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Abstract

Morphological transitions are typically attributed to the actions of proteins and lipids. Largely
overlooked in membrane shape regulation is the glycocalyx, a pericellular membrane coat that
resides on all cells in the human body. Comprised of complex sugar polymers known as glycans
as well as glycosylated lipids and proteins, the glycocalyx is ideally positioned to impart forces
on the plasma membrane. Large, unstructured polysaccharides and glycoproteins in the glycocalyx
can generate crowding pressures strong enough to induce membrane curvature. Stress may also
originate from glycan chains that convey curvature preference on asymmetrically distributed
lipids, which are exploited by binding factors and infectious agents to induce morphological
changes. Through such forces, the glycocalyx can have profound effects on the biogenesis of
functional cell surface structures as well as the secretion of extracellular vesicles. In this review,
we discuss recent evidence and examples of these mechanisms in normal health and disease.
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INTRODUCTION

Almost all cells in the human body carry a pericellular coat comprised of a polymer
meshwork known as the glycocalyx (Reily et al. 2019). Along with polysaccharides
anchored on the cell surface, the glycocalyx consists of proteins and lipids carrying covalent
sugar chains called glycans. A key feature of the glycocalyx is its adaptability. Cells can
dynamically change the composition and architecture of the glycocalyx to modulate their
behavior. The mechanisms through which glycocalyx assembly can be reprogrammed are
multifaceted (Pinho & Reis 2015). These include the regulation of glycan-related transcripts,
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tuning of the secretory system flux, and rewiring cellular metabolism, which generate the
necessary building blocks for glycan biosynthesis. As such, the glycocalyx structure is
intimately coupled with cellular states, and its restructuring likely accompanies all major
physiological changes, including specification and transformation (Pinho & Reis 2015,
Stowell et al. 2015). An active search is now underway to uncover how specific glycocalyx
assemblies support the complex processes of multicellular life.

Of the many possibilities, recent work has suggested a powerful role for the glycocalyx

in sculpting the plasma membrane architecture. Due to the cylindrical shape of most
phospholipids, the plasma membrane prefers a planar geometry (Frolov et al. 2011).
Deforming the membrane into curved forms comes with considerable energy costs that are
associated with the resistance to both membrane bending and, to a lesser extent, membrane
stretching (Stachowiak et al. 2013). Tremendous efforts in past decades have identified
mechanisms that physically contribute the energy needed for membrane bending. These
include spontaneous curvature by asymmetric lipid composition as well as unbalanced
steric pressure exerted by membrane-associated proteins across the lipid bilayer (Stachowiak
et al. 2013). As we review here, more recent theoretical and experimental analyses

have suggested that enthalpic and entropic interactions within the glycocalyx can also
contribute substantially to the overall balance of forces that defines membrane shape. These
investigations have been aided by the development of modern tools to edit and visualize

the glycocalyx composition and structure (see sidebar titled New Techniques Used to Study
the Glycocalyx), which have otherwise remained inaccessible to conventional biochemical
methods.

Curved membrane projections control the cellular exchange of chemical factors and
information with the microenvironment (Anvarian et al. 2019, Colombo et al. 2014, Orbach
& Su 2020, Sauvanet et al. 2015). A new appreciation for the glycocalyx’s role in regulating
the full repertoire of functional membrane projections is beginning to emerge. Microvilli,
cilia, stereocilia, filopodia, and neurites all possess glycocalyx constituents that have been
implicated in generating membrane curvature (Table 1). Multiple biopolymer classes found
within the glycocalyx can trigger the outward budding and release of small, spherical
vesicles from the plasma membrane (Rilla et al. 2013, Shurer et al. 2019). Intercellular
membrane bridges, such as tunneling nanotubes, are common on tumor cell types that
construct a particularly dense glycocalyx (Barnes et al. 2018, Kim et al. 2020, Osswald

et al. 2015). Although in many cases the relationship between altered glycocalyx states

and changes in functional membrane architecture remain correlative, the emerging tools of
glycoscience are poised to finally reveal cause-and-effect relationships.

In this review, we focus on membrane curvature arising from exoplasmic forces generated
by the glycocalyx and discuss its significance in normal health and disease. The ubiquity of
curvature-generating elements within the glycocalyx suggests that the glycocalyx may have
a role in the biogenesis of most, if not all, functional projections of the plasma membrane.
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GLYCOCALYX BIOPOLYMERS ARE CURVATURE-GENERATING MACHINES

The mammalian cell glycocalyx has abundant polymeric elements and is often enriched in
one or more specialized types of biopolymers, including glycosaminoglycans (GAGS) as
well as sugar and protein copolymers called mucins (Reily et al. 2019). Historically known
for barrier and molecular sieve functions, these long-chain and disordered glycopolymers are
increasingly recognized as machinery for generating membrane curvature (Figure 1). The
regulation of cell morphology may thus be a general function of glycocalyx biopolymers
that are present on a diverse set of membrane structures (Table 1).

At a sufficiently high amount of membrane coverage, theoretical calculations and modeling
suggest steric pressures arising from macromolecular crowding can overcome the energy
cost of membrane bending (Busch et al. 2015, Nawrocki et al. 2019, Sens & Turner 2004).
When macromolecules are densely crowded on a surface, they have less space to explore
through diffusive movements and conformational changes such as the wiggling motions of
unstructured polymers. The reduced entropy of the system forms a thermodynamic basis
for increased pressure on the membrane. Stated simply, membrane bending is energetically
favorable, because it creates more space for the macromolecules to rearrange.

Model membranes indeed buckle outward to form bud, tubule, and pearl morphologies
when sufficiently dense synthetic polymers and structured proteins are crowded on the outer
membrane surface (Decher et al. 1989; Stachowiak et al. 2010, 2012). Consistent with
molecular crowding, this phenomenon shows dependency on membrane coverage regardless
of how proteins are attached to the membrane (Stachowiak et al. 2012). Compared to folded
proteins, intrinsically disordered proteins and polymers are more effective crowding agents,
as they tend to occupy greater volumes. Consequently, membrane bending is enhanced for
disordered macromolecules compared to structured proteins of similar molecular weight and
surface density (Busch et al. 2015).

Evidence implicating the crowding of glycocalyx biopolymers in morphological changes of
the plasma membrane has accumulated over the past two decades. Early studies (such as
Scholl et al. 1999) reported that the mucin-type protein podoplanin could induce filopodia
formation in keratinocytes. Later, the large mucin podocalyxin was found to dramatically
increase the induction of microvilli-like structures in cell models (Nielsen et al. 2007).
Importantly, these effects did not require the podocalyxin cytoplasmic tail, which can
mediate intracellular signaling. This finding suggested that the induction of membrane
protrusions may be linked to the biophysical actions of the mucin ectodomain. Early
evidence also implicated GAG polymers and GAG-presenting syndecans in membrane shape
regulation (Berndt et al. 2004, Granés et al. 1999). Studying the assembly of hyaluronan
[also called hyaluronic acid (HA)] polymers, Kultti et al. (2006) and Rilla et al. (2013)
further demonstrated that the expression of HA synthases (HASs), enzymes that catalyze
HA biosynthesis, induced the extension of microvilli-like projections (Koistinen et al. 2015).
In these studies (such as Kultti et al. 2006), the effects of HA on morphological transitions
did not appear to occur through biochemical signaling, leading to the conclusion that the
crowding of HA molecules in the glycocalyx might generate forces sufficient for membrane
deformation.
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Genetically encoded systems for controlling the size, chemistry, and density of mucin
biopolymers in the glycocalyx are advancing our understanding of glycocalyx polymers as
curvature-generating machines. Structurally, mucins are defined by their central polypeptide
backbones and the dense grafting of serine- and threonine-linked O-glycans (Hattrup &
Gendler 2008). These features afford many advantages for glycocalyx editing (H. Pan et al.
2019, Shurer et al. 2017). First, mucin length, backbone chemistry, and the distribution

of potential glycosylation sites are precisely encoded in the DNA Second, powerful

genetic tools and data resources for manipulating mucin-type O-glycans have come online
(Narimatsu et al. 2018, 2019; Zhu et al. 2021). Shifts in O-glycan extension or charge

(i.e., sialylation) can be readily programmed through genetic manipulation of the governing
glycosyltransferases.

Recent studies (Shurer et al. 2019) taking advantage of these genetic systems strongly
support the concept that molecular crowding is a general principle by which glycocalyx
polymers generate forces to curve the membrane. Indeed, mucins with broadly varying
structural attributes and glycosylation patterns can induce morphological transitions of

the plasma membrane, if expressed at sufficient density. However, the precise structure

and surface levels of the mucin polymers can dictate the types of membrane protrusions
generated. According to Shurer et al. (2019), low densities of mucin biopolymers on the
plasma membrane favored blebbing, whereas high densities favored thin microvilli-like
tubules and very high densities triggered pearled membrane structures, likely arising through
induced membrane instabilities.

These membrane features are likely to occur in coordination with cytoskeletal dynamics and
other intracellular processes. Tubular protrusions induced by glycocalyx polymers typically
have an actin core (Kultti et al. 2006, Nielsen et al. 2007, Shurer et al. 2019). While certain
glycocalyx compositions may lower the barrier for protrusion, the successful extension

of fingerlike protrusions likely requires the polymerization of cytoskeletal filaments.
Likewise, while certain polymer compositions may make blebbing more favorable,
membrane expansion still requires cytosolic pressures generated by actomyosin contractility.
Theoretical calculations indicate that modest cytosolic pressures can provide sufficient
energy to maintain blebs, but with increasing mucin densities the pressure required for

such maintenance goes above the physiological range (Shurer et al. 2019). Instead, the high
curvature induced by crowded mucins is expected to decrease the required force for tubular
extensions to a level comparable to the polymerization force of a single actin polymer.

At very high mucin crowding, tubular membrane projections are expected to collapse into
pearled structures upon depolymerization of the supporting cytoskeletal core. The regulation
of cytoskeletal organization and dynamics by mucin cytoplasmic tails has been documented
(Gipson et al. 2014). However, our understanding of the collaboration between glycocalyx
polymers and the cytoskeleton in controlling membrane architecture remains limited.

The potential for specific polymer attributes to favor the distinct types of membrane
projection is intriguing, given the enormous structural diversity of native mucins (Hattrup
& Gendler 2008). The largest membrane-tethered mucin, MUC186, carries >22,000 amino
acids, reaching >2.5 MDa in molecular weight (MW), and extends to a length of 1.5

um when fully stretched on the cell surface. More modest mucin polymers implicated
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in membrane protrusions include podoplanin (MW ~45 kDA), podocalyxin (MW ~165
kDa), and MUC1 (MW ~450 kDa). Steric and electrostatic repulsions between glycan side
chains on the polypeptide backbone can profoundly impact the physical properties and
conformations of these glycopolymers (Kramer et al. 2015). The stochastic nature of glycan
assembly contributes to structural diversity in a combinatorial manner for mucins with many
glycosylation sites. Differentiation, transformation, and other changes in cell states that
alter glycosylation patterns are expected to shift the mean structural attributes of mucins

in the glycocalyx and, thus, membrane projections (Stowell et al. 2015). For example, the
disruption of glycan side chain extension or sialylation can alter the frequency of tubular
membrane protrusions (Shurer et al. 2019). The field of biophysical glycoscience is in its
infancy and the full biophysical implications of the glycome on membrane shape regulation
await clarification.

The cost of membrane bending by the glycocalyx is ultimately paid for by the consumption
of cellular nutrients and the energy put into polypeptide and glycan biosyntheses. Branching
from glycolysis, the hexosamine biosynthetic pathway (HBP) diverts glucose metabolism
for the construction of sugar nucleotides that serve as building blocks for glycan and GAG
assembly (Reily et al. 2019). Under normal cellular conditions, 2-5% of glucose uptake

is consumed by the HBP (Bouche et al. 2004). The possibility that biopolymer synthesis
could serve as a conduit through which metabolic programming and membrane architecture
are connected is provocative. For example, enhanced nutrient flux through the HBP in
tumor cells displaying glycolytic phenotypes may partly explain the thick glycocalyx and
tubulated membrane morphologies that many cancer cells exhibit (Kolata 1975, Pinho &
Reis 2015, Ying et al. 2012), although such possibilities must be tested directly. In addition
to the demands associated with biosynthesis, cellular energy must be consumed to insert
newly synthesized biopolymers into the crowded glycocalyx. Overall, connecting cellular
energetics with membrane regulation by glycocalyx polymers is a largely unexplored and
exciting avenue for future study.

ESTIMATION OF FORCES GENERATED BY GLYCOCALYX POLYMERS

The macromolecular crowding pressures in the glycocalyx have not been directly measured.
However, unstructured glycopolymers such as mucin and hyaluronan are anchored to the
plasma membrane in such a way that long polymer loops or chains extend from the cell
surface (Hattrup & Gendler 2008, Lee et al. 1993). This ensemble resembles a polymer
brush, whose physical behavior can be captured with well-validated theories. The total
free energy per area and two-dimensional (2D) crowding pressure in the plane of the
membrane for a theoretical glycocalyx brush increases in a highly nonlinear manner with
biopolymer surface density (Gandhi et al. 2019). The free energy and 2D pressure vary
roughly as a power of the surface density. An estimation of the free energy and 2D
pressure for a theoretical MUC1 brush provides an illustrative case study (Figure 1). Well-
known systems for membrane bending in endocytosis—clathrin and actin polymerization
—generate an energetic driving force of approximately 0.1 &g 77nm2. On a flat segment

of membrane, a mucin brush can generate a similar energetic driving force at a surface
density of approximately 3,000 Ib/um2. This mucin density is most likely met or exceeded
on specialized cell types, such as polarized epithelia and enterocytes, as well as on mucin-
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overexpressing tumor cells (see below) (Button et al. 2012, Shurer et al. 2019). At these
densities, glycocalyx biopolymers are predicted to generate piconewton-level pressures on
other macromolecules on the cell surface. For instance, a typical glycoprotein with a 2D
circumference of 15 nm is expected to experience a force of about 1 pN in a glycocalyx
brush with a mucin density of approximately 1,000 Ib/um? (Figure 1). While such estimates
provide a useful general sense of forces, the exact crowding pressures in a glycocalyx
depend on the precise physiochemical properties of its biopolymer constituents as well as
the composition of other macromolecules in the glycocalyx. Direct measurement of forces
in the glycocalyx has remained elusive in part due to the tiny, nanometer-scale thickness of
the glycocalyx. New experimental approaches that can probe the physical properties of the
glycocalyx are needed.

GLYCOCALYX BIOPOLYMERS DRIVE MEMBRANE VESICLE RELEASE

Extracellular vesicles (EVs) are important intercellular communicators due to their ability

to transfer nucleic acids and protein cargos (Colombo et al. 2014). Glycocalyx polymers,
including mucins, podocalyxin, and HA, decorate the surfaces of some EV subtypes (Table
1). Rather than being passive cargos, emerging evidence suggests that glycocalyx polymers
may be important machinery for EV biogenesis. In particular, the expression of glycocalyx
polymers can trigger the release of microvesicles, an important class of EVs that bud

off directly from the plasma membrane. The precise mechanisms underlying microvesicle
induction by the glycocalyx are not fully resolved, but several distinct possibilities have been
described.

In one mechanism, microvesicle generation occurs through tip budding from tubular
protrusions (Figure 2a). Overexpressing HAS3 to increase HA surface density can
dramatically enhance microvesicle release that coincides with long membrane protrusions
frequently displaying vesiculated tips (Rilla et al. 2013). Molecular myosin motors also
accumulate at these vesiculated tips, suggesting their involvement in vesicle budding
(Koistinen et al. 2015) (Figure 2b). Such mechanisms may be similar to processes that
occur in vivo, where microvilli are stabilized by interprotrusion linkages and vesicle release
from vesiculated tips is driven by myosin motors (McConnell et al. 2009).

In a second mechanism, glycocalyx polymers are proposed to trigger vesicle release through
the induction of membrane instabilities. Studies on synthetic membranes (Decher et al.
1989, Kozlovsky & Kozlov 2003, Tsafrir et al. 2001) have demonstrated that unstructured
polymers anchored to one side of the membrane can generate curvature to destabilize
tubular structures into pearled morphologies that can spontaneously fissure at their narrow
necks (Figure 2c). Crowded polymers in the glycocalyx may exert similar effects to release
microvesicles from tubulated cell protrusions. Upon depolymerization of the actin core,
membrane instabilities are triggered by the curvature-generating actions of densely crowded
polymers in the glycocalyx, likely resulting in EV release from membrane pearls (Figure
2a) (Shurer et al. 2019). Indeed, treatments to disrupt the cytoskeleton can rapidly induce
pearling instabilities and vesicle release.
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The full significance of glycocalyx-induced vesicles must still be determined. It is unclear
whether polymer structure or size drive distinct vesicle-budding mechanisms. It is also
unclear whether glycopolymer-induced vesicles are similar to classical EVs in their
molecular markers, cargo contents, and communication potencies (Jeppesen et al. 2019).
Besides microvesicles, most cells secrete exosomes. Exosome biogenesis begins with

the inward budding of endosomal membranes to form multivesicular bodies, which can
subsequently fuse with the plasma membrane for vesicle release. Interestingly, exosomes are
enriched with mucins (Kesimer et al. 2009, D. Pan et al. 2019). The molecular crowding of
cargo molecules has been proposed to generate membrane deformation and drive budding
during the biogenesis of multivesicular bodies (Adell et al. 2017). Whether steric pressure
from crowded mucin polymers can drive these reverse budding events also needs further
validation.

GLYCOLIPIDS BEND MEMBRANE OUTWARD

Glycolipids are amphipathic lipids carrying hydrophilic headgroups of sugar polymers
attached to hydrophobic ceramide tails (Lingwood 2011). Gangliosides, the best-
characterized class of glycolipids, accumulate on outward protrusions such as cilia,
microvilli, and neurite tips and are particularly enriched in the brain, where cell shape
plasticity is functionally important (Kaiser et al. 2020, Sipione et al. 2020). Studies have
linked gangliosides to morphogenesis ranging from neurite outgrowth to immune and
stem cell activation and differentiation (Sonnino et al. 2018). However, how glycolipids
regulate membrane curvature remains unclear. Insights from model membranes and dynamic
simulations suggest that glycolipids influence membrane organization and biophysical
properties. For instance, gangliosides in model systems may cluster into distinct liquid-
ordered regions that decrease bilayer bending rigidity and generate membrane curvature
(Fricke & Dimova 2016, Patel et al. 2016). Besides ceramide tail composition, these
properties have been attributed to the sugar polymers that glycolipids carry as their
headgroups (Liu et al. 2019).

Glycolipid headgroups can be remarkably large compared to the major bilayer-forming
lipids such as phosphatidylcholine (PC). For example, while a fully stretched PC headgroup
is ~1 nm long, the headgroup on the well-documented ganglioside GML1 is a chain of

five sugar monomers ~2.2 nm in length when fully stretched (McIntosh & Simon 1994).
GM1 headgroups in model bilayers can extend ~1.2 nm above PC, suggesting a near fully
extended glycan chain with a portion that intercalates between PC heads (McIntosh &
Simon 1994). GM1 may also adopt an orientation that buries the glycan headgroup in the
membrane (Jedlovszky et al. 2009). Whether the glycan chain is extended or embedded
would have an impact on the overall molecular shape that a glycolipid adopts as well as on
its steric and charge interactions with neighboring lipids (Frey & Lee 2013).

Large glycan heads may shape gangliosides into an inverted cone with a propensity for
outward curvature (H&gerstrand et al. 2006, Pei & Chen 2003) (Figure 3a). In contrast,
bilayer-forming lipids tend to have a cylindrical shape, as their headgroups and tails are
similar in size (Frolov et al. 2011). Lipid shapes dictate the amount of stored elastic stresses
in the membrane, which bends to minimize these stresses (Gruner 1985). In solution, the

Annu Rev Cell Dev Biol. Author manuscript; available in PMC 2022 February 20.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kuo and Paszek

Page 8

cylindrical shape allows lipids such as PC to pack uniformly and form nonstressed flat
bilayers. With an inverted conical shape, gangliosides instead favor membrane bending
away from the bulky headgroups. Complex gangliosides, unlike smaller lipids, are predicted
to have a strong preference for curvature due to their large molecular area (Kamal et

al. 2009). In solution, gangliosides carrying a simple glycan headgroup such as GM3

can still form frustrated vesicles, but those with more complex sugar polymers such as
GM1 spontaneously form micelles with high curvatures that typify inverted conical lipids
(Sonnino et al. 2018). Mixed gangliosides thus form micelles with larger headgroups
occupying regions of higher curvature. The volume of hydrated glycolipid headgroups is
expected to increase with glycan chain complexity, which may influence their bulkiness and
contribute to steric pressures on the membrane for bending (Sonnino et al. 2018).

Ganglioside enrichment on the exoplasmic lipid leaflet might be crucial for curvature
generation. The asymmetric distribution of lipids across a bilayer is proposed to drive
spontaneous curvature (Frolov et al. 2011). Each leaflet of a lipid bilayer can have a
different lateral stress and bending moment, based on its composition and lipid density.
Balancing this bending torque is thought to generate spontaneous curvature (Hossein &
Deserno 2020). In theory, stresses imposed by gangliosides on one lipid leaflet may cause
the whole bilayer to bend due to coupling (Sheetz & Singer 1974). Even small composition
asymmetries of bulky glycolipids can induce membrane curvature in computer simulations
(Dasgupta et al. 2018, Patel et al. 2016, Sreekumari & Lipowsky 2018). On model vesicles,
asymmetrically distributed GM1 indeed generates spontaneous membrane tubulation and
pearled morphologies (Dasgupta et al. 2018). Enriching GML in either the inner or outer
lipid leaflet on model vesicles drives inward or outward tubulation, respectively (Bhatia et
al. 2018). Note that a small amount of symmetrically or asymmetrically distributed GML1 in
model vesicles has the opposite effect on membrane stiffness: Symmetry increases bilayer
rigidity, while asymmetry softens the bilayer to facilitate deformation (Brocca et al. 2004).

How asymmetrically distributed glycolipids regulate cell shape remains ill defined, as
membrane composition in living cells is extremely complex and difficult to manipulate.
Simulations of complex plasma membranes also indicate that membrane bending tends

to occur at the boundary of glycolipid clusters (Ingdlfsson et al. 2017). On live cells,

the application of exogenous gangliosides and the inhibition of glycolipid synthesis can
stimulate or abolish membrane protrusions, respectively, implicating glycolipids in these
processes (Lingwood 2011, Sonnino et al. 2018). Interestingly, GM1 sorting into erythrocyte
protrusions and exovesicles is attributed to its intrinsic conical shape (Hagerstrand et al.
2006), although whether such protrusions are driven by GM1 enrichment is unclear.

Studies on neuronal cells further suggest that glycolipid-stimulated protrusions may involve
carbohydrate-binding proteins known as lectins. For instance, GM1 binding to laminin-1
and galectin-1 stimulates neurite outgrowth (Wu et al. 2016). GD1a andGT1b gangliosides
binding to myelin-associated glycoprotein and Nogo receptor NgR1 instead inhibits this
process (Williams et al. 2008). This inhibition in turn is abolished by enzymes that

convert GD1a and GT1b to GM1, postinjury, for axon regeneration (Kappagantula et al.
2014). Here, GD1a is proposed to act as a reserve pool for GM1 for neurite branching

and outgrowth (Ledeen & Wu 2015). Interestingly, exogenous lectins and antibodies that
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cross-link glycolipids may have opposing effects on protrusion regulation in neuronal
cells (Ledeen & Wu 2015). Furthermore, the actin cytoskeleton may organize glycolipids
on distinct curved structures, and actin polymerization for protrusion, in turn, has an
interdependence on glycolipid presence (Kaiser et al. 2020). Together these studies
emphasize the complex actions of glycolipids on live cells, where curvature generation

is likely cell type and stage dependent and may require other factors to take advantage

of the curvature preference of asymmetrically distributed glycolipids and their effects on
membrane softening.

GLYCOLIPIDS CURVE MEMBRANE INWARD

Glycolipids are co-opted for bending plasma membranes into budding and tubular
invaginations that serve as clathrin-independent carriers (CLICs) for endocytosis (Johannes
et al. 2016) (Figure 3b). Actin- and ATP-mediated processes are redundant for invagination
but promote membrane scission at later endocytic steps (Renard et al. 2015). For instance,
ganglioside GML1 clustering by cholera toxin subunit B (CTxB) or polyomavirus SV40
VP1 capsids and globoside Gb3 clustering by Shiga toxin subunit B (STxB) can induce
membrane invagination (Ewers et al. 2010, Romer et al. 2007). These lectins share
convergently evolved pentameric structures that are similar even down to the 3-nm spacing
between their carbohydrate-binding pockets and the angle at which these binding sites face
the membrane, though the number of binding sites differ (Johannes et al. 2016).

Precise geometry of glycolipid clustering imposed by lectin structures may be essential

for inward membrane bending. Antibody cross-linking of GM1, Gb3, or even monovalent
CTxB bound to GM1 does not appear to initiate the necessary curvature (Ewers et al. 2010,
Kabbani et al. 2020, Romer et al. 2007). Likewise, mutations that alter the geometry of
glycolipid binding on CTxB and STxB abolish curvature induction (Kabbani et al. 2020,
Rdmer et al. 2007). At least two GM1 glycolipids binding to one CTxXB pentamer may

be necessary for membrane bending (Kabbani et al. 2020). Interestingly, this minimum
requirement is recapitulated by divalent synthetic lectins that tubulate membranes only if
adjacent glycolipid-binding sites are close enough (Arnaud et al. 2014).

Large headgroups on glycolipids have a height mismatch with neighboring phospholipids
(MclIntosh & Simon 1994). Binding glycolipids in a defined geometry may indeed generate
curvature that compensates for the lack of intrinsic curvatures in flat lectins such as STxB
(Ling et al. 1998). In silico, Gb3 binding to the middle of an STxB pentamer is found to
push down on the membrane, while Gb3 binding to its periphery exerts an upward pull
(Pezeshkian et al. 2016). This convex curvature is also speculated to occur with GM1
binding to CTxB (Pezeshkian et al. 2017b). Otherwise, the Gb3-STxB cluster is shown to
induce lipid compression and long-range lipid reorganization that may produce asymmetric
bilayer stresses and favor inward membrane bending (Watkins et al. 2019). Membrane
fluctuation—induced forces may in turn drive positively cooperated clustering of glycolipid-
lectin complexes for tubule growth (Pezeshkian et al. 2017a). Although theoretical models
predict that glycolipid-lectin interactions can provide sufficient energy for engulfing whole
bacteria (Eierhoff et al. 2014), mechanisms to generate enough energy for curvature and
invagination induced by small lectins and viruses need further elucidation.
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Glycolipid interaction with endogenous lectins also generates CLIC invaginations.
Galactose-binding lectin galectin-3 represents a well-studied example (Lakshminarayan

et al. 2014). Unlike toxins and viruses, the initial recruitment of galectin-3 to the cell
membrane is decoupled from membrane bending (Figure 3b). Monomeric galectin-3 is first
recruited by its cargo glycoproteins before binding to glycolipids, through oligomerization,
for inducing membrane invagination and cargo endocytosis. Galectin-8 may similarly

sort cargo glycoproteins into CLICs for endocytosis (Renard et al. 2020). Interestingly,
galectin-3 can form pentamers, although its significance in membrane deformation remains
to be determined (Ahmad et al. 2004). Galectin-3 and STxB, which bind different
glycolipids, localize to discrete tubule invaginations, suggesting the presence of distinct
CLIC populations (Lakshminarayan et al. 2014). Furthermore, lectins that bind the

same glycolipid can segregate into distinct CLIC tubules, which suggests the orientation

of glycan headgroups may be important (Schubert et al. 2020). Altogether, glycolipid-
lectin interactions may represent a common yet diverse approach for inward membrane
deformation (Johannes et al. 2016).

How glycolipids regulate inward and outward bending on the same membrane is unclear. On
erythrocytes, Gb3 binding to STXB instead induces the formation and release of outward-
budding microvesicles that are important in bacterial infection and pathogenesis (Willysson
et al. 2020). Uptake of these toxin-coated microvesicles again requires Gb3 on recipient
cells (Johansson et al. 2020). Intriguingly, Gb3-STxB interaction on HeLa cells is reported
to induce inward membrane bending for tubular invagination as well as outward membrane
bending for microvesicle generation (Rémer et al. 2007, Willysson et al. 2020). Both of
these processes occur on minute timescales. Whether local enrichment of Gb3, differential
Gb3 content on HeLa clones, distinct Gb3 species, or headgroup orientations determine

the direction of membrane bending is an intriguing question (Schubert et al. 2020, Shin et
al. 2009). In neuronal cells, ganglioside interaction with CTxB and galectin-3 can promote
neurite outgrowth (Ledeen & Wu 2015). Neuronal cells also release microvesicles for
intercellular communication (Budnik et al. 2016), though the importance of glycolipid-lectin
interactions remains to be determined. Therefore, the context in which glycolipids and
lectins interact could play a key role in determining the outcome of curvature generation,
which requires further investigation.

CURVATURE SIGNALING

Signal coordination for glycocalyx-induced curvature generation is underdefined. On cell
protrusions, glycopolymers and glycolipids often colocalize with cytoskeletal elements
(Kaiser et al. 2020, Kultti et al. 2006, Shurer et al. 2019), possibly indirectly through
cytosolic anchors such as ezrin that themselves are recruited by curvature sensors (Bennett
et al. 2001, Koistinen et al. 2015, Nielsen et al. 2007, Tsai et al. 2018). On the basal
membrane, glycopolymers such as dystroglycan may control protrusion length, branching,
and orientation (Eyermann et al. 2012, Palmieri et al. 2017, Saito et al. 2003), and
extracellular matrix proteins including laminins may organize glycolipids for curvature
generation (Ledeen & Wu 2015). Protrusion initiation may require membrane-cytoskeletal
detachment (Welf et al. 2020), which could be driven by pressures from the glycocalyx.
Protrusion growth depends on cytoskeletal polymerization that results in membrane tension
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(Sitarska & Diz-Mufioz 2020), which may in turn act as a long-range signal inhibitor

for protrusions elsewhere (Houk et al. 2012). Self-amplifying signals that regulate the
expression, density, and clustering of glycocalyx components are likely to enhance
curvature. For example, autocrine maintenance of podocyte foot processes by cytoskeletal
organization is achieved through the clustering of the glycopolymer syndecan and the
glycolipid GM3 (Jin et al. 2012). Conversely, curvature may be discouraged by pathways
that downregulate, disperse, and reduce the density of glycocalyx components, such as
uterine epithelial flattening by removing MUC1-induced microvilli (Kelleher et al. 2016).
These together point to the need for detailed investigations into how the glycocalyx,
cytoskeleton, membrane tension, extracellular cues, and signaling events coordinate to
organize cell morphology.

SIGNAL REGULATION BY GLYCOCALYX-MEDIATED CURVATURE

Glycocalyx-induced membrane curvature may profoundly impact signaling events
emanating from the cell surface. Membrane geometry can influence the lateral organization
and activities of transmembrane receptors and downstream effector proteins (Cheng &
Smith 2019). For example, transmembrane receptors may experience thermodynamic sorting
to match receptor shape and local curvature that is fine-tuned by ligand activation and
receptor oligomerization (Needham et al. 2016, Rosholm et al. 2017). Downstream cytosolic
effectors recruited by signaling receptors may have curvature-sensing motifs that further
reinforce curvature and coordinate with the underlying cytoskeleton for signal propagation
(Ebrahimkutty & Galic 2019). Moreover, membrane curvature can change receptor exposure
to freely diffusing ligands and cytosolic effectors that generates a spatial gradient of
activated receptors by simple reaction—diffusion kinetics (Schmick & Bastiaens 2014).
Interestingly, cellular protrusions may enhance the accumulation of activated receptor
complexes by simply increasing the membrane surface-to-cytosolic volume and, hence, the
local density of membrane-bound complexes (Neves et al. 2008). These mechanisms are
poorly understood in the context of glycocalyx-induced curvature and are worth further
exploration, especially as receptor enrichment on membrane protrusions is potentially a
general organization principle for cell signaling (Anvarian et al. 2019, Lange 2011, Orbach
& Su 2020).

EXAMPLES OF GLYCOCALYX CELL PROTRUSIONS IN NORMAL HEALTH
AND DISEASE

Podocalyxin on Podocyte Morphology

Podocyte foot processes represent a well-illustrated example of glycocalyx-regulated cell
shape. Normal kidney function relies on well-spaced neighboring podocytes to extend
interdigitated foot processes and form specialized intercellular filtration junctions known as
slit diaphragms to prevent protein loss in urine production (Kopp et al. 2020). Podocalyxin
is the major bottlebrush glycopolymer expressed on podocyte apical surfaces and foot
processes above slit diaphragms (Kerjaschki et al. 1984). Podocalyxin directs the formation
of foot processes and their presumptive microvilli precursors as well as slit diaphragms,

as its homozygous deletion eliminates such structures and reduces podocyte spacing in
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human organoid and mouse models to block urine production, causing renal failure and
lethality (Doyonnas et al. 2001, Kim et al. 2017). This recapitulates the symptoms of

human congenital podocalyxin deficiency (Kang et al. 2017). Mice heterozygous for
podocalyxin remain healthy with subtly altered foot processes but become highly susceptible
to proteinuria upon injury (Refaeli et al. 2020). This likely reflects a loss of heterozygosity
and more closely mimics the onset of adult human diseases, such as those associated with
environmental factors including obesity (Refaeli et al. 2019). In mice, ablating glycosylation
enzymes to shorten C-glycan side chains on glycopolymers can flatten foot processes and
induce slit diaphragm loss and proteinuria, producing conditions that resemble human
nephrotic syndrome (Song et al. 2017, Stotter et al. 2020). This suggests that glycan-
mediated steric stabilization is crucial for podocalyxin polymer conformation and function
in podocyte morphology.

As podocalyxin carries glycans with negatively charged sialic acids, its effects on membrane
morphology and cell spacing are attributed to charge repulsion (Kim et al. 2017). Indeed,
animals deficient in sialylation or treated to remove charge or sialic acids develop altered
foot processes and nephropathology (Galeano et al. 2007). However, electrostatic repulsion
between glycans, which is often overlooked, may impact glycopolymer conformation and
crowding for membrane curvature generation (Shurer et al. 2019) as well as steric hindrance
that likely defines intercellular spacing (Komatsu et al. 1997, Nielsen et al. 2007). How these
effects define podocyte morphology and spacing needs to be addressed. As sialic acid and
its metabolic precursors are promising treatments for human kidney diseases (Huizing et al.
2019), the effect of sialylation on podocalyxin polymer conformation also warrants further
investigation.

Other glycocalyx components also regulate podocyte morphology. Foot process flattening
and simplified interdigitation are observed in dysregulation of GM3-mediated cell shape
maintenance, antibody targeting glycolipid GD3 and dystroglycan dysregulation (Jin et al.
2012, Kojima et al. 2011, Simons et al. 2001). Foot processes are thought to compress the
glomerular basement membrane to counteract capillary hydrostatic filtration pressure and
prevent proteinuria (Butt et al. 2020). In turn, effacement compromises the maintenance of
proper tension and permeability of the basement membrane by foot processes. Future studies
need to address the role of glycocalyx components in these processes.

Microvilli can originate from the apical surfaces of healthy podocytes that are distinct from
foot processes and can become dramatically numerous in diseased-induced transformation
(Wrede et al. 2020). Podocyte apical microvilli contact protrusions from parietal epithelial
cells and may mediate intercellular communication (Wrede et al. 2020). Note that
podocalyxin induces microvilli in cell models, presumably due to biophysical crowding
effects (Nielsen et al. 2007). Apical microvilli tip vesiculation on podocytes can shed
podocalyxin-coated microvesicles, which are increased in kidney diseases (Hara et al. 2010).
Interestingly, foot processes also project protrusions with bulbous tips, although it is unclear
whether vesicles are released (Rice et al. 2013). These observations hint at the possible role
of podocalyxin in microvesicle production that requires further verification. Finally, MUC1
is also expressed apically on developing podocytes as well as other kidney cell types that
exhibit numerous protrusions (Al-bataineh et al. 2017, Rice et al. 2013). Familial mutations
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in the ectodomain of MUC1 can cause kidney diseases and alter foot process morphology in
humans (Kirby et al. 2013). The function of MUCL1 in generating these protrusions in vivo
needs further study (Al-bataineh et al. 2017).

Mucin-Coated Epithelia

Hyaluronan

Unlike podocalyxin, membrane regulation by canonical mucins has not been demonstrated
in vivo. Membrane-tethered mucins participate in epithelial polarization and often enrich
apical protrusions (Hattrup & Gendler 2008). For example, MUC1 adorns microvilli,
while MUC4 and MUC20 decorate cilia on the airway epithelium (Kesimer et al. 2013).
MUC17 is found almost exclusively on enterocytic microvilli, which suggests a functional
association (Pelaseyed & Hansson 2020). In cell models, the overexpression of MUC1
and synthetic mucins induces membrane protrusions, while deleting MUC16 or MUC17
results in fewer microplicae or disorganized microvilli, respectively, suggesting mucins
contribute to these structures (Gipson et al. 2014, Kim et al. 2014, Shurer et al. 2019).
Microvesicle biogenesis also occurs from mucin-induced protrusions in vitro and possibly in
vivo (McConnell et al. 2009, Shurer et al. 2019).

However, whether animals lacking membrane-tethered mucins show abnormal protrusions

is not clear (Hattrup & Gendler 2008). Given the critical roles of protrusions in vivo, they
are likely maintained by compensatory mechanisms (Sauvanet et al. 2015). Indeed, epithelial
cells typically express multiple mucins and, in vivo, thin protrusions are further stabilized

by glycoprotein bridges that may also carry unstructured mucin-like domains (Crawley et

al. 2014, Hattrup & Gendler 2008). It remains to be seen whether deleting multiple mucins,
perhaps concurrently with interprotrusion linkages, would ablate mucin-coated protrusions.

Insights into uterine receptivity may exemplify membrane regulation by mucins. Epithelial
flattening that eliminates microvilli is essential to provide a smooth surface for embryo
implantation (Murphy 2004). Temporal MUC1 downregulation mediates embryo attachment
and dysregulated MUC1 expression coincides with failed microvilli flattening in disease
models (Kelleher et al. 2016). This has profound implications, as, for example, heightened
endometrial MUCL expression is associated with human infertility and spontaneous
abortion (Chauhan et al. 2015, Horne et al. 2005, Margarit et al. 2010). Downregulation
of other membrane-tethered mucins such as MUC4 and MUC16 may also occur at

the onset of receptivity for embryo implantation (Gipson et al. 2008, McNeer et al.

1998). Polymorphisms in mucin ectodomains, which are critical for mucin polymer size
and conformation, also contribute to infertility (Chang et al. 2011, Horne et al. 2001).
Interestingly, deleting or enzymatically removing MUC1 can improve embryo attachment
(DeSouza et al. 2000). In addition to the steric hindrance suggested by early reports,
future studies should consider mucin-induced protrusions with implications for improving
infertility treatments.

Coat

HA polymers form pericellular coats on diverse cell types that exhibit elaborate microvilli
and cilia. The function of the HA coat is typically attributed to its mechanical and
electrosteric properties (Salustri et al. 2019), but the structural biology of HA-coated
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protrusions is often overlooked. In cell models, the overexpression of HASs, especially
HAS3, dramatically thickens the pericellular coat and induces membrane protrusions
(Kultti et al. 2006, Shurer et al. 2019). These protrusions contain basal actin and are
vesiculated at their tips, which may bud off microvesicles in a myosindependent manner
(Koistinen et al. 2015, Noble et al. 2020). Primary mesothelial cells undergoing epithelial-
to-mesenchymal transition also upregulate HA synthesis in parallel with protrusion and
microvesicle generation (Koistinen et al. 2017), suggesting that HA-induced curvature is
involved in cell transformation. Membrane regulation by HA has not been demonstrated in
vivo, but enzymatically digesting HA severely diminishes HA-enriched protrusions, such as
those on synovial tissue explants (Shurer et al. 2019).

Tissues apically enriched in HA often display numerous protrusions and release EVs, some
of which may originate from protrusion tips. Notable examples include synovium (Mustonen
et al. 2016, Shikichi et al. 1999), cartilage (Cohen et al. 2003, Hale & Wuthier 1987),
mesothelium (Koistinen et al. 2016), and alveolar epithelium (Lee et al. 2018, Ochs et al.
2020). HA-induced microvesicles may mediate intercellular communication (Arasu et al.
2020). Likewise, HA-coated protrusions may participate in cellular communications, which
is currently underexplored. Examples may include osteocyte networking and mesothelium
postsurgical adhesion (Burra et al. 2010, Fischer et al. 2020).

These mechanisms may be especially important for protrusion-based gap junctional
communications in oocyte development. Interconnecting oocyte—somatic cell protrusions
are likely HA enriched (Baena & Terasaki 2019, El-Hayek et al. 2018). Maturing oocytes
upregulate HAS3 concurrently with the formation of elaborate microvilli (Makabe et al.
2006, Zhang et al. 2018). They also induce supporting granulosa cells to synthesize an
HA-rich matrix that coincides with the formation of numerous protrusions, through the
expression of HAS2 and binding factors that extend HA polymers including versican,
tumor necrosis—stimulated gene-6, and pentraxin-3 (Chang et al. 2016, El-Hayek et al.
2018). Communication through microvesicles, possibly HA enriched, may also take place
(Machtinger et al. 2016). In fact, HAS2 and factors that bind HA are potential competence
markers for assisted reproduction (Uyar et al. 2013), but how HA-enriched protrusions
and vesicles contribute to these processes remains unclear. Furthermore, oocyte microvilli
mediate sperm fusion and may block polyspermy through vesicle release to shed fusion
receptors (Bianchi et al. 2014). Therefore, in addition to the well-known properties of

HA matrices, HA-enriched structures, which have been largely neglected, may be crucial
to mammalian reproduction (Salustri et al. 2019). Future studies need to delineate HA-
regulated membrane structures and their broad functions in normal physiology and disease.

Glycocalyx-Regulated Mitosis

Classical literature suggests, with cell cycle progression, that cells transform a relatively

flat membrane with blebs and stubby protrusions into one that accumulates densely arrayed
lengthy microvilli (Follett & Goldman 1970, Lundgren & Roos 1976). Although curvature
by the glycocalyx is poorly defined in mitosis, such morphological changes closely resemble
those observed with increasing glycopolymer densities (Shurer et al. 2019). Indeed, HA
synthesis peaks at mitosis, which parallels the formation of elaborate microvilli on cultured
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cells (Evanko et al. 1999, Tukaj et al. 2002). Displacing HA polymers or blocking their
synthesis inhibits division before cell rounding (Evanko et al. 1999). Incorporating long
synthetic mucin polymers or the MUC1 ectodomain also promotes G1 cell cycle progression
in mammary epithelial and cancer cells (Woods et al. 2017). Conversely, MUC1 or MUC4
deletion causes G1 arrest in glioma and pancreatic cancer cells (Jonckheere et al. 2012, Kim
et al. 2020). As cell cycle inhibitions are promising therapeutic interventions for diseases
such as cancers (Mills et al. 2018), understanding membrane and signaling regulation by
glycopolymers in these processes would be paramount.

Glycocalyx and Shape in Cancer Cells

Microvilli-like protrusions are classically associated with transformed and isolated cancer
cells (Kolata 1975). This may correspond to the upregulation of glycolipids, mucins, and HA
observed broadly in cancer with poor outcomes (Pinho & Reis 2015). Increased cell surface
density of mucin and HA are likely to enhance protrusion generation through polymer
crowding. For instance, MUCL overexpression occurs across many cancer types, and human
breast and cervical cancer cells sorted for high MUC1 surface levels have significantly
more protrusions than do native cells (Shurer et al. 2019). Similarly, HA accumulates in
multiple cancers, and cell surface HA synthesis is responsible for protrusion generation in
esophageal cancer cells and correlates with protrusion growth and density in breast cancer
cells (Kyykallio et al. 2020, Twarock et al. 2010). Glycopolymer accumulation, besides

the upregulation of their gene expression, is likely mediated by reprogrammed cancer
metabolism (Pinho & Reis 2015).

Glycopolymers may have altered conformations and physical properties in cancer cells due
to changes in side chains along the polymer backbone (Stowell et al. 2015). Cancer mucins
are typically grafted by an abnormally high density of shorter O-glycan side chains due

to upregulated and mislocalized glycosylation enzymes. How altered glycan chain length
and grafting density affect the properties of cancer mucins needs further investigation.
Steric repulsion between densely arrayed glycan chains may stretch mucin polymers to
increase their extension. For instance, the upregulation of the mucin O-glycosylation enzyme
GALNTY increases glycocalyx thickness upon oncogenic KRAS activation and correlates
with poor survival in pancreatic ductal adenocarcinoma (Mockl et al. 2019). It remains

to be seen whether aberrant glycosylation of cancer mucins changes the preferred types

and frequencies of membrane protrusions. In addition, factors that assemble on glycocalyx
polymers could increase their occupied hydrodynamic volume to achieve greater crowding
coverage and enhance membrane bending. Indeed, factors such as aggrecan binding to
extend a preexisting HA coat can induce protrusion formation in prostate cancer cells
(Nijenhuis et al. 2012). Future studies should provide details linking metabolism, oncogenic
activation, glycopolymer conformation, and density for their contributions to cancer cell
morphology.

The functions of glycocalyx-induced membrane structures in cancer are underdefined.
Microvilli on circulating tumor cells are classically postulated to interact with the
endothelium for extravasation (Domagala & Koss 1978, Kramer & Nicolson 1979). Such
membrane protrusions may be enriched by glycopolymers. CD34, a podocalyxin-related
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glycopolymer, regulates microvilli formation and the rolling of human hematopoietic stem/
progenitor and myelogenous leukemia cells (AbuSamra et al. 2017). MUC1, which is
especially enriched on circulating tumor cells, may carry the necessary epitopes to engage
endothelium for leukocyte-like rolling and firm adhesion before tissue extravasation (Geng
et al. 2012, Paszek et al. 2014). Interestingly, podocalyxin promotes extravasation by
inducing invasive foot processes in breast cancer cells attached to the endothelial monolayer
(Frose et al. 2018). Newly extravasated cells then extend protrusions for tumor outgrowth

to develop macroscopic metastases (Shibue et al. 2012), though the involvement of the
glycocalyx in this process is unclear. Membrane bridges between cancer cells are proposed
for intercellular communication to propagate disease (Osswald et al. 2015). In this regard,
MUC1 overexpression may enrich glioblastoma networking (Barnes et al. 2018, Kim et al.
2020, Osswald et al. 2015). Microvesicles are also important communicators in cancer (Xu
et al. 2018). Cancer patient—derived microvesicles are MUC1 enriched, and cervical cancer
cells sorted for high MUC1 expression also secrete significantly more microvesicles than do
native cells (Shurer et al. 2019), although whether they carry messages for communication
needs to be verified. Likewise, melanoma cells overexpressing HAS3 can secrete HA-coated
microvesicles to stimulate the proliferation and epithelial-to-mesenchymal transition in
normal target cells (Arasu et al. 2020). These observations highlight an urgent unmet need
for unraveling the functions of glycocalyx-induced structures in cancer.

Glycolipids and Protrusion Biology

Glycolipid metabolic reprogramming, mediated by biosynthetic enzyme regulation, can
switch glycolipid classes and transition simple to complex glycolipids to drive a broad

range of cell differentiation and cell fate determination (Russo et al. 2018, Sipione et

al. 2020). These metabolic programs parallel membrane protrusions that form structures
such as neurites, stereocilia, microvilli, and cilia (Jennemann et al. 2012, Kaiser et al.

2020, Ledeen & Wu 2015). Genetic models have revealed glycolipid-regulated membrane
morphologies in vivo. For instance, mice lacking the glycolipid initiation enzyme UGCG
have normal congenital microvilli that later malform in postnatal intestines but not in the
liver or kidney (Jennemann et al. 2012). Specific glycolipids may regulate distinct structures.
Mice lacking the synthase for GM3, but not GM1, recapitulate the hearing impairment

of human GM3 deficiency and show immature stereocilia replaced by abnormally giant
structures in postnatal development (Yoshikawa et al. 2015). Conversely, GM3-only

mice, devoid of complex gangliosides, suffer from lethal audiogenic seizures, though
stereocilia abnormalities are not characterized (Kawai et al. 2001). In cultured cells, GM3
predominantly populates highly curved protrusion peaks, while GM1 resides mainly along
protrusion slopes and valleys (Chen et al. 2008). Whether observations in mice reflect

the ability of distinct glycolipids to generate curved membrane regions needs further
validation, especially as GM3 supplementation may potentially improve hearing impairment
and neurodevelopment in newborns (Wang et al. 2019).

Complex gangliosides accumulate at neurite tips in the developing brain and regulate
protrusion branching and outgrowth in isolated neuronal cells (Ledeen & Wu 2015,
Sipione et al. 2020). Molecular details are emerging, but how such glycolipids induce
membrane bending is not well-defined. This is important, as glycolipid deficiencies due to
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loss-of-function mutations can induce severe congenital neuropathy and altered ganglioside
levels are common in neurodegenerative diseases (Sipione et al. 2020). Abnormal neuron
morphology is widespread among animal models lacking complex gangliosides that display
neuron degeneration, retarded brain development, reduced cognitive functions, and other
symptoms that resemble human pathology (Allende & Proia 2014, Sipione et al. 2020).
Remarkably, ganglioside administration can partially rescue these phenotypes and has
shown promise in stimulating neuron repair and regeneration for treating nerve damage

and neurodegenerative diseases in preclinical and clinical studies (Magistretti et al. 2019).
Therefore, ganglioside-regulated neuronal cell morphologies warrant further elucidation.

CONCLUDING REMARKS

Cell morphogenesis is largely attributed to cytoskeletal dynamics, and molecular details

are currently being unraveled. Often overlooked is that the glycocalyx also can generate
pressures on the membrane through processes that are becoming better understood.
Mechanisms are now emerging to assign biophysical functions to the glycocalyx, which

has long been observed to coat diverse membrane structures. The significance of such
protrusions and secreted vesicles in intercellular communication requires further elucidation.
These studies are important, as a detailed understanding of glycocalyx-membrane regulation
can direct potential therapies for conditions ranging from infertility to neurodegenerative
diseases and cancer.
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NEW TECHNIQUES USED TO STUDY THE GLYCOCALYX

Emerging tools are aiding our understanding of glycocalyx-mediated processes.
Chemically defined synthetic glycopolymers and genetic engineering can specifically
modify the cell glycocalyx (Godula et al. 2009, Kramer et al. 2015, Narimatsu et al.
2019, H. Pan et al. 2019, Woods et al. 2017). Super-resolution microscopy techniques

are being developed to visualize the glycocalyx and its effect on membrane regulation.
For example, membrane topology imposed by glycocalyx thickness can be observed

by fluorescence interference microscopy (Ajo-Franklin et al. 2005, Braun & Fromherz
1997, Godula et al. 2009, Shurer et al. 2017). Cell surface optical profilometry can

report glycoprotein height dependence on molecular crowding (Son et al. 2020), making
this technique potentially invaluable for delineating similar effects on the glycocalyx.
Remarkably, nanoscale curvatures due to glycolipid-toxin interactions have been directly
observed on live cells using novel polarized localization microscopy (Kabbani et

al. 2020). In addition, electron microscopy (EM) can visualize nanoscale membrane
structures. For instance, scanning EM and correlative light EM can detect tubular
protrusions and vesicular structures induced by the glycocalyx (Koistinen et al. 2015).
Cryogenic EM also preserves glycocalyx-coated microvesicles for investigation (Noble et
al. 2020). Finally, molecular sensors should provide invaluable biophysical insights into
glycocalyx effects on membrane properties including tension and steric pressures (Colom
et al. 2018, Houser et al. 2020).

Annu Rev Cell Dev Biol. Author manuscript; available in PMC 2022 February 20.




1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Kuo and Paszek

Page 29

a
Membrane Energy
crowding minimization
_— —_—

Mucin HA
Unstructured glycopolymers

b

102 T T T T

=
o
Y

100+ .

—_
o
=)
T
.
L

10-2f+ _-" E 102+ ..." i

1074 F 1 104} ]

Free energy per membrane area
(kgT/nm?)
Tangential pressure (pN/nm)

10~ o 1 1 L L 10-6 L L
100 10! 102 103 104 10° 100 107 102 103 104 10%
Glycopolymer concentration (humber/pm?)

Tubules

Increasing glycopolymer density

Figurel.
The molecular crowding of glycopolymers bends membranes outward into a plethora of

shapes.(d) Unstructured glycopolymers such as mucin and hyaluronan (HA) are anchored to
the cell surface. Increasing polymer density achieves the coverage necessary for molecular
crowding. (b) Estimates of the energetic driving forces and two-dimensional tangential
pressures in a theoretical mucin 1 (MUC1) brush on a flat segment of membrane. The free
energy per area of the brush is normalized by the thermal energy, &g 7. Complete details

of the theoretical model and parameter estimates are in Gandhi et al. (2019). (c, fop) Steric
interactions between crowded polymers exert increasing pressure to bend a flat surface into
blebs and tubular membrane protrusions that pearl or vesiculate tips to release microvesicles.
(Bottom) Micrographs showing examples of these cell morphologies. Figure adapted with
permission from Shurer et al. (2019).
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Figure2.
Microvesicle release from membrane protrusions. (&) Electron micrograph and diagrams

depict the presence of an actin core in glycocalyx-coated tubular membrane protrusions.
Upon cytoskeletal depolymerization, pressures from the glycocalyx can vesiculate
protrusion tips or undulate protrusions. Protrusions with vesiculated tips may be stabilized
by actin retained at the base. Myosin accumulation at protrusion tips can mediate membrane
fissure for microvesicle release. Alternatively, the spontaneous fissure of undulating
protrusions can lead to microvesicle release. (6) Fluorescence image shows myosin
accumulation at the vesiculated tips of hyaluronan synthase 3 (HAS3)-induced tubular
protrusions. (¢) Protrusion undulation and pearled morphologies have been observed for
mucin 1 (MUC1)-mediated processes, as depicted in this scanning electron micrograph.
Figure adapted with permission from Koistinen et al. (2015) and Shurer et al. (2019).
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Figure 3.
Glycolipid-induced membrane structures. (4) Glycolipid clustering induces outward

membrane protrusions for neurite outgrowth. Major bilayer-forming lipids such as
phosphatidylcholine (PC) have a cylindrical shape (orange). The membrane bends away
from large headgroups that shape glycolipids such as GM1 into a cone (p/nk). Factors
such as matrix proteins bind glycolipids to induce curvature. PC is depicted with a choline
(gray) headgroup, while GM1 is depicted with a headgroup of five sugar monomers (b/ue,
yellow, and purple). (b) Glycolipids organized by carbohydrate-binding proteins (lectins)
can bend membranes inward to form clathrin-independent endocytic buds and tubules.
(Lef?) Glycolipid binding to the pentameric toxin subunit B (TxB) of Shiga and cholera
toxins and polyomavirus SV40 VP1 causes membrane curvature. Glycolipid-TxB/VP1
complexes are clustered by membrane fluctuation and induce lipid compression and
reorganization for tubulation. (Right) Endogenous galectin-3 first binds cargo glycoproteins
before oligomerization occurs for binding glycolipids and inducing membrane bending for
endocytosis.
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Table 1

Examples of glycocalyx-coated membrane structures

Glycocalyx Membrane structures Reference(s)

Unstructured long-chain glycopolymers

MUC1 Microvilli (lung and uterus), cilia and uterodome Bennett et al. 2001; Gipson et al. 2008, 2014; Kelleher et al. 2016;
(uterus), microplicae (corneal cell sheet and Kesimer et al. 2013;Shurer et al. 2019; Sirvio et al. 2019
mouth), tubular protrusions (tumor cells)

MuUC4 Cilia (lung) Kesimer et al. 2013

MUC16 Uterodome (uterus), microplicae (cornea) Blalock et al. 2007, Gipson et al. 2008

MUC17 Microvilli (intestine) Pelaseyed & Hansson 2020

MUC20 Cilia (lung) Kesimer et al. 2013

Enteric mucins | Microvesicle (intestine) McConnell et al. 2009

Podocalyxin Microvilli (kidney organoid), foot processes Frose et al. 2018, Hara et al. 2010, Kim et al. 2017, Kerjaschki et al.
and microvesicles (kidney), foot process-like 1984
protrusions (tumor cells)

CD34 Microvilli (bone marrow), tubular protrusions AbuSamra et al. 2017
(tumor cells)

Hyaluronan Microvilli (cartilage, mesothelium, synovium, Burra et al. 2010, Cohen et al. 2003, El-Hayek et al. 2018, Koistinen
alveoli, oocytes), dendritic processes (bone), et al. 2016, Kyykallio et al. 2020, Makabe et al. 2006, Mustonen et al.
transzonal projections (granulosa cells), 2016, Ochs et al. 2020, Twarock et al. 2010
microvesicles (synovium), tubular protrusions
(tumor cells)

Glycolipids

GM3 Stereocilia (cochlea), foot processes (kidney) Jin et al. 2012, Yoshikawa et al. 2015

GM1 Microvilli (intestine), stereocilia (cochlea), neurite Hégerstrand et al. 2006, Jennemann et al. 2012, Ledeen & Wu 2015,
(nervous system), spiculae and exovesicles Sipione et al. 2020b, Yoshikawa et al. 2015
(erythrocytes)

GAl Microvilli (intestine) Jennemann et al. 2012

GD1la Neurite (nervous system) Sipione et al. 2020
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