins
of apical membrane and basolateral membrane.19

Furthermore, even in the absence of tight junction,
free diffusion of lipid molecules is inhibited
between apical membrane and basolateral mem-
brane, suggesting the existence of molecular
mechanisms to prevent free diffusion of lipid
molecules other than tight junction.7

In recent years, the existence of diffusion barrier
against membrane proteins has been shown at the
root of the primary cilia of apical membrane.20 At
the base of primary cilia, ring of septin, a cytoskeletal
protein, exists. Therefore, septin-based diffusion bar-
rier may also work in the epithelial cells lacking tight
junctions. Of note, it was recently reported that
septins are localized at cell-cell junction in endothe-
lial cells.21 At present, how septin ring works as
diffusion barrier against free diffusion of membrane
proteins and lipids remains unknown.20,22,23

Cell adhesion apparatus in the basolateral
domains of epithelial cells

Finally, in this section, I introduce the findings
about the roles of lipids in the formation of cell
membrane structures involved in cell adhesion. In
the basolatelral membrane domains, epithelial cells
form membrane structures involved in the cell-cell
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or cell-matrix adhesion. Among cell adhesion struc-
tures, the roles of membrane lipids have been more
intensively studied in the cell-matrix adhesion. The
cell adhesion receptor responsible for the cell-
matrix adhesion is integrin. First, cholesterol-rich
membrane domain was reported to be involved in
the clustering of integrins, which regfulates their
activation.24 Cholesterol depletion significantly
affected the formation of integrin-mediated cell
adhesion.25 In parallel, activated integrins preferen-
tially localize to cholesterol-rich membrane
domains.26 Interestingly, cell detachment triggered
internalization of plasma membrane cholesterol
and lipid raft markers such as GPI anchored
protein.27,28 Adhesion of cells to the matrix via
integrins also facilitates the transport of cholesterol-
enriched vesicles to the plasma membrane.28 Thus,
integrin mediated cell-adhesion reciprocally alters
the composition of the plasma membrane.

In addition to cholesterol, PtdIns(4,5)P2 is
implicated in integrin-mediated signaling. PtdIns
(4,5)P2 is an anionic lipid and can bind to the
polybasic sequences present at the juxtamembrane
domain of integrins, which help integrin cluster
formation by neutralizing the charges.29 An integ-
rin-associated actin-binding protein, Talin, was
reported to bind to one isoform of PIP5Kgamma,
PIPKIγ661.30 Therefore, Talin binding to integrins
may stimulate the local production of PtdIns(4,5)
P2 and the accumulation of PtdIns(4,5)P2 binding
adhesion proteins such as vinculin, resulting in the
formation of integrin clusters.

On the other hand, in lateral membranes,
epithelial cells adhere to each other via cadherin-
mediated adherens junction and claudin-mediated
tight junction. Of note, cholesterol and PtdIns(4,5)
P2 are also involved in the formation of these
apical junctions. Similar to integrins, E-cadherin,
claudin and occludin are concentrated in the
detergents-insoluble fractions.31–33 Furthermore,
when the amount of cholesterol at the plasma
membrane was decreased, occludin and claudin
could not localize to tight junction and remained
internalized within the cell.33,34 In addition, clau-
dins are known to undergo multiple posttransla-
tional modifications such as palmitoylation,
suggesting that tight junction is a membrane
domain with lipid-raft like properties.35,36

Recently we demonstrated that cholesterol is

accumulated at the apical junctions in epithelial
cells.33 Interestingly, loss of adherens junction led
to the reduction of cholesterol at the apical junc-
tion, which promotes endocytosis of claudin and
inhibits tight junction formation.33

Several reports clearly indicate that PI(4,5)P2 is
involved in the formation of adherens junction.
E-cadherin binds to two distinct splice variants of
PIP5Kgamma, PIPKIγ635 and PIPKIγ661.37

N-cadherin adhesions was shown to lead to local PI
(4,5)P2 production, resulting in the actin assembly by
uncapping gelsolin from the filament barbed ends.38

In addition to these membrane lipids, certain
membrane lipid species may be involved in the
formation of tight junction because tight junction
is morphologically unique membrane domain of
epithelial cells. Ultrathin electron microscopic ana-
lysis revealed that tight junctions form focal con-
tacts between plasma membranes of neighboring
cells; the focal contacts are called as “kissing
points”. On freeze-fracture electron microscopy,
tight junctions appear as a set of continuous, ana-
stomosing strands (Fig. 2A). The unique ultrastruc-
tural features of tight junctions stimulated the
discussion about the molecular models of tight
junctions. Historically, two models of tight junction
were proposed as the molecular models of tight
junction (Fig. 2B). On the one hand, the “mem-
brane protein model” proposed that tight junction
is constructed by the interaction of membrane pro-
teins like other cell adhesion apparatus. On the
other hand, the “lipid model” proposed that tight
junction is a non-bilayer membrane structure and
the outer leaflet of plasma membrane is fused
(hemi-fusion) at the membrane contacts.39 This
membrane structure is called the inverted micelle
structure. The formation of inverted micelle struc-
ture requires lipid molecules having a conical shape
with a small polar head group and bulky fatty acid
chains. Tight junction-like strands can be observed
in the multi-lamellar membrane vesicles made from
specific lipid mixture such as DOPE/DOPC/
Cholesterol = 3:1:2 by freeze fracture microscopy.40

Thus, tight junction-like strands can be reconsti-
tuted solely by membrane lipids that assume
inverted micellar configurations. Based on this
finding, tight junction was thought to be local
membranous subphases in the lipid bi-layer. In
either theory, it was necessary to prove that a special
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membrane protein or specific lipid molecule was
actually present in tight junctions in vivo and func-
tional in the formation of tight junctions. At this
point, it is widely accepted that claudin is a bona
fide membrane protein of tight junction.41

However, the possibility that claudin forms a supra-
molecular complex with specific lipid species to
form the tight junction is not completely excluded
as discussed in recent reviews. 42,43

Recently, our group conducted a lipid analysis
of the membrane fraction of tight junctions and
found that sphingomyelin containing long fatty
acid tail and cholesterol are enriched in the tight
junction fraction.33 Therefore, tight junction is a
clearly distinct membrane domain of epithelial
cells with a unique lipid composition. In future
studies, it will be necessary to elucidate how the
distinct lipid species of tight junctions contribute
to the formation of tight junctions.

Future direction

Examples of cell polarity are found in various
cell types of diverse organisms. However, the
mechanism by which cell membrane lipids plays
a role in cell polarity as well as the mechanism
that maintains the asymmetric distribution of
cell membrane lipids is unknown in many
cases. Furthermore, there are thousands of lipid
species constituting the cell membrane. Although
analytical methods for lipid composition using

mass spectrometry have been established, the
methodology for analyzing the lipid composition
of specific cell membrane structures remains to
be improved. In particular, tools to visualize the
subcellular distribution of membrane lipids are
currently limited. Therefore, elucidating the
function of membrane lipids in the establishment
of epithelial polarity and the associated forma-
tion of specific membrane structures awaits
further development in this field.

Although analysis of the phenotype caused by
knockout of lipid metabolizing enzymes may
partly help our understanding about roles of
downstream lipids, this approach will not provide
an accurate picture of how lipids works in the
cells. This is due to the fact that lipid species are
globally and indiscriminately lost from the whole
cell in such a scenario. For example, even if spe-
cific membrane structure is lost when a lipid meta-
bolizing enzyme is knocked out, we cannot tell
whether this lipid species is directly necessary for
the formation of the structure itself or if its con-
tribution is indirect, such as through the intracel-
lular transport of membrane proteins.

In this regard, reconstituting specific cell mem-
brane structures or polarity formation in vitro using
giant liposomes with defined lipid compositionwill be
important in future studies to clarify whether or not a
specific lipid species is essential for the formation of
specific membrane structure or establishment of
polarity. Currently, it is technically difficult to

Figure 2. (A) A freeze fracture image showing tight junction strands in epithelial cells. MV: microvilli, TJ: tight junction. Scale bar,
200 nm. (B) Two models of tight junction. It is widely accepted that tight junctions are formed by the membrane protein, claudin
(membrane protein model). The possibility that claudins or other tight junction membrane proteins help assembly and stabilization
of a lipid-based strand structure is not completely denied (lipid model).
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reconstitute the cell membrane structure using com-
plex constituents in liposomes, but this will be essen-
tial to advance our understanding of the regulatory
roles of cell membrane lipids in cell polarity
formation.
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