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CHAPTERI

INTRODUCTION

What is actin?

Accounting for ~20% of the total protein in a eukaryotic cell, actin is one of the most
abundant proteins on earth that was originally discovered as an activator of the motor
protein myosin by Straub and Szent-Gyorgyi during investigations on muscle contraction
(Bugyi & Kellermayer, 2020). A monomeric actin consists of 375 amino acids (~42 kDa),
which fold into four subdomains arranged in a U-shaped flat configuration (Kabsch et al.,
1990) (Figure 1-1 A). As a result, the structure of actin is asymmetric, with subdomains 1
and 3 creating a small “target-binding cleft’, which is the site where multiple actin-
associated proteins bind; and subdomains 2 and 4 creating a large “nucleotide-binding
cleft” that can harbor a single nucleotide (primarily ATP) (Dominguez & Holmes, 2011;
Kabsch et al., 1990) (Figure 1-1 B). The association of ATP with the nucleotide-binding
cleft can be further stabilized by divalent cations such as Ca?* and Mg?* (Kitazawa et al.,
1982).

Early biochemical studies found that actin monomers (G-actin) can assemble into
fibrous conformations (F-actin) (Oda et al., 2009). Later X-ray studies showed that such
fibrous actin networks consisted of filaments arranged in a helical manner (Holmes et al.,
1990). Computer simulation analysis suggests that the asymmetry nature of a monomer
allows it to polymerize into filaments in a unidirectional fashion, which is primarily driven

by more electrostatic interactions available at one side relative to the other side of a



monomer (Sept et al., 1999). Actin polymerization is a complex process that involves

multiple steps including nucleation, elongation, hydrolysis, and treadmilling.

Nucleotide-
binding cleft

SD3

binding cleft

Figure 1-1. Structural conformation of actin

(A) Ribbon diagram of actin showing subdomains SD1 (purple), SD2 (green), SD3 (gray),
and SD4 (orange) folded into a U-shaped flat configuration harboring a nucleotide (yellow)
at the “nucleotide binding pocket” between subdomains 2 and 4. Adapted from (Sun &
Alushin, 2022).

(B) Space-filling model (yellow) of actin highlighting the “nucleotide binding cleft”
harboring an ATP molecule; and the “targeting binding cleft’. Adapted from (Pollard,
2016).

How does actin assemble into a polymer?

Nucleation

The transition from G-actin to F-actin demands the formation of an intermediate actin
“nuclei” consisting of two or three monomers that will serve as a template for
polymerization (Pollard & Cooper, 1986). However, the assembly of an actin “nuclei” is
highly unfavorable, which makes nucleation the rate-limiting step for actin polymerization
(Pollard, 1986), specifically due to the high dissociation rate of monomers comprising

dimers and trimers (Pollard, 2016) (Figure 1-2). The incorporation of a fourth monomer



into a trimer creates a more stable actin “nuclei”, likely as a result of maximizing the
intermolecular interactions between monomers (Pollard et al., 2000). At this intermediate
stage, the incorporation of additional monomers is more favorable, and a proper filament
can begin to assemble (Figure 1-2).

Although nucleation is kinetically unfavorable, the incorporation of ATP-Mg?* over
ATP-Ca?* seems to promote a more favorable and stable nucleus (Pollard & Cooper,
1986). Thus, once G-actin is coupled with ATP and Mg?*, it can assemble more efficiently
(fast polymerization) into dimers and trimers (Cooper et al., 1983). The stability of an actin
“nuclei” can be dependent on multiple factors including the concentration of monomer in
solution, and the presence of accessory proteins (Pollard et al., 2000).

The high concentration of actin in a typical eukaryotic cell (~ 200 uM) (Korn et al.,
1987) is sufficient to trigger spontaneous nucleation in minimal reconstitution assays.
However, in physiological conditions, actin monomers are usually associated with
“sequestrators” such as profilin and thymosin 34 (Courtemanche & Pollard, 2013; Safer
et al., 1991). Both factors have a strong affinity for monomers, decreasing their ability to
spontaneously assemble into dimers and trimers. Thus, despite the large amount of actin
in the cytosol, the nucleation of monomers is still rate-limiting due to the activity of actin

sequestrators (Pollard et al., 2000).

How do cells overcome the rate-limiting step of nucleation?
As the assembly of an actin “nuclei” is highly unfavorable, some factors known as
“nucleators” aid in speeding up this process by simultaneously binding multiple monomers

(Firat-Karalar & Welch, 2011). A prerequisite for a protein to function as a nucleator is to



have multiple binding sites for actin monomers (Dominguez, 2016). Formins are well-
studied nucleators, which dimerize and bring together monomers via their FH2 domains
(Higgs, 2005; Zigmond, 2004). In contrast to other nucleators, formins retain their ability
to associate with the fast-growing ends of filaments following nucleation (Breitsprecher &
Goode, 2013). Another widely known nucleator is the Arp2/3 complex that binds to pre-
existing filaments to activate its nucleating potential, thus giving rise to “branches” of
newly polymerizing actin filaments (Svitkina, 2018). However, the Arp2/3 can bypass the
necessity of a pre-existing filament when associated with other regulatory factors, which
may be required to trigger branching biogenesis (Wagner et al., 2013). While both
nucleators can create different types of actin networks, their nucleation activity bringing
monomers together reduces the kinetical barrier for new actin monomer incorporation,

and thus helps to overcome the rate-limiting step of nucleation.

%3\1‘ 0 ‘;3;0 {ﬁ
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Figure 1-2. Nucleation of actin monomers

Cartoon schematic showing the steps leading to the formation of a stable actin “nuclei”
containing three monomers. Right arrows denote the association rates; left arrows
indicate disassociation rates. Note that once an actin “nuclei” containing more than three
monomers is assembled, the incorporation of an additional subunit is more favorable that
the disassembly of one of its subunits. Adapted from (Pollard, 2016).



Elongation
Once the kinetical barrier for nucleation has been overcome, a stable actin “nuclei” can
serve as a template for the incorporation of additional monomers at both ends, a process
known as “elongation” (Chesarone & Goode, 2009). Although the diameter of each
monomer is ~5 nm, the incorporation of a single monomer to the resulting length of a
filament is ~2.7 nm (Schaus et al., 2007). For instance, a 100-nm filament segment will
consist of approximately 40 monomers (see scale bar in Figure 1-3 A). As alluded to
earlier, due to the intrinsic asymmetry of actin monomers, their incorporation into
filaments takes place in an oriented fashion (Sept et al., 1999). One way to determine
such polarity is to label filaments with the myosin subfragment-1 (S1) (Hirokawa et al.,
1982). This results in a filament decorated with arrowheads exposing the intrinsic filament
polarity: the nucleotide-binding cleft resides at the “pointed end”, and the targeting-binding
cleft resides at the “barbed end” (Figure 1-3 A). Notably, these structural differences at
both ends of the filament create two kinetically distinct ends with the “barbed end” as the
site for fast monomer incorporation, and the “pointed end” as the site for much slower
monomer incorporation (Pollard & Cooper, 1986; Welch & Mullins, 2002) (Figure 1-3 B).
A classic study reported the rates of actin polymerization at the barbed and pointed
ends growing out of the actin-based acrosomal process of horseshow crab sperm
(Pollard, 1986). Specifically, this study estimated the association rate constants (kon; M-
1s1) and dissociation rate constants (kof; ™) of ATP- and ADP-bound monomers to/from
filament ends (Figure 1-3 B). Using those rates, the resulting Kof/Kon ratio gives rise to
the dissociation equilibrium constant (Kp; uM), also known as the “critical concentration”

(Cc) because it refers to the minimal monomer concentration required to elongate a



filament. Thus, in the case of ATP-bound actin, the critical concentration ends up being

0.12 uM for the barbed ends; and 0.6 yM for the pointed ends (Pollard, 1986).

A

Pointed end
growth

Decorated
seed

Barbed end
growth

Figure 1-3. Elongation, polarity, and rate constants of F-actin

(A) Negative staining EM image of an actin filament decorated with myosin sub-fragment
S1 showing a faster polymerization at the “barbed end” than the “pointed end” as
evidenced by the undecorated filament segments.

(B) Cartoon schematic of F-actin showing the different rate constants for ATP and ADP
at both the pointed ends and barbed ends. The smaller number denotes the on and off
rates (k), and the large numbers show the resulting dissociation constant (or critical
concentration) Koft/Kon.

Adapted from (Pollard, 2016).



How do cells control actin elongation?
Although the critical concentration of monomers in solution controls the elongation rates
at both ends of an actin filament, cells employ other accessory proteins or elongation
factors to speed up polymerization. In addition to their nucleation role, formins can also
serve as actin elongation factors (Chesarone & Goode, 2009). While formins still use their
dimeric FH2 domain to engage with the barbed during filament elongation, they also
contain structurally disordered FH1 domains harboring polyproline regions with a strong
affinity for actin-bound profilin (Higgs, 2005). Such affinity for profilin-monomers allows
formin to elongate filaments from the barbed ends using the large pool of profilin-actin
monomers found in solution. Another well-studied elongation factor is
Enabled/Vasodilator-Stimulated Phosphoprotein (Ena/VASP), which can multimerize into
a tetramer (Krause et al., 2003). Recent reconstitution assays determine that as a
tetramer, Ena/VASP can simultaneously associate to barbed ends of four filaments, thus
promoting their bundling and elongation (Winkelman et al., 2014). Similar to formins,
Ena/VASP harbors a poly-proline motif within its EVH2 domain that binds to profilin-actin
(Krause et al., 2003). While both formins and Ena/VASP are elongation factors that can
increase the elongation rates of the barbed ends, their function can be antagonized by
other barbed end-specific factors such as capping protein (Higgs, 2005; Krause et al.,
2003), which can cease polymerization from barbed ends.

Traditionally, elongation factors were thought to be exclusive at the barbed ends.
However, a very recent study showed that the Vibrio proteins VoF and VopL can promote
faster elongation from the pointed ends (Kudryashova et al., 2022). Whether host proteins

can also promote pointed end elongation remains an open question.



Hydrolysis and treadmilling

As an ATPase, monomeric actin is very inefficient at hydrolyzing ATP (McCullagh et al.,
2014). However, the incorporation of G-actin into F-actin triggers structural
rearrangements that flatten even more the monomer, which stimulates the hydrolysis of
ATP within the nucleotide-binding cleft (Oda et al., 2009). The hydrolysis of ATP actin into
ADP-Pi actin takes place within ~2 seconds (Blanchoin & Pollard, 2002). This is followed
by the phosphate release within the next ~350 seconds leaving ADP actin alone (Carlier
& Pantaloni, 1986) (Figure 1-4). Although ATP is not required for polymerization, the
hydrolysis of ATP functions as a molecular timer for filament aging and remodeling (Bugyi
& Carlier, 2010).

These three different nucleotide conformations (ATP-actin, ADP-Pi-actin, ADP-
actin) create structural differences along the length of the filament from the barbed end
to the pointed end. Recent structural studies indicate that such differences may be subtle,
as there are no major structural differences along the three filament conformations
(Reynolds et al., 2022). Yet, the ADP actin conformation creates more flexible filaments
compared to the more rigid filament segments created by ATP/ADP-P; actin (McCullough
et al., 2008; Reynolds et al., 2022).

Early in filament polymerization, the availability of actin monomers promotes the
elongation of both the barbed ends and the pointed ends. However, as filaments get
longer, the availability of monomers will drop to a stationary concentration (Cs), which will
only favor the incorporation of monomers to the barbed ends, with the simultaneous
removal of an equal number of monomers from the pointed ends (Figure 1-5). This

process is also known as steady-state treadmilling, which is fueled by the hydrolysis of



ATP, and is required for many cellular functions including cell migration, adhesion, and

cytokinesis, among others (Bugyi & Carlier, 2010).
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Figure 1-4. Hydrolysis of F-actin (“filament aging”)

Cartoon schematic showing an actin filament oriented with its barbed end towards the
bottom. ATP-actin hydrolysis rapidly takes place (~2 seconds), while the dissociation of
Pi is slightly slower (~350 seconds). Adapted from (Pollard, 2016).
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Figure 1-5. Elongation rates of F-actin as a function of G-actin concentration

The critical concentration of the barbed ends (Cc*) is ~0.12 yM; while the critical
concentration at the pointed ends (Cc’) is ~0.6 puM. Monomer concentrations below Cc*
favor disassembly at both ends. Monomer concentrations above Cc™ favor assembly at
both ends. Monomer concentrations between Cc* and Cc (~Cs) favor steady-state
treadmilling. Adapted from (Chen et al., 2000).



How does actin assemble into higher-order structures?
As a highly dynamic polymer, actin can be harnessed by cellular systems to create
complex cytoskeletal structures consisting of multiple filaments arranged in specific
configurations. Depending on the type of accessory proteins, the resulting higher-order

actin structures can be classified as branched actin networks and linear actin bundles.

Branched actin networks

Branched actin networks, also known as “dendritic networks”, are found predominantly at
the leading edge of migrating cells (Svitkina & Borisy, 1999). Although branched actin
networks may appear as a meshwork of randomly oriented filaments in electron
micrographs, they are highly organized with all their barbed ends uniformly oriented
towards the leading edge of cells (Svitkina et al., 1997). Such ultrastructural organization
is assembled by the Arp2/3 complex, which crosslinks filaments (Blanchoin et al., 2014).
To function as a crosslinker, the Arp2/3 complex needs to be activated by nucleation
promoting factors (NPF), which enables Arp2/3 binding to the side of a “mother” filament
(Mullins et al., 1998). In this configuration, the Arp2/3 complex can promote the nucleation
of “daughter” filaments exhibiting a characteristic angle of ~70° relative to the “mother”
filament (Mullins et al., 1998). Subsequent generations of “daughter” filaments will give
rise to the resulting branched actin network (Svitkina & Borisy, 1999) (Figure 1-6 A).
Remarkably, the tree-like architecture of branched networks has been recapitulated using
in vitro reconstitution TIRF assays (Amann & Pollard, 2001). The simultaneous assembly

of Arp2/3 complex-driven branched actin networks combined with actin treadmilling can
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generate forces across the leading edge of cells to push the membrane boundary forward
and promote cell motility (Wang, 1985).

As the availability of actin monomers is limited, monomers comprising branched
actin networks must be recycled and reincorporated at the barbed ends to continue
pushing the leading edge (Pollard & Borisy, 2003). This can be orchestrated by severing
and depolymerization factors such as cofilin (Bamburg, 1999). Cofilin preferentially severs
aged filaments (i.e., ADP F-actin) (Blanchoin & Pollard, 1999), and depolymerizes
monomers from pointed ends (Shekhar & Carlier, 2017; Wioland et al., 2017). Given that
aged “mother” filaments comprising a branched actin network are located at the rear back
of cells, cofilin may be responsible for their disassembly at those ends (Blanchoin et al.,
2014). Moreover, cofilin binding to aged filaments reduces the affinity of Arp2/3 complex
to the side of filaments in reconstitution assays, which suggests that cofilin may also
promote debranching of these actin networks, thus facilitating its turnover (Chan et al.,

2009).

Linear actin bundles
Actin filaments comprising linear bundles can be found in arrangements of mixed polarity
(i.e., antiparallel) or uniform polarity (i.e., parallel). In all those cases, actin-bundling

proteins are responsible for crosslinking filaments laterally into a compact core bundle.

Actin bundling proteins

The minimal requirement for a protein to function as an actin bundler is to have at least

two actin-binding domains (ABD), which can bridge two adjacent filaments together (Otto,
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1994). However, having a single ABD may be enough for a bundler with the ability to
assemble into a dimer or oligomer (Matsudaira, 1991). Although not an exclusive feature,
ABDs usually consist of two calponin homology domains in tandem (Sjoblom et al., 2008).
Interestingly, the separation between ABDs in a functional bundling protein defines the
resulting inter-spacing between actin filaments (Matsudaira, 1994; Pollard, 2016) (Figure
1-6 B-C). Recent studies show that these differences in filament spacing generated by
bundlers function as a sorting mechanism to favor the recruitment of other actin-binding
proteins (Winkelman et al., 2016). Other common features that can be found in actin
bundling proteins are regulatory modules (i.e., Ca?* sensing motifs) or membrane binding
motifs (Matsudaira, 1991).

In addition to their ability to crosslink adjacent actin filaments, bundling proteins
can also conduct other functions. One classic example is the bundler villin, which can
also sever actin filaments in response to high Ca?* concentrations, thus promoting the
remodeling of actin bundles (Bretscher & Weber, 1980a; Ferrary et al., 1999; Revenu et
al., 2007). Interestingly, purified villin also displays capping activity of barbed ends, as
well as nucleation activity (Glenney Jr. et al., 1981). These various functions of villin can
be regulated by phosphorylation (Zhai et al., 2001). The case of villin highlights the
functional versatility of actin bundling proteins in addition to their crosslinking activity,

which could be regulated in response to specific stimuli.

Antiparallel actin bundles

This type of bundle consists of filaments of mixed polarity with barbed and pointed ends

facing either orientation (Figure 1-6 B). Such antiparallel organization is particularly
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beneficial for myosin-driven force generation that allows essential cellular processes such
as cytokinesis and cell adhesion (Blanchoin et al., 2014; Burridge & Wittchen, 2013;
Reymann et al.,, 2012). In the case of cytokinesis, antiparallel bundles and myosin
assemble an actomyosin contractile ring underneath the membrane boundary of the cell,
which provides mechanical force to drive cell division in eukaryotes (Barr & Gruneberg,
2007). Although myosins are crucial players that drive contractility, the cytokinetic ring
still exerts constriction when myosins are inhibited, which suggests that cytokinesis can
still take place in a myosin-independent manner (Davies et al., 2014; Xue & Sokac, 2016).
A recent study found that the actin bundling protein anillin can assemble actin bundles in
a ring-like pattern, and are sufficient to promote the constriction of these rings in vitro
(Kucera et al., 2021). Thus, actin bundling proteins may be contributing to the contractile
forces exerted during cell division. Other types of antiparallel bundles are those
comprising the ventral stress fibers. These bundles are tethered to focal adhesions,
serving as an anchoring point for myosin-driven cell adhesion and migration (Cramer et
al., 1997; Hotulainen & Lappalainen, 2006).

In antiparallel bundles comprising the contractile ring and stress fibers, a-actinin is
a common bundler responsible for conferring these bundles with the characteristic mixed
polarity conformation (Cramer et al., 1997; Li et al., 2016). As a monomer with a single
ABD, a-actinin dimerizes into a large structure, creating a ~45 nm inter-spacing between
the actin filaments it crosslinks (Hampton et al., 2007) (Figure 1-6 B). Such long inter-
filament spacing driven by a-actinin has been shown to inhibit binding and bundling of
other factors that create much smaller inter-spacings between filaments such as fascin

(~8 nm) (Winkelman et al., 2016).
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Parallel actin bundles

Bundles of uniform polarity consist of filaments with their barbed ends pointing toward the
same direction, usually against the plasma membrane (Chhabra & Higgs, 2007). As the
barbed ends are the site of fast monomer incorporation, these can be harnessed to
generate a pushing force to deform the plasma membrane into finger-like protrusions
(Atilgan et al., 2006) (Figure 1-6 C). Depending on the cell type, a parallel bundle can
support membrane protrusions to explore the surrounding environment as in the case of
filopodia (Svitkina et al., 2003); to increase the surface area for maximizing nutrient
absorption or reabsorption as in the case of microvilli (Mooseker & Tilney, 1975); or to
function as mechanosensory structures on the surface of inner hair cells as in the case
of stereocilia (Barr-Gillespie, 2015).

While branched actin networks and antiparallel linear bundles are essential for
conducting multiple cellular processes, in the following sections we will focus on how
polarized parallel bundles are built. Although multiple accessory proteins are responsible
for maintaining this type of linear bundles, we will highlight the role of crosslinking proteins
that are responsible for interconnecting filaments next to each other, which give rise to

the filopodium, stereocilium, and microvillus.
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Figure 1-6. Higher-order actin structures

Cartoon schematic showing the various actin arrays assembled by crosslinking proteins.
Examples include branched actin network assembled by Arp2/3 complex (A); and linear
actin bundles of mixed polarity (parallel and antiparallel bundles) assembled by bundlers
(B-C). NPF: Nucleation Promoting Factor; CP: Capping Protein. Adapted from (Blanchoin
et al., 2014).
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What is a filopodium?
About a century ago, a filopodium was first described as an “extremely fine filamentous
pseudopodia” growing out of the surface of nerve cells (Harrison, 1910). We now know
that a filopodium is a membrane protrusion supported by a polarized linear bundle
consisting of ~10 — 30 actin filaments, which have their barbed ends oriented towards the
distal protruding tips (Mattila & Lappalainen, 2008; Mellor, 2010). A single filopodium
exhibits an average diameter of ~0.1 — 0.3 ym, and a more variable length that can range
from ~10 pm in fibroblasts up to ~150 ym in mesenchymal cells of chick embryos
(Sanders et al., 2013; Welch & Mullins, 2002). Although filopodia display a short lifespan
(< 60 min), they are highly dynamic structures that undergo cycles of extension and
retraction at a rate of ~ 10 um/min (Ozel et al., 2015; Wood & Martin, 2002). These
features allow filopodia to carry out diverse functions including cell migration, wound
healing, chemoattractant guidance, and extracellular matrix adhesion in various cell types
across species (Mattila & Lappalainen, 2008). The ubiquitous nature and availability of
filopodia have allowed researchers to understand their composition and propose models

for their assembly.

How are filopodia assembled?

Two models have been proposed to explain how a filopodium is assembled: “tip-
nucleation” and “convergent elongation” models, although they may not be mutually
exclusive (Mattila & Lappalainen, 2008) (Figure 1-7). The “convergent elongation” model
postulates that cells harness the uniform polarity of pre-existing branched actin networks

to converge multiple filaments into a reduced area underneath the plasma membrane,
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which will create enough force to generate a filopodium (Svitkina et al., 2003). Although
this model acknowledges the role of a tip complex (i.e., formins, Ena/VASP) organizing
the convergent filaments, it highlights the Arp2/3 complex and the branched actin network
as main precursors of a filopodium (Yang & Svitkina, 2011). Conversely, the “tip-
nucleation” model proposes that filaments are assembled de novo at focal points near the
plasma membrane, primarily driven by formins (Mattila & Lappalainen, 2008). As such,
this model argues that core bundles supporting filopodia are generated independent of
Arp2/3-driven branched actin networks (Mattila & Lappalainen, 2008; Yang & Svitkina,
2011). Evidence supporting this model comes from electron micrographs showing an
apparent discontinuity between the underlying branched actin networks and the basal
end of core bundles, which seem to end as an unbranched “terminal cone” in the case of
the amoeba Dictyostelium discoideum (Mattila & Lappalainen, 2008). Interestingly, this
same organism assembles filopodia in an Arp2/3-independent fashion, further supporting
the “tip-nucleation” model (Steffen et al., 2006).

Despite the controversy between the “convergent elongation” and “tip-nucleation”
models, both models propose that filaments are elongated by Ena/VASP or formins
accompanied by their bundling by fascin. Although Ena/VASP or formins may contribute
to the initiation of bundle formation, bundling by fascin will provide enough flexural rigidity
to deform the plasma membrane (Atilgan et al., 2006; Blanchoin et al., 2014). Thus far,
fascin has been documented as the only bundling protein responsible for crosslinking
filaments that make up the core bundles of filopodia (Vignjevic et al., 2006). Interestingly,
reconstitution studies suggest that fascin exclusively assembles parallel actin bundles in

vitro (Breitsprecher et al., 2011; Jansen et al., 2011). This feature presumably allows
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fascin to help orchestrate the polarity of the resulting core bundles that support filopodial
protrusions. Although force generation to deform the plasma membrane has been
proposed to be driven by monomer incorporation to the barbed ends (Theriot, 2000), a
recent study highlights the role of barbed-end directed myosins in contributing to
generating the force needed to elongate protrusions (Fitz et al., 2023).

As filopodia are ubiquitous on multiple cell types, these protrusions have served
as a classical model to study the assembly and dynamics of actin-based protrusions.
Moreover, filopodia have also been used as a heterologous model system to investigate
the function of factors specific to other actin-based protrusions such as stereocilia and
microvilli (He et al., 2019; Weck et al., 2020).
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Figure 1-7. Models of filopodia biogenesis

(A) Convergent elongation model. A pre-existing Arp2/3-nucleated branched actin
network along with other accessory factors converge multiple filaments onto the plasma
membrane to give rise a core actin bundled by fascin, which will generate enough force
to push the membrane boundary (1-5).
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(B) Tip-nucleation model. A tip complex primarily consisting of formins assemble at focal
points below the plasma membrane (1), which drives de novo polymerization of multiple
actin filaments (2) that will generate the resulting core actin bundled by fascin (3).
Adapted from (Yang & Svitkina, 2011).

What is a stereocilium?

Stereocilia are actin-based protrusions arranged in rows of increasing height, which give
rise to a staircase-shaped structure known as the “hair bundle” (Schwander et al., 2010).
Stereocilia protrusions comprising each row are interconnected with their neighboring
stereocilia of adjacent rows through cadherin tip-links (Kazmierczak et al., 2007). As a
result of this unique architectural organization, a stereocilia hair bundle functions as a
mechanosensory structure that converts mechanical stimuli (i.e., sound waves) into
electrical currents, which ultimately translates into hearing (Schwander et al., 2010).
Although stereocilia maintain their staircase pattern on the surface of each hair cell, their
length is variable depending on their localization within the inner ear (Tilney et al., 1992).
This length variability allows hair bundle stereocilia to detect different sound frequencies
(Manor & Kachar, 2008).

Thus, the length of a stereocilium can range from ~1 ym up to 120 ym (Manor &
Kachar, 2008); while their width can vary between 0.12 and 0.2 uym (Tilney & Saunders,
1983). Thus, the number of constituent actin filaments can also be highly variable with
hundreds of them supporting a protrusion (Schwander et al., 2010). In all cases, filaments
extend their barbed ends towards the distal tips, and their pointed ends are anchored into
an actin meshwork known as the cuticular plate (Tilney et al., 1980). Interestingly,

stereocilia protrusions taper at their base, which is accompanied by a decrease in the
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number of filaments at the rootlets (McGrath et al., 2017). This narrowing of the stereocilia
diameter at their base enhances their sensitivity to sound waves by allowing them to pivot

(McGrath et al., 2017).

How are stereocilia assembled?

Early in development, the apical surface of hair cells is populated by short actin-
based microvilli-like protrusions, and a single microtubule-based protrusion known as
kinocilium (McGrath et al., 2017). Importantly, the kinocilium contributes to the growth and
positioning of the hair bundle, presumably by remodeling the existent microvilli-like
protrusions (Barr-Gillespie, 2015; McGrath et al., 2017) (Figure 1-8). Although some
studies invoked formins as nucleators that may be involved in the assembly of stereocilia
(Drummond et al., 2012), there is no evidence showing that formins are present in
stereocilia. Thus, our understanding of how actin is nucleated early in stereocilia
biogenesis remains unknown. However, some early factors that may orchestrate the
assembly of actin in stereocilia include EPS8, which specifically localizes at the tip of
stereocilia protrusions, promoting their elongation (Manor et al., 2011). Moreover, EPS8
seems to form a tripartite complex with myosin-15a and whirlin, all of which cooperate to
regulate stereocilia elongation (Manor et al.,, 2011; McGrath et al., 2017). Filaments
comprising stereocilia are crosslinked by isoforms of the bundlers espin (Sekerkova et
al., 2006; Zheng et al., 2000), plastin (Taylor et al., 2015), and fascin (Chou et al., 2011).
Interestingly, TRIOBP-4 was identified as another bundler that selectively targets the
rootlet of stereocilia (Kitajiri et al., 2010). Interestingly, TRIOBP-deficient mice exhibited

deafness, failure to grow rootlets, and less rigid stereocilia (Kitajiri et al., 2010),
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presumably as a result of the tight packing of actin filaments that TRIOBP confers in vitro.
Among all bundling proteins, espin is present early in development suggesting that it may
be an early bundler that initiates the bundling and packing of loose filaments, followed by
plastin-1, and fascin (Frolenkov et al., 2004; Shin et al., 2010; Taylor et al., 2015; Zheng
et al., 2000).

The core bundles supporting stereocilia were initially reported to undergo
treadmilling (Rzadzinska et al., 2004). Nevertheless, more recent studies indicate that
only a very small segment of the distal end of core bundle stereocilia undergoes
treadmilling, while a much larger segment of these core bundles is stable and does not
turn over (Drummond et al., 2015; Narayanan et al., 2015).

Although multiple factors of stereocilia hair bundle have been identified, it remains
elusive how they are temporally and spatially controlled during all the various phases of
stereocilia. One major challenge to studying this is the lack of cell culture models to
recapitulate these events. Yet the recent development of organoid models that mimic

inner hair cell biology may provide new insights into these mechanisms (Liu et al., 2016).
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Figure 1-8. Model of stereocilia biogenesis

Cartoon schematic displaying actin remodeling during various stages (E8-Adult) of
stereocilia differentiation in chicks’ hair bundle. The upper rows show lateral views of a
stereocilium, while the bottom row shows cross-sections. Note that actin filaments (red)
are loosely packed early in stereocilia differentiation, and become more packed upon the
arrival of bundling proteins (blue).

Adapted from (Frolenkov et al., 2004).
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The following section on the assembly of microvilli was originally published as:
Morales, E. A., Gaeta, I., & Tyska, M. J. (2023). Building the brush border, one microvillus
at a time. Current Opinion in Cell Biology, 80, 102153.

What is a microvillus?
Epithelial monolayers lining the lumens of hollow organs consist of polarized cells that
build large numbers of microvilli on their apical surface, which maximize the potential for
interacting with lumenal contents (Helander & Fandriks, 2014). In the specific case of
nutrient absorbing enterocytes, the dominant cell type in the intestinal monolayer, a single
cell builds several thousand microvilli on its apical surface during differentiation. The
result is a unique array - referred to as the “brush border” - defined by its striking
morphological order and uniformity (Crawley, Mooseker, et al., 2014a; Delacour et al.,
2016; Sauvanet et al., 2015) (Figure 1-9 A-B). Given that the vertebrate gut epithelium is
an abundant source of brush border material, enterocyte microvilli have been the focus
of ultrastructural and biochemical investigations for many vyears. Indeed, our
understanding of the cytoskeletal composition and structure of microvilli is in large part
based on decades of investigation in this system, which began with Mooseker and
Tilney’s discovery of actin as a highly abundant protein in isolated brush border fractions
(Tilney & Mooseker, 1971).

Moving forward ~50 years to present day, we now know that microvilli exhibit a
simple architecture consisting of a supporting core bundle of 20-40 actin filaments
encapsulated by plasma membrane (Mooseker & Tilney, 1975; Ohta et al., 2012) (Figure
1-9 C-D). Filaments in this bundle are packed together by a complement of bundling
proteins including villin (Bretscher & Weber, 1979), espin (Bartles et al., 1998), fimbrin

(Bretscher & Weber, 1980b), and MISP (Morales et al., 2022). The core bundle is laterally
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tethered to the enveloping plasma membrane by membrane-actin linking proteins,
including ERM family protein ezrin (Gould et al., 1986), and class 1 myosins such as
myosin-1a (Conzelman & Mooseker, 1987; Tyska et al., 2005), and myosin-1d (Benesh
et al., 2010). The resulting structure is a cylindrical membrane protrusion ~1-2 ym in
length and ~100 nm in diameter. Importantly, individual actin filaments in a core bundle
are polarized, with all barbed ends - the favored site of actin monomer incorporation — at
the distal tip (Mooseker et al., 1982; Mooseker & Tilney, 1975; Pollard & Mooseker, 1981).
Conversely, all pointed ends extend down into the sub-apical cytoplasm, where they are
embedded in a cytoskeletal meshwork referred to as the “terminal web” (Hirokawa et al.,
1982; Hirokawa & Heuser, 1981; Palay & Karlin, 1959a, 1959b). Most but not all these
filaments appear to run continuously from the distal tip down to the proximal (Ohta et al.,
2012). The two ends of the core bundle are also defined by the enrichment of specific
factors; all barbed ends at the distal tip are strongly decorated with EPS8 and BAIAP2L1
end (Croce et al., 2004; Postema et al., 2018), which both contain structural motifs with
the potential to link plasma membrane to the actin cytoskeleton. The basal ends of core
bundles are associated with distinct factors including COBL (a putative actin nucleator)
(Ahuja et al., 2007; Beer et al., 2020; Grega-Larson et al., 2015), Tmod3 (a pointed end
capper) (A. Weber et al., 1994; K. L. Weber et al., 2007), and non-muscle myosin-2 (a
force generator and potential actin disassembly factor) (Chinowsky et al., 2020). Finally,
in a mature brush border, microvillar packing is driven and organized by tip-tip adhesion
links that consist of a heterophilic complex of two protocadherins, CDHR2 and CDHRS5 .
These adhesive factors are positioned at microvillar tips by the barbed end directed motor

myosin-7b (Chen et al., 2001; Weck et al., 2016) via interactions that are mediated by
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the two scaffolding proteins, ANKS4B and USH1C (Crawley et al., 2016; Crawley, et al.,
2014; Li et al., 2016, 2017; Weck et al., 2020; Yu et al., 2017) (Figure 1-10). A similar
complex links the distal tips of stereocilia on the surface of mechanosensory hair cells
(He et al., 2019; Li et al., 2016, 2017; Yu et al., 2017) and inactivating mutations in those
factors or their binding partners result in sensory disorders, including Usher syndrome

(Geléoc & El-Amraoui, 2020).

When and where do cells build microvilli?

As microvilli are defining features of the functionally mature epithelial cells, they are
assembled in large numbers during differentiation. In the context of the intestinal
epithelium, this process takes place on the surface of nascent enterocytes as they migrate
out of stem cell-containing crypts on to the villus surface. Although the precise timing of
this transition remains unclear, in mice the entire ~500 ym voyage from crypt to villus tip
takes ~5 days (van der Flier & Clevers, 2009). Differentiation takes place over the course
of only a few cell diameters (< 25 ym) along this axis as they pass through the crypt-villus
transition. These spatial and temporal points of reference allow us to estimate that the
2000-3000 microvilli that ultimately comprise a mature brush border are assembled over
a time scale of hours. Thus, timely control of the factors that regulate the growth of

microvilli is essential for completing differentiation.
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Figure 1-9. Structural organization of the brush border microvilli

(A) H&E staining of a section of the small intestine displaying the villus domain as a large
finger-like protrusion, and the crypt domain as an invagination in between two villus. Scale
bar = 50 pym.

(B) TEM image of a section of an enterocyte displaying a uniform brush border on their
apical surface. Scale bar = 1 ym.

(C) TEM image of the apical section of an enterocyte showing the microvilli protrusions
comprising the brush border. Scale bar. = 0.2 ym.

(D) Zoom-in of a single microvillus showing the core actin bundles supporting the
encapsulating membrane protrusion. Scale bar = 0.1 ym.

Adapted from (Crawley, et al., 2014Db).

How are microvilli assembled?

Given that microvilli are actin bundle-supported structures, understanding how
constituent actin filaments are polymerized and bundled to create these core cytoskeletal
units are key goals. To build a core bundle, actin polymerization must first be initiated at
the proper sites, immediately subjacent to the apical plasma membrane. The resulting

nascent filaments must also be elongated to the required length, aligned, and bundled in
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a polarized manner such that all their growing barbed ends are situated directly against
the membrane. In this arrangement, they can work together to generate the mechanical
force needed to produce the outward membrane curvature that is characteristic of
microvilli (Footer et al., 2007; Theriot, 2000). Importantly, approximately 30 filaments must
be polymerized, such that the collective force generated at the distal end of a bundle will
exceed the threshold bending stiffness of the plasma membrane without buckling (Atilgan
et al., 2006; Mogilner & Rubinstein, 2005; Orly et al., 2014). Moreover, recent live cell
imaging studies demonstrate that not all core bundles are assembled in a de novo
fashion, as a subset are templated from the bundles in pre-existing microvilli (Gaeta et
al., 2021). How microvillar actin polymerization is initiated or templated, and how filaments
are elongated, oriented, and bundled in parallel are all fundamental open questions, but
recent studies are offering exciting mechanistic hints, which are discussed in more detail

below.

How are core bundle actin filaments generated?

As an individual immature epithelial cell migrates through the crypt-villus transition, a
sparse lawn of nascent microvilli transforms into a densely packed array consisting of
thousands of microvilli (Pothier & Hugon, 1980). Because an individual microvillus
contains thousands of actin monomers, building an entire brush border demands 10s of
millions of subunits. Interestingly, high levels of G-actin accumulate in the sub-apical
region of both immature and differentiated enterocytes (Faust et al., 2019), and
incorporation of these subunits into filaments might be regulated by the monomer binding

protein, profilin (Rotty et al., 2015; Suarez et al., 2015), which is also enriched sub-apically
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(Faust et al., 2019). Recent high resolution live-cell imaging also revealed that “clouds”
of G-actin accumulate at the plasma membrane in the minutes preceding protrusion
growth (Gaeta et al., 2021). Actin monomer availability, which can impact the growth of
specific actin networks (Burke et al., 2014; Rotty et al., 2015; Suarez et al., 2015) is
limiting during the assembly of microvilli, as increasing the supply of G-actin (e.g. by
inhibiting the ubiquitous nucleation activity of Arp2/3) increases the actin content and
length of microvilli (Faust et al., 2019).

Beyond the availability of cytoskeletal building blocks, assembling a microvillus
also requires molecular machinery for controlling actin monomer-monomer interactions
and forming polymerization competent “nuclei” in space and time. Proteomic studies of
brush border enriched fractions have identified some interesting candidates (McConnell
et al., 2011; Revenu et al., 2012). One such factor is Cordon bleu (COBL), which harbors
three actin monomer-binding WH2 domains arranged in tandem near its C-terminus.
COBL might promote filament nucleation by stabilizing three monomers configured in a
short pitch helix (Chen et al., 2013; Husson et al., 2011). Although such nucleation activity
is predicted to be weak (Dominguez, 2016), studies have indicated that it may be
enhanced by Ca?* and calmodulin (Hou et al., 2015), and potentially by PRMT2-driven
methylation at the arginine residue within its second WH2 domain, which promotes strong
G-actin binding in the context of neuronal branching (Hou et al., 2018). In vitro studies of
COBL fragments have also revealed other diverse activities including filament severing
and monomer sequestration (Husson et al., 2011; Jiao et al., 2014). Importantly, loss-
and gain-of-function studies in epithelial cell culture models implicate COBL in the control

of microvillar growth and length control, although the details appear model dependent
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(Grega-Larson et al., 2015; Wayt & Bretscher, 2014). Mice lacking COBL exhibit structural
perturbations in the brush border terminal web, consistent with a role in organizing the
cytoskeleton in this compartment (Beer et al., 2020). Intestinal tissue in these animals
appear grossly normal, but this is expected given the high capacity for functional
compensation noted in previous studies of mice lacking key brush border structural
components (Ferrary et al., 1999; Revenu et al., 2012; Tyska et al., 2005). COBL also
contains an N-terminal polyproline rich domain that associates with the SH3 domain of
PACSINZ2, an F-BAR protein that drives enrichment of this factor on the apical membrane
(Grega-Larson et al., 2015; Schwintzer et al., 2011; Wayt & Bretscher, 2014). To date,
aside from COBL, no other factors with actin nucleation potential have been identified in
microvilli. Moreover, a contribution from the ubiquitous Arp2/3 nucleation complex, which
generates branched actin filament networks, has also been ruled out (Faust et al., 2019;
Grega-Larson et al., 2015). Thus, despite persistent confusion in the literature, COBL
must remain a candidate for generating the actin filaments that comprise the microvillar

core bundle.

How are core bundle actin filaments elongated?

Once actin monomers are brought together to form a stable nucleus, subsequent
elongation of its barbed end to produce a filament of functional length is likely driven by
one or more factors that prevent barbed end capping. Formins hold filament elongation
potential (Kovar & Pollard, 2004) and were identified as brush border components in two
proteomic studies (McConnell et al., 2011; Revenu et al.,, 2012). Although SMIFH2

inhibition of formins failed to impair microvillar growth in cell culture models (Grega-
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Larson et al., 2015), those results are difficult to interpret in light of this compound’s off
target effects on myosin motors (Nishimura et al., 2021), which have also implicated in
microvillar length control (Chinowsky et al., 2020). Other leading candidate elongation
factors are EPS8 and its binding partner, BAIAP2L1, which target to the distal ends of
microvilli where filament barbed ends reside. EPS8 contains N-terminal motifs that may
support membrane association, a central SH3 domain capable of dimerization, and C-
terminal actin binding motifs, and was originally suggested to function in filament capping
and bundling (Hertzog et al., 2010). Through polyproline motifs, EPS8 interacts with the
SH3 domain found in BAIAP2L1. BAIAP2L1 in turn contains an I-BAR domain that drives
localization to regions of outward membrane curvature (like that found at microvillar tips)
and may promote dimerization; a poorly conserved C-terminal WH2 domain also provides
additional actin binding potential. Indeed, overexpression of BAIAP2L1 is sufficient to
rescue the microvillus length defect in cells lacking EPS8, while a mutant of BAIAP2L1
lacking the WH2 domain does not (Postema et al., 2018). Based on experiments in
intestinal epithelial cell culture models, EPS8 and BAIAP2L1 work together to promote
core bundle elongation (Postema et al., 2018). Although EPS8 and BAIAP2L1 colocalize,
EPS8 in particular demonstrates exquisitely specific enrichment in puncta at the distal
ends of microvilli (Postema et al., 2018), and related structures including the filopodia
found at the edge of motile cells and stereocilia that extend from the apex of
mechanosensory cells (Croce et al., 2004; Manor et al., 2011). As one might expect based
on its unique localization, EPS8 has been implicated in protrusion length control in these
different contexts (Croce et al., 2004; Disanza et al., 2006; Manor et al., 2011; Postema

etal., 2018).
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Recent live imaging studies revealed that EPS8 puncta target to the apical surface
and mark future sites of microvillar growth minutes before core bundle assembly begins,
further suggesting that this factor may be involved in initiation as well as elongation (Gaeta
et al., 2021). Moreover, after a core bundle forms, the initiating EPS8 punctum persists
at its distal end, and loss of this punctum is followed immediately by core bundle
disassembly (Gaeta et al., 2021). Notably, the core bundles that support nascent microvilli
exhibit robust treadmilling (Loomis et al., 2003; Tyska & Mooseker, 2002), an activity that
drives the movement of these protrusion across the apical surface (Meenderink et al.,
2019). Such dynamics are also regulated by EPS8 and BAIAP2L1 and are hypothesized
to play a key role in organizing microvillar packing as protrusion density increases
(Meenderink et al., 2019). Whether the EPS8/BAIAP2L1 complex exerts definitive anti-
capping activity, which one might expect for factors that promote elongation, remains to
be determined.

In addition to the de novo polymerization of core bundle actin filaments, which
would necessarily require an actin nucleator, newer live imaging data also points to a
second distinct pathway for growing core bundles, which takes advantage of filaments in
pre-existing core bundles, rather than growing new polymers de novo. Indeed, a subset
of nascent microvilli emerge from a process whereby a “mother” microvillus gives rise to
a “daughter”, which typically grow from the base of the pre-existing protrusion (Gaeta et
al., 2021). Notably, classic ultrastructural studies attempting to capture microvillus re-
growth events in tissue explants perturbed with hydrostatic pressure, were the first to
document evidence of “forked” microvilli that were consistent with a mother/daughter

growth mechanism (Tilney & Cardell, 1970). Evidence of daughter growth was also
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recently captured in vivo in the C. elegans intestine (Zhu et al., 2022), suggesting this
mode of microvilli growth may be widespread. How might a daughter microvillus grow
from the base of a mother? Although EPS8 and BAIAP2L1 are tip specific factors, they
occasionally travel in a retrograde fashion to the base of a treadmilling mother microvillus
and eventually appear to template daughter growth laterally from the pre-existing core
bundle (Gaeta et al., 2021; Meenderink et al., 2019). One possibility is that retrograde
movement of these factors represents a subset of filaments that fall behind in terms of
elongation relative to other filaments in the treadmilling core, and then - with the help of
EPS8 and BAIAP2L1 - restart elongation near the base of mother microvillus where

monomer concentrations are expected to be higher.

How are actin filaments bundled with uniform polarity?

Classic ultrastructural studies used S1 labeling to establish that all actin filaments in the
core bundle extend their barbed ends toward the distal tip (Hirokawa & Heuser, 1981).
Such “pbarbed end out” orientation is a common feature of actin-supported surface
protrusions, which makes physical sense considering that barbed end elongation
potentially generates pushing force for creating outward membrane curvature. How this
orientation is created during microvillar assembly remains unclear, although one
possibility is that nascent filaments are oriented as they are brought together during
filament bundling, which is driven by multiple enterocyte-expressed factors including villin,
espin and fimbrin (Bartles et al., 1998; Bretscher & Weber, 1979, 1980b). Intriguingly,
triple KO mice lacking all three of these molecules (VEP KO) still assembled microvilli

suggesting the existence of other bundling proteins (Revenu et al., 2012). Although EPS8
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was initially invoked as a bundling protein that might compensate, its specific localization
to the distal tips of protrusions argues against a conventional bundling activity throughout
the length of the core bundle (Gaeta et al., 2021). More recently, Mitotic Spindle
Positioning (MISP) was identified as a new unconventional bundling protein that
selectively bundles the rootlet ends of microvilli (Kumeta et al., 2014; Morales et al.,
2022). Whether MISP or other yet-to-be-identified bundlers compensate bundling activity
in VEP KO mice remains an open question.

Are any of these bundling factors sufficient for driving uniform filament polarity?
Intriguingly, fimbrin-actin bundles assembled in vitro exhibit polarized S1 labeling,
suggesting that this factor may be capable driving uniform polarity in cells (Glenney et al.,
1981). In enterocyte brush borders, fimbrin appears to accumulate closer to the pointed
ends of core bundle filaments (Grimm-Gunter et al., 2009). MISP also exhibits highly
preferential localization near the basal/pointed ends of microvillar actin filaments (Morales
et al., 2022), and can recruit fimbrin to bundled actin in cells, suggesting their preferential
binding to one end could provide a mechanism for orienting filament polarity. Binding near
filaments ends might not be essential, however, as espin is generally found along the
length of the actin core and its overexpression in cultured cells appears to be sufficient
for assembling exaggerated bundles consisting of filaments of uniform polarity (Loomis
et al., 2006). The filopodial bundler, fascin, also localizes uniformly along the length of
bundles it creates and is sufficient for driving uniform filament polarity in these structures
(Jansen et al., 2011; Vignjevic et al., 20006).

Whereas actin bundling proteins generally exhibit filament side binding potential,

another possible non-mutually exclusive mechanism for orienting actin filaments involves
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barbed end binding factors such as EPS8, which as alluded to above, marks sites of
microvillar growth and remains persistently attached to the core bundle distal end through
its lifetime (Gaeta et al., 2021). Given that EPS8 also associates with the apical plasma
membrane - either directly or through binding partner, BAIAP2L1 - it is well positioned to
orient filament barbed ends against the membrane during core bundle assembly. The
proposal that specific membrane-associated protein machinery organize core bundle
growth dates back to classic ultrastructural studies, which collectively revealed that the
distal ends of core bundles in newly forming and fully formed microvilli make contact with
the plasma membrane at electron dense patches (Mooseker & Tilney, 1975; Tilney &
Cardell, 1970). Such sites were hypothesized to be enriched in factors that control actin
assembly. Although EPS8 is a reasonable candidate constituent of these electron dense

regions, this remains to be confirmed experimentally at the ultrastructural level.
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Figure 1-10. Model of microvilli biogenesis

(A) Sites of microvillus growth are marked by discrete puncta containing EPS8 and
BAIAPP2L1. As the only actin nucleator identified in microvilli thus far, COBL might play
a role in generating actin filaments de novo.

(B) A complex of EPS8/BAIAP2L1 drives the elongation of core bundle filaments.

(C) Filament alignment could be promoted by EPS8 together with bundling activities of
MISP, fimbrin (PLS1), villin (VIL1), and espin (ESPN). Membrane encapsulation of the
core actin bundle is orchestrated by the membrane-cytoskeleton linking factors ezrin
(EZR), myosin-1a (MYO1A), and myosin-1d (MYO1D), and this coincides with core
bundle elongation.

(D) In addition to de novo growth, a nascent microvillus can also give rise to a daughter
microvillus laterally in a process that takes advantage of recycled EPS8 and BAIAP2L1.
(E) Microvilli packing is driven by the intermicrovillar adhesion complex, which consists of
protocadherins CDHR2 and CDHRS, the actin-based motor, myosin-7b (MYO7B) and
scaffold proteins, USH1C and ANKS4B. Microvillar rootlet ends are interconnected by
non-muscle myosin-2 (MYH4). Steps highlighted by the dashed box denote events that
have being less explored microvilli assembly. Adapted from (Morales et al., 2023).
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MISP: The elusive actin-binding factor in microvilli

C190rf21, a 75 kDa protein, was originally discovered in a proteomic study using nuclear
matrix fractions (Hirano et al., 2009; Ishii et al., 2008). Functional characterization studies
later revealed that C190rf21 is an actin-binding protein that localizes to the cell cortex and
promotes spindle/chromosome orientation during cell division, and thus was named
Mitotic Spindle Positioning (Maier et al., 2013; Zhu et al., 2013). In this context, MISP
orients the mitotic spindle by stabilizing its astral microtubules, which are projected toward
the cell cortex. MISP indirectly engages with astral microtubules, presumably as a result
of its ability to directly interact with end-specific factors of microtubules (i.e., EB1, p1509ued
and the dynamin/dynactin complex) (Zhu et al., 2013). Moreover, MISP has been also
found to directly interact with the active form of ezrin in vitro, yet they do not seem to fully
overlap on the surface of epithelial and non-epithelial cells (Kschonsak & Hoffmann,
2018). Although some studies reported MISP being uniformly distributed at the cell cortex
(Maier et al., 2013; Zhu et al., 2013), MISP has also been found at the base of filopodia
of growth cones, and in stereocilia of hair cells (Kumeta et al., 2014).

Structural predictions show that MISP is largely disordered (Figure 1-11), which
may explain the insolubility of its full-length version in previous purification attempts
(Kumeta et al., 2014). Interestingly, biochemical studies found that MISP functions as an
actin-bundling protein (Kumeta et al., 2014), harboring at least three actin-binding
fragments within its amino acid sequence (169-351 aa; 352-524 aa; 525-680 aa) (Figure
5-5). Furthermore, MISP also harbors multiple phosphorylation sites within its amino acid

sequence, some of which are required for MISP function in promoting mitotic progression
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(Zhu et al., 2013). Recently, it was found that phosphorylation may also control the ability
of MISP to bind and bundle actin filaments in vitro (Maarof et al., 2021).

Recent studies have implicated the role of MISP in disease. Using DSS-induced
colitis models, one study showed MISP KO mice exhibit loss of intestinal crypts,
presumably as a result of reduced proliferation (Hiura et al., 2023). Such phenotype was
accompanied by significant weight loss compared to wild-type mice, which was indicative
of abnormal brush border function. Another study found that MISP expression levels were
upregulated in pancreatic cancer cells, which promoted increased migration and invasion
of these cell models in vitro (Huang et al., 2022).

In a proteomic analysis of native brush border microvilli, we found peptides
corresponding to an “uncharacterized” protein referred to as C19orf21, which coincided
with a similar hit our lab obtained in a previous proteomic analysis (McConnell et al.,
2011). Human Protein Atlas confirmed that C190rf21/MISP exhibited a strong localization
to brush border microvilli in H&E staining (Uhlén et al., 2015), which motivated us to

explore its role as an actin-binding factor in brush border microvilli.

Figure 1-11. Predicted structure of human MISP
Source: AlphaFold (https://alphafold.ebi.ac.uk/entry/Q8I1VT2)
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Summary
The ability of actin monomers to assemble into polymers allows cells to create
architectural networks essential for specific cellular functions. The assembly,
maintenance, and recycling of such diverse actin networks are tightly regulated by
multiple actin-binding proteins. Among those accessory factors, actin bundlers provide
the mechanical stability that shapes these actin networks while maintaining their dynamic
nature.

Some remarkable examples of these actin networks are the polarized linear
bundles that shape the membrane protrusions that make up filopodia, stereocilia, and
microvilli. In the case of microvilli, a study found that triple KO mice for three known actin
bundlers were still able to assemble microvilli protrusions (Revenu et al., 2012), invoking
the existence of yet-to-be-identify actin bundlers, which may carry out compensatory
functions. In this work, we identify Mitotic Spindle Positioning (MISP) as a fourth actin
bundling protein of microvilli.

MISP was originally described as an actin-binding protein functioning in the context
of cell division (Maier et al., 2013; Zhu et al., 2013). One biochemical study exploring the
actin binding function of MISP found that it had bundling potential (Kumeta et al., 2014).
Motivated by finding peptides corresponding to MISP in a proteomic analysis of native
brush border, we sought to characterize the actin-binding role of MISP at a tissue-,
cellular- and single-molecule level.

In Chapter Ill, we characterized the function and localization of MISP in native
intestinal tissue and cell culture models using confocal and structured illumination

microscopy. Here, we identified MISP as a new resident of brush border microvilli,
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functioning as a bundling protein. Unlike other bundlers, we found that MISP exhibits a
selective decoration of the rootlets of microvilli. Moreover, this selective localization of
MISP is required for rootlet maintenance and brush border assembly. At the end of this
chapter. we showed that the cytoskeleton-membrane crosslinker ezrin is partially
responsible for MISP restriction to rootlets.

In Chapter IV, we characterized the biochemical properties of MISP binding to F-
actin. Using in vitro reconstitution assays and TIRF microscopy, we revealed that MISP
displays a preferential association to the pointed ends of aged actin filaments (i.e., ADP
F-actin), which are highly enriched in microvillar rootlets. We next found that MISP can
assemble multi-filament arrays of antiparallel and parallel bundles. The assembly of such
higher-order parallel bundles likely reflects the specific binding of MISP to the pointed
ends of filaments.

Taken together, our findings reveal that MISP is confined to rootlets by extrinsic
and intrinsic mechanisms, which likely contribute to the assembly and maintenance of the
brush border microvilli. Moreover, MISP’s selective binding to the pointed ends, along
with its bundling capacity sheds light on a potential mechanism to establish the polarity

of core actin bundles at early stages of their assembly.
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CHAPTERII

MATERIAL AND METHODS

Cell culture

Ls174T-W4 cells (W4; human colon epithelial cancer cells), CACO-2BBE cells (human
colorectal adenocarcinoma epithelial cell line), LLC-PK1-Cl4 cells (CL4; pig kidney
epithelial cells), HeLa cells (human cervical cancer cell line), and HEK293T cells were
cultured in Dulbecco’s modified Eagle’s (DMEM) medium with high glucose and 2 mM L-
glutamine (Corning; 25-005-Cl). Ls174T-W4 cells (a generous gift from Dr. Hans Clevers)
were grown in media supplemented with 10% tetracyclin-free fetal bovine serum (Atlanta
Biological, S10350), 1 mg/ml G418 (Gold Biotechnology; G-418), 10 ug/ml blasticidin
(Gold Biotechnology; B-800), and 20 ug/ml phleomycin (InvivoGen; ant-ph-1). For CACO-
2BBE cells, the media was supplemented with 20% fetal bovine serum. For LLC-PK1-
Cl4, HelLa, and HEK293T cells, the media was supplemented with 10% fetal bovine

serum. All cultured cells were grown at 37 °C and 5% CO2.

Cloning and constructs

The full length human MISP sequence harbored in a pCMV-SPORT plasmid (Harvard
PlasmID Database; HsCD00326629) was subcloned by PCR and TOPO-cloned into a
pCR™8 Gateway entry vector (Invitrogen; 46-0899). In-frame sequence insertion was
confirmed by sequencing. MISP was then shuttled into Gateway-adapted plasmids:

pEGFP-C1, pmCherry-C1, and pHALO-C1. Similarly, the human beta-actin and UtrCH
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sequences were cloned and shuttled into a Gateway adapted HALO-C1 plasmid. To
create lentiviral expression vectors, the human MISP sequence was subcloned by PCR
and inserted into a puromycin-resistant pLVX1-EGFP backbone by restriction enzyme
digestion using Xhol and BamHI. The human fimbrin and villin sequences were cloned
into a pEGFP-C1 plasmid (Clontech; 6084-1). The pEGFP-N1 construct harboring the
human ezrin sequence was purchased from Addgene, plasmid# 20680. The pEGFP-C1-
espin (rat small espin) was a generous gift from Dr. Jim Bartles. To create baculovirus
expression vectors, the MISP and EGFP-MISP sequences were subcloned into modified
pFastBac-6xHis-MBP LIC expression vector (Addgene; plasmid #30116). All constructs

were confirmed by sequencing.

Transfection and lentivirus production

For overexpression experiments except in Figure 3-4 G, cells were transfected using
Lipofectamine2000 (Invitrogen; 11668019) according to the manufacturer’s instructions.
For stable overexpression experiments in Figure 3-4 G, cells were transduced with
lentiviral particles expressing pLVX-EGFP or pLVX-EGFP-MISP. For KD experiments,
cells were transduced with lentiviral particles expressing PLKO.1 scramble control and
MISP-targeted shRNA plasmids (Sigma-Aldrich; TRCNO0000422523,
TRCNO0000116527). For both stable overexpression and KD experiments, lentiviral
particles were generated by transfecting HEK293T cells with 6 pg of the corresponding
lentiviral expression vector alluded to above, 4 ug psPAX2 packing plasmid (Addgene,
12260), and 0.8 ug pMD2.G envelope plasmid (Addgene; #12259) using FUGENE 6

(Promega; E2691). Lentiviral particles were harvested and concentrated using a Lenti-X
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Concentrator (Clontech; 631231). Concentrated lentiviral particles were supplemented
with polybrene (Sigma-Aldrich; H9268) and incubated with W4 cells at 80% confluency.
After 24 hours, the media was replaced with fresh media containing puromycin (Gold
Biotechnology; P-600-100) for selection. Selection was applied for 14 days, replacing with
fresh selection media every other day. For KD experiments, rescue assays were

conducted using an EGFP-MISP construct designed to be refractory to shRNA KD.

Tissue immunostaining

Frozen tissue sections were washed with 1X PBS and blocked with 5% Normal Goat
Serum (Abcam; ab7481) for 2h at room temperature. Sections were washed and
incubated with primary antibodies overnight at 4 °C. Primary antibodies used were rabbit
anti-MISP (Thermo Scientific; PA5-61995), or rabbit anti-Cofilin (Sigma; C8736). Tissue
sections were then washed with 1X PBS and incubated with Alexa-Fluor-568 Phalloidin
(Invitrogen; A12380), Wheat German Agglutinin (WGA) 405M (Biotium; 29028-1), and
F(ab’)2-goat ant-rabbit IgG Alexa-Fluor-488 (Molecular probes; A11070) for 2 h at room
temperature. Tissue sections were washed with 1X PBS and mounted in ProLong Gold

(Invitrogen; P36930).

Cell immunostaining

Cells grown on a glass coverlips were fixed with 4% paraformaldehyde (EMS; 15710) in
1X PBS for 15 minutes at 37 °C. Fixed cells were washed with 1X PBS, and permeabilized
with 0.1% Triton X-100 in 1X PBS for 15 minutes at room temperature. Cells were washed

with 1X PBS and blocked with 5% Bovine Serum Albumin (BSA) in 1X PBS for 2 hours
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at room temperature. Cells were washed and incubated with primary antibodies overnight
at 4 °C. Primary antibodies used were anti-MISP (Thermo Scientific; PA5-61995), anti-
villin (Santa Cruz; sc-66022), anti-ezrin (CST; 3145). Cells were washed with 1X PBS
four times for 5 minutes and incubate with secondary antibodies. Goat anti-rabbit Alexa
Fluor 488 F(ab’)2 Fragment (Molecular Probes; A11070), goat anti-mouse Alexa Fluor
568 F(ab’)2 Fragment (Molecular Probes; A11019), Alexa Fluor 568-phalloidin
(Invitrogen; A12380), Wheat Germ Agglutinin 405M (WGA) (Biotium; 29028-1), DRAQS
(Thermo Scientific; 62251). Cells were washed again with 1X PBS and mounted on glass

slides using ProLong Gold (Invitrogen; P36930).

Western blot analysis

Cell lysates were prepared using RIPA buffer (Sigma-Aldrich; R0278) supplemented with
protease inhibitors (Roche; 04693124001). Samples were centrifuged at 20,000 x g for
15 minutes to remove cell debris. The resulting supernatant was boiled with Laemmli
sample buffer for 5 minutes. Samples were then loaded on a 4-12% NuPAGE gradient
gel (Invitrogen; NP0322BOX). Gels were transferred onto a nitrocellulose membrane at
30V for 18 hours. Membranes were blocked with 5% dry milk diluted in 1X PBS containing
0.1% Tween-20 (PBS-T) for 2 hours at room temperature. The membranes were
incubated with primary antibody diluted in 1X PBS-T containing 1% BSA overnight at 4°C.
Primary antibodies used were anti-MISP (Thermo Scientific, PA5-61995), anti-villin
(Santa Cruz; sc-66022), anti-GAPDH (Cell Signaling; 2118), anti-B-actin (Sigma-Aldrich;
A5316). Membranes were then washed with 1X PBS-T and incubated with secondary

antibodies for 1 hour at room temperature. Secondary antibodies used were IRdye 800
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donkey anti-rabbit (LI-COR; 926-32213) or donkey anti-mouse (LI-COR; 926-32212).
Membranes were washed with 1X PBS-T and imaged using the Odyssey CLx infrared
scanner (LI-COR). Images were processed using the FIJI software (NIH). Protein

expression levels were normalized to GAPDH.

Confocal and super-resolution microscopy, and image processing

Laser scanning confocal imaging was conducted using Nikon A1 Microscope equipped
with 405, 488, 561 and 645 nm LASERs, Apo TIRF 100x/1.45 NA, Plan Apo 60x/1.4 NA,
Plan Fluor ELWD 40x/0.6 NA objectives. Live-cell imaging was conducted using a Nikon
Ti2 Eclipse equipped with 488, 561 and 645 nm excitation LASERs, Apo TIRF 100x/1.49
NA and Plan Fluor 40x/1.3 NA objectives, a Hamamatsu X1 spinning disk, and
Photometrics Prime 95B sCMOS or Hamamatsu Orca-Fusion BT sCMOS cameras.
FRAP was also conducted using a Bruker mini-scanner module capable of producing ROI
specific 405 nm photo-stimulation. Images were deconvolved and/or denoised using
Nikon Elements software. Super-resolution imaging was performed using a Nikon
Structured Illumination Microscope (N-SIM) equipped with 405, 488, 561 and 640 nm
LASERs, an SR Apo TIRF 100x/1.49 NA objective, and an Andor iXon Ultra DU-897
EMCCD camera. Images were reconstructed using Nikon Elements software. For
imaging in all microscope modalities, gain was matched between samples during image

acquisition.
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TIRF microscopy and image processing

Total Internal Reflection Fluorescence (TIRF) and Laser Scanning Confocal microscopy
imaging were conducted using the Nikon A1 Microscope equipped with 405, 488, 561 nm
LASERSs, Apo TIRF 100x/1.45 NA objective, and an Evolve EMCCD camera for the TIRF
modality (Photometrics Technology). Images were denoised using Nikon Elements
software for images shown in Figures 4-3, 4-4, 4-5, 4-7. During imaging acquisition, the

gain was matched between samples for comparison.

Transmission electron microscopy

To prepare MISP/F-actin mixtures for electron microscopy (EM), F-actin was prepared as
previously described. Phalloidin-stabilized F-actin was incubated with or without purified
MISP at a 5:1 molar ratio overnight at 4 °C. Carbon-coated copper grids (EMS; cat#
CF300-Cu) were glow discharged and coated with 0.1% poly-lysine solution for 15 min
and washed 2 times with ddH20 to remove free poly-lysine. Samples were incubated with
the grids for 15 min, briefly washed with ddH20, and negative stained with 2% uranyl
acetate. Images were collected on a FEI Tecnai T-12 transmission electron microscope

operating at 100 kV using an AMT CMOS camera.

Protein purification

6xHis-MBP-MISP and 6xHis-EGFP-MBP-MISP constructs were expressed in Sf9 insect
cells. Insect cell pellets were resuspended in lysis buffer (20 mM Tris HCI, 0.3 M KCI, 10
mM imidazole, 10% glycerol, 2 mM DTT, pH 7.5) supplemented with protease inhibitors

(Roche, 5892953001). Resuspended samples were lysed using a Dounce homogenizer
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and passed through an 18-gauge needle to shear DNA. The resultant lysate was then
centrifuged at 35,000 rpm in a Ti 50.2 rotor (Beckman) for 30 minutes at 4 °C. Clarified
lysates were then filtered using a 0.45 pym syringe filter. Samples were then loaded into a
HisTrap column according to the manufacturer protocol and eluted with a 50-500 mM
linear imidazole gradient (pH 7.5). Protein purity was assessed by SDS-PAGE. Eluted
protein was concentrated using a centrifugal filter (Millipore; UFC803024). For in vitro EM
experiments, the 6xHis-MBP tag was cleaved from 6xHis-MBP-MISP using a TEV
protease (NEB; P8112) for 1 hour at room temperature. The cleaved 6xHis-MBP tag was
removed by incubating the solution with Ni-NTA magnetic beads (NEB; S1423) for 1 hour
at 4 °C. The solution was then placed in a magnetic rack to separate the bead-bound
6xHis-MBP fraction from MISP. The purified full length MISP was run in an SDS-PAGE

gel to confirm successful cleavage.

Actin co-sedimentation assays

Rabbit skeletal G-actin (Cytoskeleton Inc., AKL99) was resuspended according to
manufacturer instructions. Resuspended G-actin were centrifuged at 100,000 x g to
remove aggregated monomers. G-actin was then polymerized according to the
manufacturer instruction. For low-speed sedimentation assays, F-actin was stabilized
with phalloidin (Sigma-Aldrich, A22287), and centrifuged at 20,000 x g to precipitate
nonspecific aggregates. F-actin (5 yM) was incubated with increasing concentrations of
6xHis-MBP-MISP (0-5 pM) for 15 minutes at room temperature. Subsequently, all
MISP/F-actin sample series were centrifuged at 10,000 x g for 20 minutes at room

temperature. For high-speed sedimentation assays, MBP-MISP (0.5 uM) was incubated
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with increasing concentrations of non-stabilized F-actin (0 - 10 uM) for 2 hours at 4 °C.
Subsequently, all MISP/F-actin sample series were centrifuge at 100,000 x g for 30
minutes at 4 °C. In low- and high-sedimentation assays, the supernatant was carefully
removed without disrupting the pellet. Both supernatant and pellet fractions were boiled
with samples buffer and run into a 4-12% NuPAGE gradient gel (Invitrogen,
NP0322BOX). Gels were stained with Coomassie blue (Bio-Rad, 1610786) and imaged

in a gel imaging system (Bio-Rad, Gel Doc™ EZ System).

In vitro reconstitution assays

Coverslip functionalization. Coverslips (Thorlabs, CG15KH) were placed into a glass
jar, bathed in acetone for 30 minutes, incubated in ethanol for 15 minutes, and washed in
MiliQ water three times. Subsequently, the coverslips were sonicated in 2% Hellmanex
or 2% Micro90 for 2 hours at room temperature in a water bath sonicator, followed by
series of washes in MiliQ water. Coverslips were then transferred into a 0.1 M KOH bath,
incubated for 30 minutes, washed in MiliQ water and dried with clean nitrogen gas. For
functionalization, coverslips were submerged in a glass jar containing mPEG-Silane
(Laysan Bio Inc, MPEG-SIL-5000) or Biotin-mPEG-Silane (Laysan Bio inc, Biotin-PEG-
SIL-5K) solution, and protected from light for 18 hours. The next day, coverslips were
washed with clean ethanol and MiliQ water. Finally, coverslips were dried once again with

clean nitrogen gas and stored at 4 °C for up to two weeks.

TIRF flow channel preparation. Strips of double-sided tape were placed along the

length of the functionalized side of a coverslip leaving a gap of approximately 2-3 mm
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between each strip. Flow channels were made by placing the coverslip/tape strips on a
clean glass slide. The flow channels were subsequently sealed by gently pressing the
areas with tape in between glass sides, and stored at 4°C. Before each experiment, the
flow channels were washed with high salt (50 mM Tris-HCI pH 7.5, 600 mM KCI, 1% BSA)
and low salt (50 mM Tris-HCI pH 7.5, 150 mM KCI, 1% BSA) buffers, blocked with 1X
TBSA (50 mM Tris-HCI pH 7.5, 50 mM KCI, 1% BSA) for 5 minutes, and coated with 0.1

— 1 pg/ml streptavidin (SIGMA, 189730) for 5 minutes.

Actin preparation. Rhodamine-actin (Cytoskeleton, ARO0S), biotin-actin (Cytoskeleton,
ABOQ7), and black actin (Cytoskeleton, AKL99) were resuspended in G-actin buffer (5 mM
Tris-HCI, pH 8.0; 0.2 mM CaCl.) supplemented with 0.2 mM ATP (SIGMA, 10519979001)
and mixed at a final ratio of 20:1:79, respectively. Alternatively, G-buffer was
supplemented with 0.2 mM AMP-PNP (SIGMA, A2647) to prepare non-hydrolysable ATP-
bound filaments. Subsequently, the resulting G-actin mix was ultracentrifuged at 90K rpm
for 30 minutes at 4°C in an ultracentrifuge (Beckman, Optima TL 100) to remove actin

oligomers and/or aggregates.

MISP binding on immobilized F-actin. G-actin was mixed with TIRF polymerization
buffer (50 mM KCI, 1 mM MgClz, 1 mM EGTA, 10 mM Imidazole pH 7.0, 50 mM DTT, 0.2
mM ATP, 15 mM Glucose, 0.5% Methylcellulose, 1X Oxyrase, 0.1% BSA), and flowed in
through a streptavidin-coated flow channel at a final concentration of 500 nM. At this
concentration, actin is expected to polymerize exclusively from the barbed ends while the

pointed ends depolymerize very slowly. Once the polarity of filaments was determined as
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evidenced by the exclusive and rapid elongation from barbed ends, EGFP-MISP
molecules were flowed in at a final concentration of 12.5 nM, and its binding position

relative to the filament was monitored over time.

MISP-driven anchoring of F-actin. Biotin-anti-6xHis antibodies (SIGMA, MA1-21315-
BTIN) were flowed in through a streptavidin-coated flow channel. Subsequently, EGFP-
MISP molecules (harboring a 6xHis tag at the N-terminus) were flowed in at a final
concentration of 12.5 nM, incubated for 5 minutes to allow for their immobilization. To
monitor short filament capturing events, G-actin (500 nM) was mixed with TIRF
polymerization buffer and polymerize for approximately 5 minutes before flowing in the

reaction through the MISP-immobilized flow channel.

Preparation of ADP, ADP-Pi, and ATP-like F-actin

F-Actin was generated as described earlier but was stabilized with unlabeled phalloidin
(ThermoFisher, P3457) to allow for dilution below the critical concentration (< 100 nM).
Phalloidin was also added at different time points of polymerization to generate F-actin in
the ADP and ADP-Pi state as previously described (Zimmermann et al., 2015). To note,
phalloidin was included in all buffers throughout these assays to maintain the nucleotide

state of filaments, especially in the case of the ADP-Pi condition.

ADP F-actin phalloidin stabilized. Rhodamine-biotin G-actin (1 uM) was polymerized

at room temperature, and phalloidin (2 yM) was added at a 2:1 molar ratio. F-actin was

further aged for 24 hours before conducting assays.
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ADP-Pi F-actin phalloidin stabilized. Rhodamine-biotin G-actin (1 yM) was polymerized
at room temperature in the presence of phalloidin (2 uM) at a 2:1 molar ratio, and used

within the next 24 hours of preparation.

AMP-PNP F-actin phalloidin stabilized. Rhodamine-biotin G-actin (1 pM) was
polymerized at room temperature in the presence of the nucleotide analog AMP-PNP (0.2
mM) and phalloidin (2 yM) at a 2:1 molar ratio, and used within the next 48 hours of
preparation.

In all experiments, all different versions of actin flaments were flowed in into the
TIRF channel, washed with TIRF buffer. Subsequently, EGFP-MISP in TIRF buffer was

flowed in into the TIRF channel as imaging was in progress to determine dwell times.

Quantification
All images were process and analyzed using Nikon Elements software or FIJI software
package (https:/ffiji.sc). Time series volumes from live imaging experiments were

registered using the StackReg plugin in FIJI as needed.

Analysis of signal intensity in intestinal tissue samples. To measure signal intensities
along microvilli, a 1-pixel-wide line scans were drawn along the base-tip axis of BB. To
measure signal intensities in the BB along the crypt-villus axis, an ROI containing the BB

was drawn and straightened using the Straighten plugin in FIJI; average intensities were
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calculated across the resulting rectangle. All intensity values were normalized from 0
(base) to 1 (tip) and fit to a Gaussian curve using PRISM v. 9.0.

Analysis of BB assembly in W4 cells. To quantify the percentage of W4 cells capable
of forming BBs, cells exhibiting a single polarized cap of F-actin (representing a BB) were
counted manually. For rescue experiments, only W4 cells expressing an EGFP-MISP
refractory construct were scored. To quantify the overall actin intensity in W4 cells,
multiple ROls containing single cells were generated using Nikon Elements software, and

F-actin intensities measured in each ROI.

Measuring the lengths of microvilli and rootlets in W4 cells. For the purposes of
quantification throughout the paper, we define a microvillus as the segment of a core
bundle that is wrapped in plasma membrane, and ‘rootlet’ as the segment that is free of
membrane wrapping. Microvilli and rootlet lengths were measured separately using a
membrane marker to delineate the boundary of these regions. To calculate membrane
coverage (i.e. fraction of the core bundle wrapped in membrane), we summed the
average lengths of microvilli and rootlets per cell to obtain a total core bundle length. We
then calculated membrane coverage as the ratio of average microvilli length to total core

bundle length.

Inter-filament spacing. To quantify the spacing between MISP-bundled actin filaments,
EM images were process using the FFT bandpass filter in FIJI. We used image filtering
to remove small structures down to 10 pixels (6 nm) and large structures up to 100 pixels

(50 nm). Line scans were then drawn perpendicular to tightly packed actin filaments,
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signal intensity was plotted, and the distance between peaks was measured. For control
conditions, actin bundles with an inter-filament spacing of less than 20 nm were

considered for quantification and processed as described above.

FRAP analysis. ROIs of similar area were drawn over the microvilli and rootlets of W4
cells, and bleached using a 405 nm LASER steered with a Bruker mini-scanner. Cells
were imaged for 30 seconds before photobleaching, bleached over the course of 5 sec,
and then imaged every 10 sec for 30 min to capture signal recovery dynamics. All intensity
values for each condition were normalized from 0 to 1 and plotted together to facilitate
comparison. Average values for each condition were fit using two-phase association

curves.

Microvilli and rootlet assembly in W4 cells. To quantify the intensity of actin turnover
in the microvilli and rootlets in W4 cells overexpressing mCherry-MISP, EGFP-fimbrin and
HALO-B-actin, we drew ROls delimiting these domains in the B-actin channel. As cells
were not synchronized in their differentiation following doxycycline addition, in each cell
we set ‘0’ as the time frame where the 3-actin signal in the rootlet domain increased above

background.

Ezrin inhibition in W4 cells. To quantify MISP enrichment to the BB upon ezrin inhibition
in W4 cells overexpressing mCherry-MISP, ezrin-EGFP, and HALO-UtrCH, we drew ROI
containing the BB in the B-actin channel. As the effect of NSC668394 on ezrin inhibition

from the BB was not synchronized across cells, we arbitrarily set the time point ‘0’ as 9
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frames (22.5 minutes) before ezrin signal dropped below background. All intensity values
for each condition were normalized from O to 1 and plotted together to facilitate

comparison.

MISP dwell time on phalloidin-stabilized F-actin. Line scans were drawn along movies
of actin filaments longer than 2 ym and converted into kymographs. From these
kymographs, the dwell time of multiple MISP binding events along the filament were
measured and plotted in a histogram. Only finite MISP dwell times were considered for

fitting purposes.

MISP binding on polymerizing F-actin. The distribution of MISP binding events on
filaments were calculated as follows: A single MISP binding event was considered
positive if it remained stably bound to a single actin filament longer than 8 frames (i.e., 70
seconds). A line scan was drawn along the corresponding filament in the first frame of
MISP binding to determine the filament length. The maximum MISP peak intensity was

used as a reference point to determine its “distance from the pointed ends”.

MISP apparent association rates. Rectangular ROIs (2 x 1.2 ym) were drawn along
immobilized filaments (50 nM), which were used to measure EGFP-MISP (50 nM)
fluorescence intensity over time. Intensity values were plotted and fitted with an

exponential curve to estimate the apparent association rates.
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MISP-driven anchoring of single actin filaments. Anchoring events refer to events
where a single polymerizing filament was immobilized by a single MISP puncta. A
“pointed end anchoring event” was considered positive when the captured filament kept
polymerizing from the opposite free end. A “barbed end anchoring event” was considered
positive when the filament kept polymerizing from the captured end. Events that did not

meet these criteria were considered as “side capturing events”.

MISP-driven bundling of two actin filaments. We manually quantified the number of
MISP-driven bundling events of two filaments by observing the direction of their growth
before or after they overlapped. If filaments were already overlapping, their direction of
growth was evident by the increase in the intensity of two filaments compared to one
filament. To quantify the intensity of EGFP-MISP, we drew 0.5um x 2-pixel lines scans
along 1- and 2- filaments at multiple time points. Values were then arbitrarily normalized

to generate the plot.

Statistical analysis

Statistical significance was performed using the unpaired T-test for pairwise comparison.
Statistical correlation was conducted using the Pearson correlation coefficient for
colocalization analysis. All statistical analysis was computed in PRISM v. 9.0.

(GraphPad).
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CHAPTERIII
MITOTIC SPINDLE POSITIONING (MISP) IS AN ACTIN BUNDLER THAT
SELECTIVELY STABILIZES THE ROOTLETS OF EPITHELIAL MICROVILLI

Originally published as:

Morales, E. A., Amaiz, C., Krystofiak, E. S., Zanic, M., & Tyska, M. J. (2022). Mitotic
Spindle Positioning (MISP) is an actin bundler that selectively stabilizes the rootlets of
epithelial microvilli. Cell reports, 39(3), 110692.

Summary
Microvilli are conserved actin-based surface protrusions that have been repurposed
throughout evolution to fulfill diverse cell functions. In the case of transporting epithelia,
microvilli are supported by a core of actin filaments bundled in parallel by villin, fimbrin,
and espin. Remarkably, microvilli biogenesis persists in mice lacking all three of these
factors, suggesting the existence of unknown bundlers. We identified Mitotic Spindle
Positioning (MISP) as an actin binding factor that localizes specifically to the rootlet end
of the microvillus. MISP promotes rootlet elongation in cells, and purified MISP exhibits
potent filament bundling activity in vitro. MISP-bundled filaments also recruit fimbrin,
which further elongates and stabilizes bundles. MISP confinement to the rootlet is
enforced by ezrin, which prevents decoration of the membrane-wrapped distal end of the
core bundle. These discoveries reveal how epithelial cells optimize apical membrane

surface area and offer insight on the remarkable robustness of microvilli biogenesis.
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Introduction

Surface protrusions are essential features that enable cells to interact with the external
environment in all domains of life. Choanoflagellates, the closest living relatives of
animals, are unicellular eukaryotes that developed one of the earliest known polarized
feeding systems consisting of long-lived actin-based protrusions, which we now generally
refer to as microvilli (Sebé-Pedros et al., 2013). Multicellular eukaryotes eventually
maximized solute transport by compartmentalizing large numbers of microvilli on the
surface of specialized hollow organs (Pefia et al., 2016). In animals, striking examples of
such organization are found on the apical luminal surface of enterocytes in the small
intestine, where densely packed arrays of thousands of microvilli extend from the surface
of individual cells, collectively forming the brush border (BB) (Crawley, Mooseker, et al.,
2014b). In other specialized cases, arrays of microvilli have been repurposed for diverse
functions including sperm recognition in oocytes, mechanosensation in inner ear hair
cells, and light detection in photoreceptor cells, among others (Lange, 2011).

An individual microvillus extends from the cell surface as a finger-like membrane
protrusion, supported by a core of 20-40 actin filaments bundled in parallel (Mooseker &
Tilney, 1975; Ohta et al., 2012). Core actin bundles exhibit lengths on the micron scale
and flexural rigidities high enough to deform the enveloping plasma membrane (Atilgan
et al., 2006). Previous studies established that at least three bundlers assemble the
microvillar core bundle: villin, fimbrin (also known as plastin-1), and espin (Bartles et al.,
1998; Bretscher & Weber, 1979, 1980b). Villin is the first bundler recruited apically during
BB differentiation, followed by fimbrin, and espin (Bartles et al., 1998; Ezzell et al., 1989).

Single villin or espin knockout (KO) mice exhibit near-normal microvillar morphology and
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organization (Ferrary et al., 1999; Pinson et al., 1998; Revenu et al., 2012). In contrast,
fimbrin KO mice exhibit microvilli that are ~15% shorter (Grimm-Gunter et al., 2009;
Revenu et al., 2012). Remarkably, villin-espin-fimbrin triple KO mice are viable and their
enterocytes still assemble apical BBs, although microvillar length is reduced by ~40%
(Revenu et al.,, 2012). This latter finding underscores the remarkable robustness of
microvillar growth and further suggests that BB assembly is driven by multiple factors
operating in parallel, some of which may remain unidentified.

Within the microvillus, actin filaments that comprise the core bundle are oriented
with their barbed ends toward the distal tip and pointed ends extending down into the
subapical cytoplasm (Mooseker & Tilney, 1975). The barbed ends are the preferred site
of new actin monomer incorporation whereas the pointed ends are the favored site of
disassembly (Pollard & Mooseker, 1981). Kinetic differences at the two ends create a
system that allows subunits to flux retrograde through the core bundle in a process
referred to as ‘treadmilling’ (Kirschner, 1980). Indeed, recent studies with epithelial cell
culture models revealed that treadmilling is crucial for microvilli assembly and motility
(Gaeta et al., 2021; Meenderink et al., 2019).

While a long segment of the core bundle protrudes from the cell surface enveloped
in plasma membrane, a much shorter segment — the ‘rootlet’ — extends down into the
subapical cytoplasm. Core bundle rootlets are directly linked to a dense filamentous
network called the ‘terminal web’, an organelle-free zone that presumably regulates
trafficking to and from the apical plasma membrane (Mooseker et al., 1983).
Ultrastructural studies first suggested that rootlets are interconnected with terminal web

filaments at least in part by non-muscle myosin-2 and spectrin (Hirokawa et al., 1982).
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Deep in the terminal web, rootlets appear to be directly crosslinked with a meshwork of
cytokeratins (Hirokawa et al., 1982, 1983). One possible crosslinking factor is the actin
bundler fimbrin, which is found along the length of the core bundle with an apparent
enrichment on the rootlet (Grimm-Gunter et al., 2009). Based on the highly interconnected
nature of filaments throughout the terminal web, this network likely serves as a physical
platform that offers long-term stability and mechanical support for protruding BB microuvilli.
Although core bundle rootlets can only interact with the terminal web filaments if they
remain free of membrane wrapping, factors that protect the proximal end of the bundle
from membrane encapsulation during microvillar growth remain undefined.

Biophysical investigations have also established that the structural stability of
microvilli is promoted by tethering core bundles to the surrounding plasma membrane
(Nambiar et al., 2010). Core bundles are laterally bridged to their enveloping membrane
by myosin-1a and -6, as well as ezrin (Berryman et al., 1993; Hegan et al., 2012; Howe
& Mooseker, 1983). Recent studies on the dynamics of growing microvilli revealed that
ezrin accumulates in a nascent microvillus in parallel with core bundle elongation, and
that loss of ezrin from the protrusion leads to microvillus collapse (Gaeta et al., 2021).
Ezrin is a well characterized membrane-cytoskeleton linker that adopts two states: an
open ‘active’ state when phosphorylated and a closed finactive’ state when
dephosphorylated (Bretscher et al., 1997). Dynamic cycling between these two states
allows ezrin to bridge treadmilling actin bundles to the enveloping plasma membrane
(Viswanatha et al., 2012), while providing continuous mechanical support for the

protrusion. However, mechanisms that constrain ezrin enrichment to the distal segment
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of the core bundle and control the extent of membrane wrapping remain poorly
understood.

Here we report that Mitotic Spindle Positioning (MISP) is a BB component that
targets specifically to the rootlets of microvillar core bundles. Previous studies revealed
that MISP is an actin binding and bundling protein that promotes mitotic spindle
orientation and mitotic progression (Kumeta et al., 2014; Maier et al., 2013; Zhu et al.,
2013), although a role in native tissues has yet to be reported. In intestinal epithelial cells,
we found that MISP is enriched in the subapical region beneath the plasma membrane at
the base of the BB, where it colocalizes with fimbrin along core bundle rootlets. Loss- and
gain-of-function studies revealed that MISP elongates rootlets and limits the extent of
membrane wrapping of core bundles. Consistent with these phenotypes, MISP bundles
F-actin in vitro and in cells, creating structures that are primed for fimbrin recruitment.
Overexpression of both factors leads to a striking overgrowth of hyper-stable rootlets from
the subapical domain. Further, we found that MISP confinement to microvillar rootlets
depends on the presence of active ezrin in the microvillus. Overall, our findings lead to a
model for rootlet specification whereby ezrin and MISP exert mutual exclusivity to
establish membrane-wrapped vs. unwrapped segments of the core bundle. MISP
confinement to rootlets, in turn, recruits fimbrin to further crosslink the proximal ends of
core bundles in the terminal web. This work holds important implications for
understanding the assembly and stabilization of actin-based protrusions in diverse
epithelial systems, and also provides a molecular rationale for the remarkable robustness
of BB assembly alluded to in previous multi-gene loss-of-function mouse models

(Delacour et al., 2016).
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Results

MISP localizes to the rootlets of BB microvilli

In a previous proteomic study, we identified peptides from MISP in BBs isolated from
mouse small intestine (McConnell et al., 2011). To validate MISP as a bona fide BB
resident and to examine its localization in native tissues at higher resolution, we
immunostained paraffin sections of mouse small intestine. Confocal microscopy of
stained sections revealed that MISP specifically localizes to the BB along the full length
of the crypt-villus axis (Figure 3-1 A). This was consistent with MISP localization to the
apical surface of the intestinal epithelium in H&E staining from the Human Protein Atlas
(Figure 3-2 A) (Uhlén et al., 2015). Using an anti-villin antibody to label core actin bundles
and a membrane marker to delineate the apical surface, we found that MISP is highly
enriched in the terminal web and exhibits mutually exclusive labeling with the membrane-
wrapped protruding microvilli (Figures 3-1 A and 3-1 B). As previously reported (Dudouet
et al., 1987; Robine et al., 1985), we found that villin signal gradually increases along the
crypt-villus axis, following the direction of enterocyte migration and differentiation (Figures
3-1 A, 3-1 C and 3-1 D; magenta labels). In contrast, MISP signal remains relatively
constant along the crypt-villus axis (Figures 3-1 A, 3-1 C and 3-1 D; green labels),
suggesting that this factor is apically targeted independent of differentiation state. We
recapitulated this observation in cell culture using CACO-2BBE cells, which differentiate
and take on an enterocyte-like phenotype after a prolonged period of confluent culture
(Peterson et al., 1993; Peterson & Mooseker, 1993). In this system, MISP was also
expressed and localized from early to late stages of microvilli assembly (Figures 3-1 E-

G). These staining results are consistent with a previous study showing that MISP targets
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apically in 3D CACO-2 cyst cultures (Kschonsak & Hoffmann, 2018). Localization to the
actin-rich apical domain is also broadly consistent with staining in non-polarized HelLa
cells, where endogenous and overexpressed MISP localize to actin-rich structures
(Kumeta et al., 2014; Maier et al., 2013; Zhu et al., 2013). Together, our data indicate
MISP is a BB component that is highly enriched in the subapical terminal web throughout
the full course of enterocyte differentiation.

Previous work established that MISP holds actin binding and bundling potential
(Kumeta et al., 2014). In light of these data and our imaging studies indicating highly
specific terminal web enrichment, we next sought to determine if MISP associates with
core bundle rootlets at the base of microvilli. To examine this possibility, we turned to
LS174T-W4 cells (herein referred to as ‘W4 cells’), a human intestinal epithelial cell line
engineered to provide switch-like control over BB assembly (Baas et al., 2004). Using
super-resolution structural illumination microscopy (SIM), we found that MISP was highly
enriched on the rootlet segments of core bundles that extend immediately beneath the
apical membrane (Figures 3-1 H and 3-1 ), which was consistent with its localization in
mouse intestinal tissue. We also examined the localization of an EGFP-tagged variant of
MISP expressed in LLC-PK1-CL4 cells, a pig kidney epithelial cell line that displays
individual microvilli extending from the apical surface (Gaeta et al., 2021). In these
cultures, we again noted a striking enrichment of MISP on microvillar rootlets, with a signal
that was mutually exclusive with the membrane-wrapped protruding microvilli (Figures 3-
2 B and 3-2 C). Together, these localization studies in native tissues and cell culture
models uniformly indicate that MISP specifically targets to core bundle rootlets and is

excluded from the membrane-wrapped segment of the core bundle.
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Figure 3-1. MISP localizes to microvillar rootlets

(A) Confocal images of small intestinal sections stained for MISP (green), villin (magenta),
DNA with DRAQS (yellow), and membrane with WGA (cyan). Panel shows a split three-
color merge. Scale bar = 15 ym.

(B) Fluorescence intensity distributions of MISP, villin, and apical membrane measured
parallel to the microvillar axis as indicated by the white arrow in A; n = 200 line scans
measured on five villi.

(C) Inverted MISP and villin channles from A. Scale bar = 15 ym. (D) Fluorescence
intensity distribution of MISP and villin measured relative to the crypt-villus axis as
indicated by the highlighted area in C; black arrow shows line scan orientation; n = 11
scans of six villi.

(E) Confocal maximum intensity projection (Max IP) of CACO-2BBE cells at different
stages of differentiation stained for MISP (green) and F-actin with phalloidin (magenta).
Upper panels show XY en face views at the indicated days post-confluency (DPC);
bottom panels show resliced XZ views. Scale bar = 3 pm.

(F) Western blot time series of CACO-2BBE cell lysates probed for MISP, villin, B-actin,
and GAPDH at the indicated DPC.

(G) Density values of MISP, villin, and B-actin bands from F normalized to GAPDH and
plotted as a function of DPC.

(H) SIM Max IP of a W4 cell stained for MISP (green), F-actin with phalloidin (magenta),
and membrane with WGA (cyan). Panel shows a split two-color merge. Scale bar = 3 ym.
(I) Fluorescence intensity distributions of MISP, F-actin, and apical membrane from line
scans measured parallel to the microvillar axis as indicated by the white arrow in H; n =
58 line scans of single core bundles from 10 cells. All plots B, D and | show Gaussian
curve fits of the raw data for each channel.
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Figure 3-2. MISP localizes to the apical surface of human intestinal tissue and
porcine kidney tissue

(A) H&E staining of human small intestine and colon tissue samples stained for MISP
(brown) extracted from the Human Protein Atlas. Each panel shows zoomed regions
corresponding to the black boxes. Scale bar = 200 ym. Images are available at
v21proteinatlas.org and can be found at the following links:
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https://images.proteinatlas.org/49511/148888 A 7 2.ipg,
https://images.proteinatlas.org/49511/148888 A 7 3.jpg

(B) SIM maximum intensity projection image of a CL4 overexpressing EGFP-MISP and
stained for F-actin with phalloidin (magenta); and membrane with WGA (cyan). The left
panel shows merged channels. The right panel shows zoomed images of the yellow box
shown in the left panel. Scale bar = 5 pm.

(C) Fluorescence intensity measurements of an individual microvillus shown in the
zoomed image from panel B.

MISP is required for maintaining rootlets at the base of microvilli

Core bundle rootlets are anchored in the terminal web, which likely provides mechanical
support for BB assembly and long-term stability. To determine if MISP is required for
normal BB assembly and microvillar structure, we generated W4 cell lines with stable
shRNA-mediated knockdown (KD) of MISP. Loss of MISP was confirmed by Western Blot
analysis (Figures 3-3 A and 3-3 B). Using low magnification confocal microscopy, we
scored the fraction of cells that were BB positive as indicated by polarized F-actin staining.
At a population level, the percentage of W4 cells forming a polarized BB decreased from
82% in the scramble control to 70% in MISP KD cells (Figures 3-4 A and 3-4 B). This
modest phenotype was rescued when an EGFP-MISP construct refractory to KD was
reintroduced (Figure 3-4 B). However, the overall intensity of F-actin per cell decreased
significantly in MISP KD cells (Figure 3-4 C), suggesting a marked perturbation in F-actin
network architecture even in cells that still exhibited polarized BB assembly. To further
understand the impact of MISP loss-of-function, we look closer at individual MISP KD
cells that still formed a polarized BB. Measurements of microvillar dimensions revealed
that the overall length of core bundles did not change significantly between scramble

control and MISP KD cells (Figure 3-3 C). However, using a membrane marker to
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delineate the membrane-wrapped vs. unwrapped segments of the core bundle, we found
that the protruding microvillus increased in length (1.96 + 0.37 ym in controls vs. 2.22 +
0.39 ym in KD) at the expense of rootlet length, which decreased significantly (0.43 +
0.09 ym in controls vs. 0.27 + 0.07 ym in KD; Figures 3-4D and 3-4E). The
microvillus/rootlet ratio calculated on a per cell basis increased in MISP KD cells
compared to control cells (Figure 3-4 F), and this was consistent with the increased
percent membrane coverage measured for MISP KD core bundles (Figure 3-3 D). Thus,
rootlet shortening in MISP KD cells is driven by membrane overwrapping of core bundles.

As loss of MISP shortened rootlets and increased membrane wrapping of core
bundles, we sought to determine if increasing MISP levels would elongate rootlets at the
expense of membrane wrapping. To test this hypothesis, we stably overexpressed EGFP-
MISP in W4 cells and examined microvillar structure using SIM. Similar to the localization
studies described to above, EGFP-MISP exhibited specific enrichment on microvillar
rootlets. Relative to control cells, MISP overexpression promoted a significant elongation
of both the membrane-wrapped (2.30 £ 0.48 ym in controls vs. 2.54 + 0.49 pym in OEX)
and rootlet (0.44 £ 0.12 ym in controls vs. 0.61 £ 0.15 um in OEx) segments of the core
bundle (Figures 3-4 G and 3-4 H). These changes together drove a significant increase
in the overall length of core bundles, and a slight reduction in percent membrane coverage
of total core bundles in MISP-overexpressing cells (Figures 3-3 E and 3-3 F). However,
the marked elongation of rootlets decreased the microvillus/rootlet ratio under these
conditions (Figure 3-4 1). In combination, these findings show that MISP promotes
microvillar rootlet elongation and protects this end of the core bundle from membrane

wrapping.
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Figure 3-3. MISP KD and OEx regulate the membrane coverage of core actin
bundles

(A) Western blot analysis of endogenous MISP in scramble control and MISP KD W4
cells.

(B) Density quantification of MISP bands from western blot shown in A. Densities were
normalized to GAPDH.

(C, E) Length measurements of core actin bundles for KD (C) and overexpression (E)
conditions described in Figure 3-4 D and 3-4 G, respectively. Each data point represents
the average length of > 10 core actin bundles per cell; n = 40 cells per condition. All data
points are representative of three independent experiments.

(D, F) Membrane coverage measurements of core actin bundles for KD (D) and
overexpression (F) conditions described in Figure 3-4 D and 3-4 G, respectively. Each
data point represents the membrane coverage percentage of core actin bundles per cell;
n = 40 cells per condition. All data points are representative of three independent
experiments. All bar plots and error bars denote mean + SD. p-values were calculated
using the unpaired T-test (‘ns’: not significant; **: p < 0.01; ***: p <0.001; ****: p < 0.0001).
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Figure 3-4. MISP is required for maintaining rootlets

(A) Confocal Max IPs of scramble control and MISP knockdown (KD) W4 cells stained
for F-actin; intensity color-coded so warmer colors denote higher intensities. Zooms show
representative cells for each condition. Scale bar = 100 ym.

(B) Percentage of W4 cells forming BBs (BB-positive cells) from A comparing scramble
control, MISP KD, and EGFP-MISP rescue conditions. Each dot represents the
percentage of BB-positive cells in a single field of 620 ym2; n = 10 fields per condition.
(C) F-actin intensity values of W4 cells from A. Each dot represents the average F-actin
intensity of a single cell; n > 600 cells per condition.

(D) SIM Max IPs of the BB of W4 cells in scramble control (top) and MISP KD (bottom)
conditions stained for F-actin (magenta) and membrane (cyan); each panel shows merge
with their inverted single channels. Yellow brackets indicate the extension of actin
rootlets; gray brackets show the extension of microvilli. Scale bars = 2 ym.

(E) Lengths of microvilli (gray, top plot) and rootlets (yellow, bottom plot) from scramble
control and KD cells. Each dot represents the average of > 10 length values per cell; n 2
40 cells per condition. All data represent three independent experiments.

(F) Microvillus/rootlet length ratios measured on a per cell basis from E.

(G) SIM Max IPs of the BB of W4 cells in control (top) and MISP overexpressing (bottom)
cells stained for F-actin (magenta) and membrane (cyan); each panel shows merge with
their inverted single channels. Yellow brackets indicate the extension of actin rootlets;
gray brackets show the extension of microvilli.

(H) Lengths of microvilli (gray, top) and rootlets (yellow, bottom) from control and MISP
OEXx cells. Each dot represents the average of >10 length values per cell; n = 40 cells per
condition. All data represent three independent experiments. () Microvillus/rootlet length
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ratios measured on a per cell basis from H. All bar plots and error bars denote mean %
SD. p-values were calculated using the unpaired T-test (*: p < 0.05; **: p < 0.01; ****: p <
0.0001).

Purified MISP assembles tightly packed linear actin bundles in vitro

Based on the terminal web localization of MISP and the impact of MISP perturbation on
rootlet length, we sought to determine if purified MISP is sufficient to drive the formation
of linear F-actin bundles similar in structure to core bundle rootlets. Full length human
MISP was highly insoluble in previous purification attempts and thus far only truncated
fragments have been studied in vitro (Kumeta et al., 2014). Although MISP’s actin binding
potential might be distributed throughout the molecule, the C-terminal half of MISP was
capable of linking F-actin together in mesh-like networks (Kumeta et al., 2014). To further
develop our understanding of MISP’s actin binding properties, we sought to express and
characterize the activity of full length human MISP. To aid with solubility, we tagged the
N-terminus of MISP and EGFP-MISP with maltose-binding protein (MBP) and purified
these variants from Sf9 insect cells for further characterization (Figures 3-5 A and 3-5 B).
We first confirmed that soluble MBP-MISP was sufficient to sediment F-actin (Figure 3-5
C). Using a low-speed sedimentation assay, we found that MBP-tagged full length MISP
robustly bound to and bundled F-actin in a concentration-dependent manner (Figures 3-
6 A and 3-6 B). To gain insight on MISP’s affinity for actin, we conducted a high-speed
sedimentation assay and found that MISP binds to F-actin with a dissociation constant of
0.76 pM (Figures 3-6 C and 3-6 D), which is comparable to other bundlers expressed in
epithelial cells (Bartles et al., 1998; Kitajiri et al., 2010). Interestingly, this dissociation

constant is also comparable to that reported for the C-terminal half of MISP (a.a. 352-
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680), which suggests that this fragment might contribute to most of the binding affinity for
F-actin in full length MISP. To directly visualize the impact of MISP on F-actin organization
and bundling, we mixed MBP-EGFP-MISP with phalloidin-stabilized F-actin and then
examined the resulting structures using confocal microscopy. MISP/F-actin mixtures
exhibited extensive bundling and crosslinking of filaments, particularly in regions that
were heavily decorated with MBP-EGFP-MISP (Figure 3-6 E; zoom 1). F-actin intensity
in bundles was also significantly higher when MISP was present in solution (Figure 3-6
F). Interestingly, MISP accumulated at the ends of some actin bundles where the
phalloidin signal was lower (Figures 3-6 E and 3-6 G; red arrowheads in zoom 2). To
examine the ultrastructural organization of these samples, we turned to transmission
electron microscopy (TEM). We removed the MBP tag using TEV protease to reduce the
possibility of functional interference from this moiety before TEM imaging (Figure 3-5 D).
In control samples (F-actin alone), TEM images revealed single actin filaments that
extended for many microns across the grid surface (Figure 3-6 H; left panels). In contrast,
MISP/F-actin mixtures exhibited extensive crosslinking of filaments and the formation of
tightly packed linear actin bundles (Figure 3-6 H; right panels). Although the tightly
packed, 3D nature of these bundles precluded clear determination of filament polarity in
our images, spacing measurements revealed that filaments in these bundles were
separated by an average distance of 10.2 + 2.5 nm (Figure 3-6 I), which is shorter than
the distances between filaments bundled by villin or espin (~12 nm), but comparable to
the spacing produced by fimbrin (Bartles et al., 1998; Hampton et al., 2008; Matsudaira

et al., 1983; Volkmann et al., 2001). Together, these findings demonstrate that MISP is
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sufficient to form tightly packed linear actin bundles with an inter-filament spacing similar

to that of fimbrin.
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Figure 3-5. MISP purified from Sf9 insect cell lines sediments F-actin

(A-B) Purification of MBP-EGFP-MISP and MBP-MISP from Sf9 insect cells. Coomassie-
stained SDS polyacrylamide gel showing all purification steps: whole lysate (WL),
supernatant fraction (S/N), pellet fraction (P), flow through (FT), wash (W), and elution
(E). ‘M’ denotes protein ladder marker (10-250 KDa).

(C) Coomassie-stained SDS polyacrylamide gel of low-speed sedimentation of MBP-
MISP (1 uM) and F-actin (5 yM) and their corresponding controls.

(D) TEV protease cleavage of purified MBP-MISP. Coomassie-stained SDS
polyacrylamide gel showing purification steps: control whole lysate (W/L), fraction bound
to beads after TEV cleavage (B), flow through (FT). Purified MISP was recovered from
the flow through fraction. ‘M’ denotes protein ladder marker (10-250 KDa).
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Figure 3-6. Purified MISP assembles tightly packed linear actin bundles in vitro
(A) Low-speed sedimentation assay of phalloidin-stabilized F-actin (5 yM) and increasing
concentrations of MBP-MISP (0-5 pM). Coomassie-stained SDS-PAGE shows the
supernatant and pellet fractions recovered after centrifugation.

(B) Density quantification of bands shown in A. All data represent three independent
experiments. Error bars denote mean £ SD.

(C) High-speed sedimentation assay of MBP-MISP (0.5 pM) and increasing
concentrations of non-stabilized F-actin (0—10 pM). Coomassie-stained SDS-PAGE
shows the supernatant and pellet fractions recovered after centrifugation.

(D) Density quantification of bands shown in C. All data represent three independent
experiments that were fit using a hyperbolic saturation binding model yielding a Kp = 0.76
uM. Error bars denote mean + SD.

(E) Confocal images of phalloidin-stabilized F-actin (0.5 yM; magenta) alone or pre-mixed
with MBP-EGFP-MISP (0.1 uM; green). Zooms correspond to the yellow boxes shown in
merge; single channels are shown as inverted images. Red arrowheads indicate the end
of MISP-bundled F-actin. Scale bar = 10 ym.

(F) Fluorescence intensities of F-actin in buffer alone or with MISP from E. Each dot
represents the integrated intensity value of a 250 ym? field; n = 39. Bar plots and error
bars denote mean + SD. p-values were calculated using the unpaired T-test (****: p <
0.0001).

(G) Line scan analysis of EGFP-MISP (green) and F-actin (magenta) intensities
measured at bundles ends shown in E.

(H) Transmission electron microscopy images of negatively stained phalloidin-stabilized
F-actin (0.2 uM) in buffer alone or pre-mixed with purified MISP (0.04 uM). Scale bar =
400 nm.

() Histogram of inter-filament spacing measurements from bundles shown in H. Each dot
represents the average of 2 110 values; bin size = 2. Average values were fit using a
Gaussian curve.
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MISP recruits fimbrin to actin bundles

Among the three previously characterized actin bundlers in the BB, fimbrin is the only one
that appears to preferentially accumulate on core bundle rootlets, where it might mediate
physical interactions with the terminal web cytokeratin network (Grimm-Gunter et al.,
2009). We therefore sought to determine if MISP binding to F-actin depends on fimbrin,
either cooperatively or competitively. To this end, we turned to HelLa cells, which do not
typically form microvilli but can assemble a variety of other actin-based networks.
Interestingly, mCherry-MISP expression alone promoted the formation of aberrant actin
bundles throughout the cytoplasm (Figure 3-7 A; top panel), whereas EGFP-fimbrin
expression had little impact on existing actin networks (Figure 3-7 A; middle panel).
However, when MISP and fimbrin were co-expressed, fimbrin was robustly recruited to
MISP-bundled F-actin (Figure 3-7 A; bottom panel), showing a strong colocalization with
MISP (Figure 3-7 B). We conducted similar co-expression experiments using
fluorescently tagged versions of villin or espin. Independent of the presence or absence
of MISP, villin remained cytosolic (Figure 3-8 A). In contrast, espin promoted the
elongation of filopodia-like structures that were reminiscent of microvillar protrusions
induced by espin-overexpression in LLC-PK1-CL4 cells (Loomis et al., 2003).
Interestingly, in MISP/espin-expressing HelLa cells, MISP enriched at the base of these
filopodia-like protrusions, and the aberrant cytosolic bundles observed in MISP only cells
were absent (Figure 3-8 B). Overall, these data indicate that MISP promotes the formation
of actin bundles, which in turn recruit fimbrin but not villin or espin, and further suggest a

hierarchical functioning of these factors during microvillar assembly.
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Figure 3-7. MISP recruits fimbrin to actin bundles

(A) SIM Max IPs of HeLa cells overexpressing mCherry-MISP (top panel), EGFP-fimbrin
(middle panel), and mCherry-MISP and EGFP-fimbrin (bottom panel). All cells were
stained for F-actin with phalloidin (magenta). Each panel shows merge with their zooms
as inverted single channels. Scale bar =5 pym.

(B) Colocalization analysis of mCherry-MISP and EGFP-fimbrin intensities along actin
bundles shown in the red box in A; data were fit using linear regression.
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Figure 3-8. MISP does not recruit villin or espin to aberrant cytosolic bundles

(A) Confocal maximum intensity projection images of Hela cells overexpressing
mCherry-MISP (left panel), EGFP-villin (middle panel), and mCherry-MISP and EGFP-
villin (right panel). All cells were stained for F-actin with phalloidin (magenta). Each panel
shows merged channels on top; inverted single channel images along the bottom show
zoomed regions highlighted by the yellow box in the merge images. Scale bar = 10 ym.
(B) Confocal maximum intensity projection images of Hela cells overexpressing
mCherry-MISP (left panel), EGFP-espin (middle panel), and mCherry-MISP and EGFP-
espin (right panel). All cells were stained for F-actin with phalloidin (magenta). Each panel
shows merged channels on top; inverted single channel images along the bottom show
zoomed regions highlighted by the yellow box in the merge images. Scale bar = 10 ym.

76



MISP and fimbrin cooperate to elongate microvillar rootlets

We next sought to determine if MISP and fimbrin cooperate to elongate rootlets in W4
cells. Indeed, HALO-MISP and EGFP-fimbrin co-expression resulted in a dramatic hyper-
elongation of rootlets, which extended deep into the cell (Figure 3-9 A). The tangled
nature of these exaggerated rootlets prevented us from measuring the length of individual
core bundles in these structures. Instead, we focused on measuring the length of
protruding microvilli as well as the maximum distance that rootlets reached into the
cytoplasm using a membrane marker as a point of reference. While the length of microvilli
increased with moderate significance, the reach of rootlets strikingly increased by ~3-fold
in cells co-expressing MISP and fimbrin compared to cells overexpressing either MISP or
fimbrin alone, or untransfected control cells (3.01 £ 1.35 pm vs. 0.91 £ 0.41 ym vs. 1.18
1+ 0.49 um vs 0.70 £ 0.16 um, respectively) (Figures 3-9 A and 3-9 B). We also observed
that these exaggerated rootlet networks converged as they grew further from the apical
membrane (Figure 3-10 A). Colocalization analysis showed a strong correlation between
MISP and fimbrin signals throughout these structures (Figure 3-10 B). To further define
the properties of the exaggerated rootlets promoted by MISP and fimbrin co-expression,
we conducted Fluorescence Recovery After Photobleaching (FRAP) assays on W4 cells
expressing HALO-[B-actin alone, or in combination with EGFP-fimbrin and mCherry-MISP.
Photobleaching of HALO-B3-actin allowed us to directly interrogate actin dynamics in
distinct regions of interest (ROIs) in transfected cells. In the microvilli of control cells, B-
actin turned over with a thalf of 126.7 s, which likely reflects the treadmilling rate of core
bundles in this system (Figures 3-9 C and 3-9 E; green labels). However, in cells co-

expressing MISP and fimbrin, we noted two distinct recovery rates: 3-actin in protruding
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microvilli turned over at a rate that was 4-fold slower than controls (thalf = 529.1 s),
whereas recovery in exaggerated rootlets was extremely slow to nonexistent (Figures 3-
9 D and 3-9 E; magenta and cyan labels, respectively). Therefore, consistent with their
actin bundling activities, MISP and fimbrin co-expression hyper-stabilized core bundles
and reduced B-actin flux through both rootlets and protruding microvilli.

To further understand how these hyper-elongated and stable rootlets assemble
relative to protruding microvilli, we used live imaging to visualize BB assembly in W4 cells
expressing mCherry-MISP, EGFP-fimbrin, and HALO-B-actin. During the first two hours
after the addition of doxycycline to promote BB assembly, we observed the assembly of
a terminal web actin network immediately beneath the apical cap (Figures 3-9 F and 3-9
G; cyan labels). As this dense network accumulated sub-apically, microvilli began to
emerge (Figures 3-9 F and 3-9 G; magenta labels). Consistent with our FRAP analysis,
core bundle rootlets elongated from the subapical region below microvillar protrusions
with no apparent actin turnover or disassembly from the basal ends (Figure 3-9 F; B-actin
channel). These results suggest that the assembly of a terminal web actin network
precedes the assembly of microvilli, which is consistent with the proposed role of the
terminal web in offering mechanical support for protrusion assembly (Tilney & Cardell,

1970).
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Figure 3-9. MISP and fimbrin cooperate to elongate rootlets

(A) SIM Max IPs of W4 cells no-transfected (Control), and overexpressing HALO-MISP
(MISP OEXx), EGFP-fimbrin (Fimbrin OEx), or HALO-MISP and EGFP-fimbrin together
(M/F OEXx). All cells were stained for F-actin with phalloidin (red) and membrane with
WGA (cyan). Each panel shows merges on top with inverted single channels along the
bottom. Scale bar = 5 ym.

(B) Lengths of microvilli (‘Microvillus Length’, top plot) vs. distance that rootlets extend
into the cytoplasm (‘Rootlet Reach’, bottom plot) in W4 cells expressing the constructs
described in A. Each dot represents the average of > 10 length values per cell; n = 34
cells per condition. All data represent three independent experiments. Bar plots and error
bars are mean + SD. p-values were calculated using the unpaired T-test (‘ns’: not
significant; *: p < 0.05; ****: p < 0.0001).

(C, D) Photobleaching analysis of W4 cells expressing HALO-B-actin alone (C) or HALO-
B-actin with EGFP-fimbrin and mCherry-MISP (D). Although a single ROI was positioned
on the BB and bleached in both conditions, the ROl in D was subdivided into two sub-
ROIs to quantify differences in the recovery of the apical microvilli (magenta box) vs.
subapical rootlets (cyan box). Scale bar =5 pm.

(E) Fluorescence intensity recovery of HALO-B-actin from the color-coded ROls
described in C and D; n > 14 cells per condition. All intensity values for each condition
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are shown as mean + SD. Average values for each condition were fit using two-phase
association curves.

(F) Time series montages of W4 cells expressing HALO-B-actin, EGFP-fimbrin and
mCherry-MISP after adding doxycycline to induce BB assembly. Cyan arrowheads
denote initiation of terminal web actin network assembly. Magenta arrowheads denote
microvilli assembly. Scale bar = 10 ym.

(G) Fluorescence intensity of HALO-B-actin during BB assembly from microvilli and
terminal web actin network in F; n = 10 cells.
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Figure 3-10. Giant rootlets generated by MISP/Fimbrin co-expression converge as
a cone-like network

(A) Rootlet width measurements of W4 cells overexpressing HALO- MISP and EGFP-
fimbrin from panel A of Figure 3-9 ('M/F OEXx’). Width was plotted starting at the membrane
boundary (x = 0) extending down into the cell body where rootlet ends converged. Each
line represents a measurement from a single cell; n = 10 cells.

(B) Colocalization analysis between HALO-MISP and EGFP-fimbrin intensities measured
along rootlets shown in panel A of Figure 3-9 (‘M/F OEXx’). Values were fit using linear
regression.
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MISP and ezrin exhibit mutually exclusive targeting along core actin bundles

Our localization studies in native tissues and cell culture models establish that MISP
localizes specifically to the rootlet segment of the core bundle, which remains free of
plasma membrane wrapping. Although such specific targeting for a BB component has
not been described before, one possible explanation is that MISP is normally prevented
from occupying the membrane-wrapped segment of the core bundle by other microvillar
actin binding factors. One potential competing factor is ezrin, a membrane-actin linker
that provides structural stability to microvilli (Casaletto et al., 2011; Saotome et al., 2004).
Interestingly, active ezrin was previously identified as a MISP binding partner, and these
two proteins also demonstrate partial colocalization at the cortex in dividing HelLa cells
and CACO-2 cysts (Kschonsak & Hoffmann, 2018). A close inspection of W4 cells using
SIM revealed that endogenous ezrin localizes to the membrane-wrapped ends of
microvillar core bundles as expected (Figure 3-11 A), and shows a mutually exclusive
signal relative to MISP rootlet labeling (Figure 3-11 A). This is consistent with previous
work indicating that knockdown or inactivation of ezrin increases MISP levels at the cell
cortex (Kschonsak and Hoffmann, 2018). To determine if MISP is confined to microvillar
rootlets by ezrin, we expressed an ezrin-EGFP construct in W4 cells and monitored the
localization of endogenous MISP. In control W4 cells, SIM images revealed that MISP
signal was uniformly distributed at the base of the BB as expected (Figures 3-12 A and
3-12 B; left panels). However, in W4 cells expressing ezrin-EGFP, we noted that MISP
signal was displaced towards the BB periphery; MISP was almost entirely excluded from
the center of the apical domain where ezrin levels were highest (Figures 3-12 A and 3-12

B; right panels). 3D rendering of ezrin-overexpressing cells revealed that MISP signal
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appeared as a ring-like structure surrounding ezrin signal at the center of the BB. When
we stained ezrin-overexpressing cells with phalloidin and WGA to visualize F-actin and
the plasma membrane, F-actin signal was reduced in regions lacking MISP signal
(Figures 3-12 A and 3-12 B). This was also accompanied by drastic shortening of core
bundle rootlets (0.43 + 0.10 ym in controls vs. 0.28 + 0.06 ym in OEXx) and a significant
increase in length of protruding microvilli (2.16 + 0.36 pm in controls vs. 2.58 + 0.40 ym
in OEx; Figures 3-12 A and 3-12 C), which resulted in an increased microvillus/rootlet
ratio in ezrin-overexpressing cells compared to control cells (Figure 3-12 D). Interestingly,
the length of membrane-wrapped vs. unwrapped segments of core bundles, as well as
their ratio, in ezrin-overexpressing cells are similar to what we observed in MISP KD cells
(Figure 3-4). Using differentiated CACO-2BBE monolayers, we recapitulated these
experiments and found that MISP levels were also reduced in ezrin-overexpressing
conditions with no apparent redistribution to other cellular compartments (Figures 3-11 B-
D). Together these findings indicate that normal levels of ezrin are required to maintain
MISP targeting to core bundle rootlets, which in turn promotes their elongation.

Within microvillar protrusions, phosphorylated ezrin adopts an open state that
bridges the plasma membrane to the underlying actin cytoskeleton (Bretscher et al.,
1997). We hypothesized that the open/active state of ezrin within membrane protrusions
restricts MISP to core bundle rootlets. To test this idea, we used an ezrin inhibitor
(NSC668394), which disrupts its phosphorylation and actin-binding capacity (Bulut et al.,
2012). We overexpressed ezrin-EGFP, mCherry-MISP, and HALO-UtrCH (an F-actin
binding probe based on the calponin homology domain of utrophin) in W4 cells and

monitored their fluorescence intensity over time before and after the addition of 50 yM
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NSC668394. Using confocal microscopy, we observed that ezrin enrichment in the BB
was lost within a 3-hour window following exposure to NSC668394. Notably, in all these
events, the loss of ezrin signal was followed by a striking increase of MISP and UtrCH
signal throughout the BB (Figures 3-12 E and 3-12 F). Moreover, overaccumulation of
MISP and UtrCH in NSC668394-treated W4 cells also coincided with a dramatic increase
in microvillar length (Figure 3-12 E; UtrCH channel). However, these instances of
elongation were temporary as protrusions eventually collapsed after 30-60 min of growth
without impacting the accumulation of MISP and UtrCH at the base of the BB. To further
define the impact of ezrin accumulation on MISP localization and microvillar structure, we
used SIM to look closer at the BB of W4 cells fixed after 2 hours of NSC668394 treatment.
SIM images revealed a significant increase in the overall length of core bundles in
NSC668394-treated cells compared to control cells (3.58 + 0.83 ym vs. 8.25 + 2.11 ym)
(Figures 3-12 G and 3-12 H). Interestingly, MISP occupancy along core bundles also
increased from 38% in DMSO-treated cells to 53% in NSC668394-treated cells (Figure
3-12 1). These findings indicate that ezrin and its associated membrane-actin linking

activity confine MISP to the rootlets of microvilli.
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Figure 3-11. Endogenous ezrin levels are required for maintaining MISP on actin
rootlets

(A) SIM maximum intensity projection image of a W4 cell stained for: MISP (magenta);
ezrin (green); F-actin with phalloidin (red); and membrane with WGA (cyan). The left
panel shows the image split into two to display a combination of two-color channels. The
right panel shows zoomed images of the yellow box shown in the left panel. Scale bar =
3 um.
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(B) Confocal maximum intensity projection images of CACO-2BBE cells overexpressing
EGFP alone (‘Control’, top panel) or ezrin-EGFP (‘Ezrin OEX’, bottom panel), and stained
for endogenous MISP (magenta), and F-actin with phalloidin (cyan). Each panel shows
merged channels with their corresponding inverted single channel images to the right.
Scale bar = 10 ym.

(C-D) Fluorescence intensities of MISP (C) or F-actin (D) from panel B comparing control
and ezrin-overexpressing cells. Each data point represents the averaged MISP or F-actin
intensity of a single cell; n > 15 cells per condition. Bar plots and error bars denote mean
+ SD. p-values were calculated using the unpaired T-test (‘ns’: not significant; *: p < 0.05).
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Figure 3-12. MISP and ezrin exhibit mutually exclusive targeting at opposite ends
of core actin bundles

(A) SIM Max IPs of W4 cells overexpressing EGFP alone (green, left panel) or ezrin-
EGFP (green, right panel), and stained for endogenous MISP (magenta), F-actin with
phalloidin (red), and membrane with WGA (cyan). Each panel shows two-color merges
with their inverted single channels. Scale bar =5 ym.

(B) Intensity distributions across the BB from left to right, measured for each marker
described in A. Distributions were fit using single or double Gaussian curves. Number of
cells per condition = 8.

(C) Lengths of microvilli (top plot) and rootlets (bottom plot) from W4 cells shown in A.
Each dot represents the average of > 10 length values per cell; n = 37. All data represent
three independent experiments.

(D) Microvillus/rootlet length ratios measured on a per cell basis from C.

(E) Confocal Max IP time series montages of a W4 cell expressing ezrin-EGFP (green),
mCherry-MISP (magenta), HALO-UtrCH (blue) before and after adding NSC668394
(ezrin inhibitor). Width of each box in the montage is 7 ym.

(F) Fluorescence intensity values of markers described in E. Data is shown as mean %
SD.

(G) SIM Max IPs of W4 cells expressing ezrin-EGFP in DMSO (left panel) or NSC668394
(right panel) conditions after 2 hours of exposure. Cells were stained for endogenous
MISP (magenta), F-actin with phalloidin (red), and membrane with WGA (cyan). Each
panel shows two-color merges with their inverted single channels. Scale bar = 5 pm.

(H) Lengths of core bundles from conditions described in G. Each dot represents the
length of a single core bundle; n > 190 length values. (I) Percentages of MISP occupancy
along core bundles from the conditions in G. Each dot represents the percentage of the
average MISP coverage along core bundles per cell; n > 16 cells per condition; length
values per cell > 10. All bar plots and error bars denote mean + SD. p-values were
calculated using the unpaired T-test (****: p < 0.0001).
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Discussion

The filament crosslinking activity of actin bundlers provides the microvillar core bundle
with the flexural rigidity needed to overcome plasma membrane tension and protrude from
the cell surface (Atilgan et al., 2006). Although villin, fimbrin, and espin are canonical actin
bundlers that have been identified and characterized in the context of the epithelial BB,
persistent microvillar growth in mice lacking all three of these factors suggested the
existence of as-of-yet unidentified bundlers (Revenu et al., 2012). Epidermal growth factor
receptor pathway substrate 8 (EPS8) has been invoked to potentially compensate for
crosslinking activity in the absence of other canonical bundlers (Revenu et al., 2012).
However, its specific localization to the distal tips of microvilli is at odds with the need for
canonical bundlers to be distributed along the length of the core bundle. Additionally,
whereas certain cell types employ isoforms of fascin to drive robust parallel bundling of
filaments in other related actin-based protrusions such as filopodia and stereocilia (Krey
etal., 2016; Roy & Perrin, 2018; T. M. Svitkina et al., 2003), there is no evidence for fascin
expression in transporting epithelia of the gut and kidney. Thus, the identity of other
functional bundlers in the apical BB has remained an open question.

Here, we identify MISP as a BB resident that holds F-actin bundling potential.
Previous studies on MISP focused on its role during mitotic progression (Kschonsak &
Hoffmann, 2018; Maier et al., 2013; Zhu et al., 2013). In that context, cortically localized
MISP contributes to anchoring the asters of spindle microtubules to cortical actin-rich
structures during metaphase (Maier et al., 2013; Zhu et al., 2013). In native intestinal
tissues and differentiating epithelial cell culture models, we found that MISP localizes to

the base of core bundles that support microvilli. Moreover, confocal and super-resolution

88



images revealed that MISP is restricted to the rootlet ends of core bundles, which are
embedded in the subapical terminal web and thus are not wrapped by plasma membrane.
These results also align well with MISP being enriched in the proximal region of neuronal
growth cones, where the pointed ends of filopodial actin filaments coalesce (Kumeta et
al., 2014). Thus, localization near pointed ends of actin flaments appears to be a
conserved property of MISP. Interestingly, MISP labeling is observed not only in the
terminal web of enterocytes along the villus, but also in the subapical region of
immature/differentiating enterocytes found in the crypt. Therefore, MISP is enriched at
the cell apex during the window of differentiation when microvilli are actively growing.
Having a rootlet-specific bundler present at early stages of differentiation is consistent
with classic ultrastructural studies, which suggested that the growth of new microvilli is
supported by a simultaneous maturation of the terminal web immediately beneath the
apical membrane (Tilney & Cardell, 1970).

Our data indicate that MISP selectively stabilizes the rootlet ends of core bundles.
Indeed, MISP KD in W4 cells led to significant shortening of rootlets when visualized with
SIM, whereas overexpression promoted rootlet elongation. The bundle elongation
induced by increasing MISP levels aligns well with previous studies on espin, which also
drives microvillus elongation when overexpressed (Loomis et al., 2003). Previous MISP
overexpression studies in HelLa cells reported a ‘thickening’ of actin structures, which is
generally consistent with our observations (Kumeta et al., 2014). However, that study also
showed that depletion of MISP led to filopodial overgrowth, which seems to be at odds
with our conclusion that MISP promotes the assembly of parallel actin bundle-based

protrusions. These phenotypic distinctions are related to the prominent differences in
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actin network architecture found in unpolarized HelLa cells vs. the polarized intestinal
epithelial cells at the focus of our study.

We propose that the gain- and loss-of-function phenotypes observed in our
experiments are explained by MISP’s F-actin bundling activity, which we reconstituted in
vitro. F-actin bundles assembled with purified MISP demonstrate tight packing with an
average inter-filament spacing of ~10.2 nm, which is close to that reported for fimbrin (~9-
12 nm) (Matsudaira et al., 1983; Volkmann et al., 2001), but slightly shorter to the distance
between filaments bundled by villin or espin (~12 nm) (Bartles et al., 1998; Hampton et
al., 2008). This suggests that the arrangement of filaments in intact microvilli reflects the
collective activity of multiple bundlers, each bringing their own characteristic spacing.
Indeed, previous EM studies on filament packing and spacing in stereocilia core bundles,
which are occupied by fascin-2, espin-1, and fimbrin (Krey et al., 2016) and TRIOBP-4
and -5 (Kitajiri et al., 2010) are consistent with this general idea.

Intriguingly, co-expression of MISP and fimbrin cooperatively elongated core
bundle rootlets deep into the cytoplasm of W4 cells. The exaggerated nature of these
rootlets allowed us to capture the temporal details of their formation, which preceded
microvilli assembly. Thus, the apical localization of bundlers early in enterocyte
differentiation might provide mechanical stability to nascent, growing microvilli.
Overexpression experiments in HelLa cells, which generally do not make microvilli, also
revealed that MISP can drive the formation of aberrant actin bundles, and these structures
in turn recruit fimbrin but not villin or espin. How MISP binds to and bundles F-actin and
recruits fimbrin remains unknown. In our analysis, we failed to identify recognizable actin

binding and bundling motifs in the MISP primary sequence, although previous studies
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point to actin binding potential as being distributed throughout the molecule (Kumeta et
al., 2014), which is consistent with the functional requirements of a bundler. Considering
the cooperative effects of MISP and fimbrin on rootlet length and stability, it is tempting
to speculate that these factors bind to different sites on F-actin. In contrast to MISP, the
multiple actin binding domains of fimbrin are well characterized (Klein et al., 2004) and
their binding sites on F-actin in 2D arrays have been mapped using cryo-EM (Volkmann
et al., 2001). Based on those structural studies, we speculate that MISP binds outside the
canonical inter-monomer cleft that is targeted not only by fimbrin but also cofilin (Tanaka
et al., 2018), myosin (Mentes et al., 2018), and even live imaging probes such as Lifeact
(Belyy et al., 2020). Future cryo-EM studies aimed toward elucidating the structural details
of the MISP binding site on F-actin will be needed to understand the nature of
MISP/fimbrin cooperativity. Independent of a detailed actin binding and bundling
mechanism, the hierarchical targeting of MISP and fimbrin suggests an order of action for
these two bundlers during microvillar assembly. We propose that MISP localization to
rootlets leads to the arrival of fimbrin at the apical surface in differentiating enterocytes.
Examining this possibility during microvilli biogenesis will require high temporal resolution
live imaging as we recently described (Gaeta et al., 2021).

The highly restricted targeting of MISP to the rootlet is unique among epithelial
actin bundlers, though previous studies revealed that fimbrin accumulates at higher levels
at core bundle rootlets in the terminal web, relative to the distal end (Grimm-Gunter et al.,
2009). In MISP KD cells, we noted that the membrane-wrapped segment of the core
bundle elongated in parallel with the shortening of rootlets induced by loss of MISP. This

finding suggested a previously unrecognized interplay between mechanisms that control
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the length of membrane-wrapped protruding microvilli and the activity of actin bundlers
that dictate the length of rootlets. Thus, we hypothesized that factors that simultaneously
bind to plasma membrane and F-actin would be well positioned to prevent MISP binding
along the more distal membrane-wrapped segment of the core bundle. A common feature
of actin-based protrusions is tethering of the cytoskeleton to the enveloping membrane
by ERM (ezrin, radixin, moesin) proteins (Revenu et al., 2004). In the BB, ezrin is the
most abundant ERM (McConnell et al., 2011). Interestingly, a previous study showed
that ezrin holds the potential to limit MISP accumulation at the cell cortex (Kschonsak &
Hoffmann, 2018). Paradoxically, that same work also reported that MISP binds directly to
active ezrin, leaving open questions about the nature and mechanism of the functional
interaction between these two proteins. Based on super-resolution imaging, our results
unambiguously show that MISP and ezrin occupy spatially distinct domains along
individual core bundles, with active and inactive ezrin (Hanono et al., 2006) occupying the
membrane wrapped domain and MISP residing on the rootlet, which is free of membrane
wrapping. Thus, our data suggest that if MISP and active ezrin do physically interact, the
resulting complex does not bind to the microvillar core bundle (Kschonsak & Hoffmann,
2018).

Remarkably, we found that inactivation of ezrin using a small molecule inhibitor led
to the release of ezrin from the plasma membrane and immediate ectopic redistribution
of MISP from the rootlets up to more distal regions of the core bundle. Ezrin and MISP
redistribution also led to a drastic increase in microvillar length, which might reflect loss
of the mechanical constraint that the membrane normally imposes on the distal barbed

ends, the preferred site of actin monomer incorporation. Alternatively, MISP recruitment
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to more distal regions of the bundle might directly promote stabilization and slow the
robust treadmilling and turnover that normally occur in this system (Meenderink et al.,
2019; Tyska & Mooseker, 2002). Taken together, these data argue for a mutual
exclusivity model where opposite ends of core bundles are decorated by either ezrin or
MISP and the balance between these populations ultimately dictates the extent of
membrane coverage.

The fact that ezrin excludes MISP from binding along the membrane-wrapped
segment of the microvillus may also offer additional insight on where MISP resides in a
core bundle. Assuming that membrane-associated ezrin only binds to F-actin superficially
exposed on the surface of the core bundle, MISP’s inability to occupy distal regions might
suggest that this bundler also binds superficially. Although speculative, such superficial
binding has been demonstrated for TRIOBP-4, a bundler that targets specifically to the
rootlets of hair cell stereocilia (Kitajiri et al., 2010). MISP and TRIOBP do not share motifs
or domain organization, but secondary structure analysis in Phyre2 predicted that MISP
sequence is largely disordered as has been reported for TRIOBP-4 (Bao et al., 2013).
Thus, it remains possible that MISP bundles filaments using a similar mechanism. It is
also worth noting that other well-characterized actin bundlers in microvilli — villin and espin
— are uniformly found along the length of the core bundle and they do not exhibit mutually
exclusive localization with ezrin.

Collectively, the discoveries reported here point to an unconventional mechanism
for bundling F-actin in the core bundles that support epithelial microvilli. These findings
strengthen our molecular understanding of the biologically robust formation of

evolutionary conserved microvillus-rich apical specializations. The emergence of MISP
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as a linear actin bundler also offers a molecular explanation for the remarkable finding
that triple villin-espin-fimbrin KO mice are still capable of assembling BB microvilli
(Revenu et al., 2012). Because MISP is also implicated in promoting mitotic progression
(Maier et al., 2013; Zhu et al., 2013), future studies might focus on examining the role of

MISP in coupling oriented cell division with differentiation in transporting epithelial cells.
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CHAPTER IV

MISP PREFERENTIALLY BINDS NEAR THE POINTED ENDS OF AGED ACTIN
FILAMENTS

Summary
Actin bundling proteins crosslink filaments into polarized higher-order structures such as
those shaping the membrane protrusions of filopodia, microvilli and stereocilia. In the
case of microvilli, MISP is an actin bundler that exhibits a selective decoration of the basal
rootlets, where the pointed ends of filaments converge. Yet, whether MISP sorts to these
segments of polarized bundles of microvilli independent of extrinsic factors remains an
open question. Using in vitro TIRF microscopy assays, we found that MISP harbors
intrinsic properties for its sorting towards the pointed ends of aged filaments in the ADP
nucleotide composition. Moreover, although MISP assembles two-filament bundles in
parallel and antiparallel configurations, the ability of MISP to assemble polarized parallel
bundles persists in multi-filament arrays. These discoveries highlight nucleotide sensing
as a mechanism to sort bundling proteins in polarized actin-based protrusions, which may

provide distinct structural properties along continuous linear actin bundles.
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Introduction

Actin filament assemblies provide structural support for a variety of cell surface features,
which enable interactions with the external environment in different biological contexts.
Two general architectures include actin meshworks and bundles; meshworks generate
large mechanical forces, such as those needed for leading edge protrusion during cell
motility, whereas bundles generate localized forces that can power the extension of
membrane protrusions (Blanchoin et al., 2014; T. M. Svitkina, 2020). Examples of the
latter case include filopodia, which extend from crawling cells to promote surface
attachment and control steering. Other well-studied protrusions that are supported by
actin bundles include microvilli, which extend from the apex of solute-transporting
epithelial cells (Crawley, Mooseker, et al.,, 2014b; Delacour et al.,, 2016); and
morphologically related stereocilia, which comprise the mechanosensory hair bundle that
resides at the functional surface of cochlear and vestibular hair cells (Schwander et al.,
2010). In all three of these cases, individual protrusions are supported by a core
consisting of multiple actin filaments, ranging from ~25 for microvilli and up to 100s for
stereocilia (Mooseker & Tilney, 1975; Ohta et al., 2012; Tilney & DeRosier, 1986). Multiple
actin filaments are needed because individual actin filaments exhibit a flexural rigidity that
is too low to support plasma membrane deformation alone (Atilgan et al., 2006). By
bundling multiple filaments together with cell-type specific factors, cells can create more
rigid structures that promote and maintain membrane protrusion without buckling.

A defining feature of protrusion core bundles is the polarized alignment of
constituent actin filaments. In all cases, actin flament barbed ends, the kinetically favored

site of new monomer addition, are oriented out into the distal tips of protrusions; whereas
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the kinetically slower pointed ends, extend down into the cytoplasm. Because of the
resulting structural and biochemical differences in the two ends, the critical concentration
for assembly at the barbed end is much lower than the pointed end (0.1 vs. 0.6 uM,
respectively) (Pollard, 1986). Moreover, the eventual hydrolysis of ATP in newly
incorporated monomers at the barbed end creates a gradient of nucleotide states
consisting of ATP-, ADP-Pi-, and ADP-bound actin subunits (Pollard, 2016). Such
filament nucleotide composition further provides distinctive structural and physical
properties along the filament including greater flexibility at the older end of the filament
(McCullough et al., 2008; Reynolds et al., 2022).

The differential kinetic properties at the two ends also fuel dynamic behaviors such
as treadmilling, where new actin monomers incorporate at the barbed end, flux through
the polymer, and exit from the pointed ends (Wegner, 1976). Treadmilling filaments and
networks also generate mechanical force at their growing barbed ends, which can be
harnessed to power subcellular and cellular scale activities ranging from the motion of
vesicles and endomembranes to the leading-edge protrusion that powers cell motility
(Wang, 1985). Treadmilling activity has also been observed in core bundles that support
some protrusions. For instance, filopodia are supported by core bundles that exhibit
robust treadmilling (Mallavarapu & Mitchison, 1999), and nascent (newly formed)
microvilli on the surface of differentiating epithelial cells also demonstrate treadmilling,
which powers gliding motility across the apical cell surface (Loomis et al., 2003;
Meenderink et al., 2019; Tyska & Mooseker, 2002). How the behaviors of individual
filaments in a treadmilling parallel actin bundle are synchronized or coordinated remains

unclear, although in vitro studies implicate factors with multivalent filament binding
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potential, such as VASP at barbed ends of core bundles in filopodia (Winkelman et al.,
2014).

In addition to creating a kinetic scenario that supports treadmilling, the gradient of
nucleotide states along the length of an actively growing actin filament might also impact
where regulatory and network building proteins are able to bind. One classic example of
this type of “sorting” is found in studies of cofilin, a ubiquitously expressed filament
severing protein that only binds to “older” ADP-actin (Blanchoin & Pollard, 1999).
Undesired cofilin-driven severing of other filament nucleotide states can be
counterbalanced by coronin-1B, which displays a binding preference for ATP/ADP-Pi-
actin (Cai et al., 2007; Gandhi et al., 2009). Another well-studied factor is the Arp2/3
complex, a pointed end binder that crosslinks newly polymerizing filaments to the sides
of pre-existing filaments in the ATP/ADP-Pi composition (Mahaffy & Pollard, 2006). Such
biased targeting and function of all these factors observed in biochemical and single
molecule studies are now acknowledged in complex actin networks including the
polarized branched actin networks that build filopodial protrusions. How the intrinsic
features of actin are harnessed to promote the organization and composition of
protrusions lacking branched networks like microvilli or stereocilia remains unexplored.

Interestingly, the bundling proteins that comprise microvillar cores - fimbrin, espin,
villin, and MISP - also sort into different segments along the length of the structure
(Grimm-Gunter et al., 2009; Morales et al., 2022). While espin and villin localize along the
full length of the core bundle, as expected for canonical bundlers (Bartles et al., 1998;
Bretscher & Weber, 1979), fimbrin seems to prefer the more basal half (Grimm-Gunter et

al., 2009). Unlike these bundlers, MISP exclusively decorates the rootlets, which are
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presumably enriched in ADP-actin. Although the selective localization of MISP is partially
dependent on ezrin’s membrane-actin crosslinking activity (Morales et al., 2022), whether
the intrinsic polarity of actin flaments in core bundles contributes to the sorting of MISP
or other bundlers remains an open question.

In this study, we report that the actin bundling protein MISP exhibits intrinsic
properties for binding near the pointed ends of actin filaments. Using in vitro reconstitution
assays coupled with Total Internal Fluorescence (TIRF) microscopy, we found that MISP
preferentially binds to the pointed ends of aged actin filaments with long dwell times. In
agreement with these findings, we found that MISP preferentially “senses” ADP-actin over
other filament nucleotide compositions independent of other factors. Although not
exclusively, bunding assays also reveal that MISP can assemble multiple actin filaments
into a parallel bundle configuration, a feature that is presumably conferred by its pointed
end binding ability. Overall, these intrinsic binding modalities suggest that MISP may
organize growing filaments in a parallel fashion at early stages of microvillar assembly;

and further provide a mechanistic understanding of its specificity to rootlets.
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Results
MISP binding to ADP F-actin is stronger than that of ADP-Pi and AMP-PNP
We previously found that the actin-binding protein MISP selectively decorates the
membrane-free rootlets of microvilli, a restriction that is partially exerted by ezrin’s
membrane-actin crosslinking activity (Morales et al., 2022). Whether the instinct polarity
of core actin bundles also contributes to MISP specific targeting to rootlets remained an
open question we sought to answer.

As core actin bundles supporting microvilli undergo treadmilling (Loomis et al.,
2003; Meenderink et al., 2019; Tyska & Mooseker, 2002), rootlets are expected to be
predominantly enriched with ADP-bound actin. To test this, we immunostained sections
of mouse small intestinal tissue displaying fully differentiated microvilli with antibodies
targeting cofilin, an actin binding protein that preferentially targets ADP F-actin, thus
serving as a marker for this nucleotide state of flaments (Blanchoin & Pollard, 1999;
Suarez et al., 2011). Notably, we found that cofilin is highly enriched at the rootlets of
microvilli, which resembled MISP localization (Figure 4-1 A-B). These results suggest that
filaments comprising the rootlets of microvilli are predominantly composed of ADP F-
actin, further suggesting that the filament nucleotide composition may contribute to
MISP’s selective targeting to rootlets.

To directly test if MISP displays a preferential binding for ADP F-actin over other
nucleotide states, we turned to in vitro reconstitution assays with purified proteins using
Total Internal Reflection Fluorescence (TIRF) microscopy. We generated biotin-
rhodamine-labeled F-actin in three nucleotide states (ADP, ADP-Pi, or ATP-like). ADP F-

actin and ADP-Pi F-actin were generated using phalloidin as previously described
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(Zimmermann et al., 2015). To mimic the ATP state, we used AMP-PNP as a nucleotide
analog (Figure 4-2 A-C; top row). Although phalloidin incorporation in all three F-actin
populations may arguably mask MISP’s binding sites, we previously showed that
phalloidin labeling does not disrupt MISP’s binding and/or function on filaments (Morales
et al., 2022). Furthermore, we purified the MBP-EGFP tagged version of MISP (herein
referred to as ‘MISP’) as described in our previous study (Morales et al., 2022). If MISP
displays a preferential affinity for ADP F-actin, this must be reflected in its association
and/or dissociation rates. Thus, we sought to determine if MISP’s dissociation from
filaments was dependent on nucleotide composition. To mimic single molecule events,
we flowed in MISP at low concentrations on immobilized filaments in each nucleotide
state. Notably, the lifetime of MISP molecules that remained bound to filaments (i.e., dwell
time) was ~1.5 and ~1.8 times longer on ADP F-actin compared to ADP-Pi or AMP-PNP
F-actin, respectively (10.72 s [95% CI = 10.15 — 11.33]; 6.78 s [95% CI = 6.13 — 7.50];
5.83 s [95% CI = 5.53 — 6.14]) (Figure 4-2 A-F; Figure 4-1 F). Consistently, the number
of dwell time events longer than 60 seconds was higher in the ADP condition relative to
ADP-Pi and AMP-PNP (Figure 4-1 G). Although the reported MISP dwell times reflected
a slow dissociation from ADP F-actin, they may be underestimated as we did not consider
events lasting longer than our imaging timeframe. We next sought to determine if MISP’s
association to filaments depends on the nucleotide composition. To test this, we
monitored MISP’s fluorescence intensity decorating immobilized actin filaments over
time. We found that the apparent association rates of MISP to filaments slightly increased
from ADP F-actin to ADP-Pi and AMP-PNP F-actin by a factor of ~1.1 and ~1.2,

respectively (0.30 uM".s'vs 0.34 uM-".s'vs 0.36 uM-'.s") (Figures 4-1 C-E), suggesting
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that MISP’s association rate likely does not contribute to its preferential occupancy on
ADP F-actin. Overall, these findings suggest that nucleotide-sensing may be an

alternative mechanism for MISP’s specific targeting to actin rootlets in microvilli.
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Figure 4-1. MISP preferentially binds to aged actin filaments in vivo and in vitro
(A-B) Confocal images of frozen small intestinal sections stained for membrane with
WGA (blue), F-actin with phalloidin (magenta), cofilin (yellow; panel A), and MISP (yellow;
panel B). Each panel shows a split two-color merge. Bottom rows show inverted single
channels for each marker from in A and B. Scale bar = 10 um.

(C-E) Fluorescence intensity of EGFP-MISP (50 nM) on immobilized F-actin (50 nM) in
each indicated nucleotide state as a function of time. Non-linear exponential fittings
shown in red were used to determine the apparent association rates for each condition.
All data in each condition are representative of three independent experiments.

(F) Time constants of EGFP-MISP for each replicate used in Figure 4-2 D-F.

(G) Number of EGFP-MISP binding events lasting longer than 60 seconds in each
nucleotide state of actin.
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Figure 4-2. MISP preferentially binds to ADP-bound actin filaments

(A-C) Top row: Experimental setup showing the preparation and imaging of F-actin in
each nucleotide state: ADP (A), ADP-Pi (B), AMP-PNP (C). In all conditions, actin
polymerization begins at t = 0; Bottom row: TIRF microscopy kymographs representative
of dwell times of EGFP-MISP (green) on each indicated nucleotide state of rhodamine F-
actin (magenta). Dashed gray line next to each panel denotes the length of filament.
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(D-F) Probability distribution of all MISP’s dwell times in ADP F-actin (D), ADP-Pi F-actin
(E) and AMP-PNP F-actin (F). Bin size= 2 s. Non-linear one-phase exponential decay
fittings for each distribution are shown in red. The X axis (i.e., dwell time) was purposefully
ended at 60 s to display comparisons between fitting curves at early time points. All data
in each condition are representative of at least three independent experiments.

MISP preferentially binds near the pointed ends of actin filaments

Given that filaments comprising microvillar core bundles extend their pointed ends down
into the rootlets, we next sought to determine if MISP had a preferential binding to the
filament ends relative to filament sides independent of the nucleotide state. To determine
this, we conducted similar experiments as described above by flowing in MISP at low
concentrations reflecting single binding events on aged filaments; the reactions were
incubated for at least 30 minutes to reach equilibrium (Figure 4-3 A). Interestingly, we
found that the number of end-binding events was higher compared to the side-binding
events (266 vs. 193) (Figure 4-3 B-C). This suggests that MISP may also hold the ability
to preferentially bind near the ends of filaments.

To unambiguously test this, we set up reconstitution assays with polymerizing actin
filaments, which displayed fast-growing barbed ends relative to pointed ends, thus
revealing filament polarity. We subsequently flowed in low concentrations of MISP
molecules (Figure 4-4 A). Notably, we observed MISP puncta preferentially binding near
the pointed ends and their vicinity with long dwell times (> 70 s) (Figure 4-4 B-E). The
accumulation of MISP to segments in proximity to pointed ends is presumably the result
of its observed preferential binding to ADP F-actin as this nucleotide composition is
expected to populate these ends following ATP hydrolysis and Pi release after ~5 minutes

of filament polymerization (i.e., > 2 ym) (Carlier & Pantaloni, 1986). Consistent with this,
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we observed fewer binding events at distal segments, likely enriched in ATP/ADP-Pi F-
actin (Figure 4-4 E). Interestingly, we also found that MISP’s dwell time near the pointed
ends was longer compared to filament sides (269.2 + 155 s vs. 57.62 + 92.34 s) (Figure
4-4 F). These findings suggest that MISP may target additional binding sites near the

pointed ends, which may be favored by its observed preferential binding to ADP actin.
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Figure 4-3. MISP preferentially binds to the ends of stabilized ADP-actin filaments
(A) Cartoon schematic of the experimental setup (1-2).

(B) TIRF microscopy image of phalloidin-stabilized biotin-rhodamine-actin filaments
(magenta), and EGFP-MISP molecules (green). Scale bar = 5 uym.

(C) Quantification of EGFP-MISP’s filament end and side binding events on stabilized
actin filaments from B.
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Figure 4-4. MISP preferentially binds near the pointed ends of actin filaments

(A) Cartoon schematic of the experimental setup (1-2) and possible outcomes (3).

(B) TIRF microscopy montage of a tethered polymerizing rhodamine F-actin (magenta)
and EGFP-MISP molecules (green). Scale bar = 3 pym.

(C-D) TIRF microscopy kymographs representative of EGFP-MISP’s binding events
(green) on F-actin (magenta), near their pointed end (C), and at their side (D).

(E) Distribution of EGFP-MISP’s binding events on actin filaments of known polarity. Each
filament length is plotted as a horizontal bar in gray, and the distance of each binding
event from the pointed ends (‘PE’) is plotted as a red dot.

(F) Mean dwell time of MISP’s binding events near the pointed ends ('PE’) or at the
filament side (‘Side’). Each dot represents a single event. Bar plots and error bars denote
mean + SD. p value was calculated using the unpaired t test (****p < 0.0001). All data are
representative of three independent experiments.

MISP preferentially captures filaments from the pointed ends

Although freely diffusing MISP targets the pointed ends of filaments, MISP seems to be
anchored to pre-existing actin networks before core bundles assemble in intestinal
epithelial cells (Morales et al., 2022). Thus, we next sought to determine if MISP still binds

to the pointed ends of newly polymerizing filaments from a confined configuration. To
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mimic this, we tethered MISP molecules on the coverslip using anti-MISP antibodies and
flowed in short seeds of polymerizing actin filaments (Figure 4-5 A). We found that
immobilized MISP maintains its preferential binding near the pointed ends as evidenced
by a fast elongation from the opposite barbed end over several minutes (Figure 4-5 B-C).
To simplify our quantification, we classified the number of binding events as “pointed end”,
“‘parbed end”, and “filament side”, which revealed that pointed end binding events
prevailed over the others (71 vs. 34 vs 29) (Figure 4-5 D). These results further support

that MISP preferentially binds near the pointed ends of actin filaments.
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Figure 4-5. MISP preferentially captures actin filaments from the pointed ends

(A) Cartoon schematic of the experimental setup (1-2) and expected outcome (3).

(B) TIRF microscopy montage of immobilized EGFP-MISP molecules (green) anchoring
a polymerizing rhodamine F-actin (magenta) from the pointed end. Scale bar = 3 um.
(C) Kymograph of movie corresponding to the montage in (B).

(D) Quantification of EGFP-MISP-driven anchoring events from the pointed ends (‘PE’),
barbed ends (‘BE’), and side (‘Side’) of actin filaments. All data are representative of
three independent experiments.

107



MISP bundles actin filaments in a parallel and antiparallel manner

Thus far, we have characterized MISP’s binding properties on single actin filaments.
Considering that MISP functions as a crosslinker of multiple filaments in cells (Kumeta et
al., 2014; Morales et al., 2022), we next investigated whether MISP’s preferential binding
near the pointed ends and ADP F-actin has implications on its bundling function. One
tentative hypothesis is that MISP may harness its ability to bind near the slow-growing
ends of filaments to create a bundle of uniform polarity. To determine if MISP is sufficient
to create parallel bundles, we set up TIRF assays using untethered and pre-assembled
polymerizing actin. Visualizing two-filament bundling events, we found that MISP bundles
filaments in a parallel and antiparallel fashion with no preferential bundling in either
orientation (Figure 4-6 A-C). We also found that MISP intensity was higher in two-filament
bundles compared to single filaments (Figure 4-6 B, D), suggesting a stronger affinity for
two-filament arrays, likely reflecting MISP’s multiple actin binding sites (Kumeta et al.,
2014). A close inspection of two-filament parallel bundling events also revealed that MISP
signal was lower on newly polymerizing pairs of filaments (Figure 4-6 B; top row, green
channel), presumably due to its preferential affinity for aged filaments (Figure 4-2 C).
Occasionally, we also observed MISP/actin bundles of more than four filaments landing
on the field of view (Figure 4-7 A-C). As the number of filaments in a bundle increases,
we expected MISP may solely give rise to antiparallel bundles, which we observed (Figure
4-7 B). Nevertheless, we also noticed that some of these thick bundles grew all their
barbed ends exclusively in one direction (Figure 4-7 C), indicating that MISP is still
capable of bundling more than two filaments in a parallel fashion. We failed to recapitulate

these parallel bundling events de novo on the surface of the coverslips, presumably
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because the spatial confinement in 2D limited MISP/actin to freely diffuse and adopt an
optimal spatial configuration. A close inspection across multiple fields of view revealed
various actin structures in a broom-like shape consisting of more than 20 filaments with
a strong MISP signal at one end, suggesting that these structures may also reflect parallel
bundling events. Overall, these results suggest that MISP holds the capacity to create
antiparallel and parallel bundles of multiple filaments; the polarized parallel arrays were
presumably the result of MISP’s ability to preferentially associate to pointed ends of newly

polymerizing filaments.
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Figure 4-6. MISP bundles actin filaments in a parallel and antiparallel manner
(A-B) TIRF microscopy montages of rhodamine F-actin (gray), and EGFP-MISP
(green). (A) Control experiment without EGFP-MISP. (B) 2-filament bundling event
driven by EGFP-MISP in a parallel (top row) and antiparallel (bottom row) manner.
Green channels in A and B were slightly shifted to the lower right side of image to better
visualize the overlap between F-actin and MISP. Scale bar =5 ym.

(C) Quantification of 2-filament parallel and antiparallel bundling events from movies as
shown in (B). All data are representative of at least three independent experiments.

(D) Mean intensity of EGFP-MISP on 1-filaments versus 2-filaments from movies as
shown in (B). Bar plots and error bars denote mean £ SD. p value was calculated using
the unpaired t test (****p < 0.0001).
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Figure 4-7. MISP assembles multi-filament parallel and antiparallel bundles

(A-C) TIRF microscopy montages of biotin-rhodamine F-actin (magenta), and EGFP-
MISP (green). (A) Control experiment without EGFP-MISP. (B) Multi-filament parallel
bundling events driven by EGFP-MISP. (C) Multi-filament antiparallel bundling events
driven by EGFP-MISP. Scale bar = 10 ym.

Discussion

Using in vitro reconstitution assays coupled with TIRF microscopy, we showed that the
microvillar protein MISP directly binds to single actin flaments employing two modalities:
end binding (i.e., near pointed ends) and side binding (i.e., ADP F-actin) (Figure 4-2;
Figure 4-4, 4-5). These binding mechanisms agree with MISP’s selective localization to
microvillar rootlets (Morales et al., 2022), which are predominantly comprised of aged
filaments and their pointed ends (Hirokawa et al., 1982; Loomis et al., 2003; Meenderink
et al., 2019; Tyska & Mooseker, 2002). Live-imaging bundling assays further showed that
MISP holds the potential to create multi-filament arrays of antiparallel and parallel
bundles, the latter conformation presumably orchestrated by its pointed end- and side-
binding ability. These findings highlight the role of MISP as a bundler that may contribute
to establishing the polarity of core bundles early in microvillar assembly.

Dwell time assays on three F-actin nucleotide states (ADP, ADP-Pi, and AMP-
PNP) revealed that MISP can discriminate among all these filament conformations
exhibiting slow dissociation rates from ADP F-actin (Figure 4-2), which likely confers
stronger affinity for this nucleotide state as no major differences in association rates were
observed (Figure 4-1 C-E). This is consistent with cell and tissue immunostaining showing
MISP’s selective localization to microvillar core rootlets (Morales et al., 2022), which are

expected to be enriched in ADP F-actin as core bundles undergo treadmilling during
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microvilli assembly (Loomis et al., 2003; Meenderink et al., 2019; Tyska & Mooseker,
2002). While it is uncertain whether treadmilling persists in fully matured native intestinal
microvilli, the selective labeling of their rootlets by cofilin suggests that these ends may
remain enriched in ADP F-actin. (Figure 4-1 A). The fact that MISP and cofilin share a
similar localization to rootlets further suggests that their preferential binding to ADP F-
actin is not mutually exclusive, but rather may coexist at those ends. Recent
ultrastructural studies showed that ADP-bound filaments display a flexibility that may
expose multiple binding sites in addition to those triggered by phosphate release alone
(Oosterheert et al., 2022; Reynolds et al., 2022), which may further prime the association
of multiple nucleotide-sensing factors.

Why would a microvillar factor preferentially “sense” ADP F-actin? MISP
localization at rootlets is required for microvilli assembly and maintenance (Morales et al.,
2022). Such restriction of MISP to rootlets is partially exerted by the membrane-
cytoskeleton crosslinking activity of ezrin (Morales et al., 2022). Thus, nucleotide-sensing
may represent an alternative mechanism for restraining MISP targeting and function
solely at rootlet ends. Whether the nucleotide composition of filaments controls the
selective binding of ezrin or other factors to the membrane-wrapped segment of core
bundles remains unknown. However, previous in vitro reconstitution assays indicate that
myosin-6, a membrane-cytoskeleton crosslinker, exhibits preferential binding to aged
filaments (Zimmermann et al., 2015), which may contribute to its membrane tethering
function near microvillar rootlets (Hegan et al., 2012).

Moreover, bundling proteins can generate specific spatial configurations on multi-

filament bundles that may create a sorting mechanism to favor or restrict the binding of
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other factors (Winkelman et al., 2016). In treadmilling microvilli, MISP selective bundling
of ADP-bound actin filaments may confer the rootlet ends with unique properties that favor
the recruitment of other rootlet-enriched factors. One such factor is fimbrin, a bundling
protein that displays preferential binding to MISP-bundled filaments (Grimm-Gunter et al.,
2009; Morales et al., 2022). Both MISP and fimbrin are the only microvillar bundling
proteins that cooperate to elongate and stabilize the rootlets, presumably reflecting their
specific targeting to these ends (Morales et al., 2022). Although speculative, the
nucleotide composition of microvillar core actin bundles may segregate factors to specific
regions that may ultimately define the boundaries of membrane-wrapped versus
unwrapped segments of core bundles.

Actin dynamics assays further revealed that MISP preferentially binds near the
pointed ends of filaments displaying long dwell times at these ends relative to the filament
side (Figure 4-3 E-F). Although our experimental setup prevented us from studying
whether MISP regulates actin dynamics at those ends, previous overexpression
experiments show that MISP promotes rootlet elongation (Morales et al., 2022). This
raises the possibility that MISP may favor monomer incorporation at these ends,
presumably by removing cappers such as Tmod3 from microvillar pointed ends.
Consistent with this, recent studies indicate that the actin bundler espin displays anti-
capping activity at the barbed ends, which likely reflects its ability to create long microvillar
protrusions when overexpressed (Loomis et al., 2003; Zheng et al., 2022). Our findings
provide insights that may explain how actin bundling proteins promote the elongation of

actin-based protrusions in cells.
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Why would an F-actin bundler exhibit both end and side binding? Having both
filament pointed end and side binding potential may be convenient for crosslinking and
orienting newly polymerizing filaments into a polarized core bundle. In the case of
filopodia, core bundles supporting protrusions have their basal pointed ends crosslinked
to filament sides by the Arp2/3 complex, serving as an anchoring platform for orienting
filaments during protrusion growth (Svitkina & Borisy, 1999). Given that microvilli
assemble in an Arp2/3-independent fashion (Grega-Larson et al., 2015), it remains
unclear how their core bundle polarity is established. Our bundling assays indicate that
MISP assembles both parallel and antiparallel F-actin bundles (Figure 4-6), which is
consistent with MISP localization to the unipolar core bundles of microvilli and the mixed
polarity bundles of stress fibers (Kumeta et al., 2014; Morales et al., 2022). Yet, MISP
holds the capacity to assemble multi-filament parallel bundles consisting of more than two
filaments (Figure 4-7), suggesting that MISP may be sufficient to create higher-order actin
bundles of uniform polarity under certain conditions. Although such conditions are still
undefined, coordinated coupling of filament elongation and crosslinking have been
recently invoked to favor the resulting organization of polarized parallel bundles (Sherer
& Courtemanche, 2022). Fimbrin can assemble parallel bundles in vitro (Glenney et al.,
1981), but its recruitment to microvillar rootlets seems to be MISP-dependent (Morales et
al., 2022). Espin is another microvillar bundler capable of creating bundles with uniform
polarity in cells (Loomis et al., 2006), although its late accumulation during microvilli
differentiation is at odds with orchestrating bundle polarity (Bartles et al., 1998). Thus, as

an early microvillar factor with the ability to preferentially bind and crosslink filaments near
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their pointed ends, MISP may be a candidate for establishing the polarity of core bundles
early in microvillar assembly.

If MISP were not sufficient to assemble core bundles of uniform polarity, it may still
contribute to organizing filament polarity with other early barbed end-specific proteins.
One such factor is Epidermal Growth Factor Receptor Pathway Substrate 8 (EPS8), a tip-
specific microvillar protein that also holds bundling potential in vitro (Croce et al., 2004;
Gaeta et al., 2021; Hertzog et al., 2010). Like MISP, EPS8 is an early factor that strongly
localizes at the apical region of immature enterocytes within intestinal crypts (Gaeta et
al., 2021; Morales et al., 2022). Given their end-specific targeting and bundling functions,
it is tempting to speculate that EPS8 and MISP may orchestrate the polarity of nascent
core bundles from their barbed and pointed ends, respectively. Future cell and single-
molecule temporal visualization studies will be required to determine whether these
factors are sufficient to assemble newly polymerizing filaments into parallel actin bundles
(Gaeta et al., 2021).

Previous studies have found that bundling proteins can self-segregate within the
same actin networks, which may further promote the sorting of other actin-binding factors
by competition or by the differential filament interspacing they create (Christensen et al.,
2017; Winkelman et al., 2016). Our findings revealed a previously unrecognized
nucleotide-sensing feature of bundling proteins that may drive their sorting along actively
treadmilling filaments. This intrinsic segregation of bundlers further provides a
mechanistic explanation for the observed differential protein composition along the length

of polarized protrusions. Whether the nucleotide composition of filaments in core bundle

116



protrusions ultimately dictates the ultrastructural features of fully mature protrusions will

be an interesting venue for future research.

117



CHAPTER V

CONCLUSIONS AND FUTURE DIRECTIONS

Conclusions!
The work presented here identifies MISP as a fourth actin bundling protein in brush border
microvilli (Chapter Ill) in addition to the previously documented bundlers villin, fimbrin,
and espin (Bartles et al., 1998; Bretscher & Weber, 1979, 1980b). Having multiple factors
with apparent redundant functions highlights the remarkable evolutionary robustness of
epithelial microvilli to maximize the surface area for nutrient absorption and reabsorption
in hollow organs of the body.

Yet, MISP functions as an unconventional bundler by selectively targeting and
maintaining the membrane-free rootlet ends of microvilli, thus promoting brush border
assembly (Chapter Ill). At least two mechanisms are responsible for MISP restriction to
the rootlet ends: an extrinsic mechanism driven by the membrane-cytoskeleton
crosslinker ezrin (Chapter lll); and an intrinsic mechanism driven solely by the preferential
binding of MISP to the pointed ends of aged actin filaments (Chapter IV). These
confinement mechanisms for rootlet maintenance further highlight the role of these ends
as anchors that mechanically stabilize the membrane-encapsulated protruding core
bundle. As bundling proteins can sort other actin-binding factors depending on the inter-

filament spacings they arrange (Winkelman et al., 2016), rootlet-specific bundlers such

! Some paragraphs from this section were published in: Morales, E. A., Arnaiz, C., Krystofiak, E. S.,
Zanic, M., & Tyska, M. J. (2022). Mitotic Spindle Positioning (MISP) is an actin bundler that selectively
stabilizes the rootlets of epithelial microvilli. Cell reports, 39(3), 110692.
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as MISP may further create specific “micro-niches” at the rootlets that are suitable for
other factors to associate. Moreover, MISP is an early microvillar factor that exhibits both
actin-bundling activity and preferential binding to the pointed ends (Chapter Ill, IV). These
complementary functions are well suited for a factor to establish the polarity of flaments
that make up the core bundle of microvilli, yet whether MISP meets such demand remains
an open question for future investigations.

The primary limitations of the current work are technical. In the intestinal tract, the
brush border microvilli assemble on the surface of nascent enterocytes during
differentiation as these cells migrate out of stem cell-containing crypts on to the villus.
Recapitulating the biochemical and morphological transition that these cells undergo in a
laboratory is a major challenge for researchers. In this work, our findings in Chapter Il
are based largely on data derived from epithelial cell culture models, namely the W4
(Baas et al., 2004) and CACO-2ggk cell lines (Peterson et al., 1993; Peterson & Mooseker,
1993), which are both limited in the extent to which they reflect the mechanistic details
and nuances of the native process. Although not employed in the current work, intestinal
organoid cultures promise the experimental accessibility afforded by cell culture models
while more faithfully recapitulating the phenotypic details of differentiated intestinal
epithelial cells in vivo (Date & Sato, 2015). Our findings in Chapter IV were based on a
two-component minimal reconstitution assay. Although these findings provide a
mechanistic explanation for our observations in cell culture models, how other actin-
binding factors influence MISP binding and bundling of actin remains elusive. As many

actin-binding proteins are now commercially available, we may be able to incorporate
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some factors of interest in our reconstitution assays. We will propose future studies to
address some of these limitations in the following sections.

Overall, by investigating the targeting and functional mechanisms of MISP across
various biological scales ranging from cell culture models to minimal reconstituted
systems, we have gained a deep mechanistic understanding of MISP function as an actin-
binding factor. Our findings have evoked exciting new questions, some of which aim to
further explore preliminary observations, and others aim to determine the functional

relevance of MISP in vivo.

Mechanisms of MISP-driven elongation and maintenance of rootlets

How does MISP contribute to rootlet elongation?

Does MISP antagonize with end-capping proteins at microvillar rootlets? Actin
bundling proteins have been traditionally viewed as factors that passively crosslink
adjacent actin filaments. However, actin bundling proteins can also promote other
functions such as nucleation, elongation and severing of actin structures (Glenney Jr. et
al., 1981; Loomis et al., 2003; Revenu et al., 2007). In Chapter Ill, we found that MISP
overexpression in intestinal epithelial cells creates long microvillar rootlets, while its
overexpression in non-epithelial cells generates actin cables (Morales et al., 2022).
Another bundler displaying a similar phenotype when overexpressed is espin, which
generates long microvilli in kidney epithelial cells, and aberrant cytosolic bundles in

neuronal cells (Loomis et al., 2003, 2006). Recent biochemical studies revealed that espin
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holds anti-capping activity in addition to its well-known bundling function (Zheng et al.,
2022). Specifically, espin competes with capping protein, a barbed end-specific capper,
to drive polymerization from barbed ends (Zheng et al., 2022). These findings suggest
that in addition to their well-known filament crosslinking role, bundling proteins may serve
other functions such as competing with end-specific factors to promote the elongation of
polarized core bundles.

How MISP promotes rootlet elongation remains an open question. However, our
findings that MISP preferentially binds to the pointed ends are suggestive of an anti-
capping activity at the rootlet ends. The only known pointed end capping protein in
microvilli is tropomodulin-3 (Tmod3), which is endogenously enriched in the brush border
of native intestinal tissue and CACO-2gge cells (Uhlén et al., 2015; K. L. Weber et al.,
2007) (Figure 5-1 A). Our preliminary overexpression studies show that Tmod3 also
localizes to the microvillar rootlets of W4 cells (Figure 5-1 B), which resembles MISP
selective targeting to these ends (Morales et al., 2022). Using W4 cells as a biological
system, we could determine whether MISP promotes rootlet elongation at the expense of
outcompeting Tmod3 from rootlets. These experiments could be done by overexpressing
either protein with a fluorescent tag and staining for the endogenous version of the other
factor using SIM microscopy. Previous overexpression studies in myofibrils indicate that
tropomoduline promotes the shortening of actin filaments, presumably as a result of its
pointed end capping activity (Littlefield et al., 2001). Thus, we anticipate that Tmod3
overexpression in W4 cells will reduce MISP intensity levels accompanied by shorter
rootles. Similarly, we predict that MISP overexpression will reduce Tmod3 intensity levels

accompanied by the characteristic long rootlets that MISP generates. These predicted
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changes could provide evidence for a possible competition between MISP and Tmod3 for
the pointed ends, which might ultimately be responsible for regulating the growth of

rootlets.

B EGFP-TMOD3 EGFP-TMOD3

EGFP-TMOD3 F-actin

Y

Figure 5-1. Tmod3 enriches at the rootlets of microvilli

(A) H&E staining of human small intestine stained for Tmod3 (brown) extracted from the
Human Protein Atlas (Uhlén et al., 2015). The dashed box corresponds to the zoomed
area. Scale bar = 200 ym.

(B) Laser-scanning confocal microscopy image of a W4 cell overexpressing EGFP-
Tmod3 (yellow), stained for F-actin with phalloidin (magenta), and membrane with WGA
(cyan). The top panels show two-color images; the bottom panels show inverted single
channels. Red arrows indicate Tmod3 enrichment to rootlets. Scale bar = 7 ym.

Is MISP an anti-capping protein specific to the pointed ends? End-specific factors
binding to either the barbed ends or the pointed ends are expected to module the kinetics

at those ends. These factors may either favor the incorporation of actin monomers,
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serving as anti-cappers such as Ena/VASP (Krause et al., 2003); or block the addition of
monomers, functioning as cappers such as Tmod3 (Fischer et al., 2003). Thus, an
alternative experimental approach to test if MISP functions as an anti-capping protein at
the pointed ends is to directly visualize its effect on monomer incorporation at the pointed
ends in the presence of Tmod3.

In our in vitro reconstitution assays, the polymerization conditions favored only the
incorporation of monomers at the barbed ends, while maintaining the growth from the
pointed ends unchanged. One limitation of studying actin dynamics at the pointed ends
is their slow rate of polymerization compared to the barbed ends, which grow ~10 times
faster (Kuhn & Pollard, 2005). For instance, under conditions favoring polymerization at
both ends, by the time the pointed ends grow ~1 pm, the barbed ends will grow ~10 um,
which overcrowds the field of view and impairs tracking polymerization dynamics at the
pointed ends. One way to overcome this limitation is to block polymerization from the
barbed ends using Cytochalasin D, which binds to the barbed ends at a 1:1 molar ratio
(Goddette & Frieden, 1985). Alternatively, the barbed ends can be conjugated with
commercially available barbed-end cappers such as Gelsolin (Cytoskeleton, Inc.). Using
any of these strategies, which have been used in previous biochemical and single
molecules studies (Shekhar, 2017), we could be able to investigate actin dynamics at the
pointed ends.

Once polymerization from the barbed ends is blocked, we may be able to test the
effect of MISP on the actin dynamics at the pointed ends. One way to test this could be
by saturating stabilized filaments (conjugated with either Cytochalasin D or Gelsolin) with

a nonfluorescent version of Tmod3 (OriGene), which will result in filaments with both ends
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capped. We could subsequently flow in monomeric actin above the critical concentration
for pointed end elongation (> 0.6 uM). This control experiment should result in no filament
polymerization from either end (Figure 5-2; control). To test if MISP holds anti-capping
activity, we could flow in MISP at saturating concentrations before the incorporation of
actin monomers. A subsequent elongation from the pointed end (i.e., slow rate) will be
indicative of an anti-capping activity driven by MISP (Figure 5-2; test). Given that these
assays consist of multiple steps, it is important to always incorporate Cytochalasin D /
Gelsolin in all reactions in order to minimize barbed end polymerization, especially when
soluble actin is being added. The proposed reconstitutions assays should provide direct
evidence to determine whether MISP functions as an anti-capping protein, which could

further provide a mechanism by which it promotes core bundle elongation.
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Figure 5-2. Proposed assays to test MISP anti-capping activity at the pointed ends
The left column shows control conditions with phalloidin-stabilized filaments capped at
the barbed ends with Cytochalasin D/ Gelsolin; and at the pointed ends with Tmod3. No
polymerization is expected under these conditions. The right column shows similar
conditions as before, but MISP is incorporated at saturating concentrations to determine
if it can displace Tmod3 from the pointed ends and allow actin polymerization.
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How does MISP contribute to rootlet maintenance?

To date, cofilin is the only actin binding protein with a strong affinity for ADP F-actin over
other nucleotide states (Blanchoin & Pollard, 1999). Such preferential binding of cofilin
triggers the severing and depolymerization of these aged filaments, which promotes the
turnover of actin filaments in cells (Lappalainen & Drubin, 1997). Our in vitro reconstitution
assays indicate that MISP also displays a selective targeting to ADP-bound filaments.
However, unlike cofilin, MISP stabilizes the rootlets and reduces the turnover of
microvillar core bundles (Morales et al., 2022). Intriguingly, despite their antagonistic
function, cofilin and MISP coexist at microvillar rootlets (Figure 4-1). We speculated that
MISP may be protecting filaments from cofilin-driven severing and depolymerization. To
test this, we set up an in vitro reconstitution approach by immobilizing aged actin filaments
(i.e., ADP F-actin) on a coverslip as described in Chapter IV. We next coated these
filaments with EGFP-MISP molecules at high concentrations, and subsequently
incorporated cofilin (Cytoskeleton, Inc). Following this procedure, our preliminary results
suggest that MISP may reduce the rate of actin depolymerization, and delay the severing
of actin filaments (Figure 5-3). Although MISP seems to protect filaments from
depolymerization, the concentration of cofilin used in this preliminary experiment severed
filament at a higher rate, which prevented us from quantifying multiple events.
Considering that the severing activity of cofilin of filaments is concentration dependent
(Carlier et al., 1997), it could be necessary to titrate various concentrations to determine
optimal conditions compatible with the image acquisition timeframe. Once optimal
conditions are established, we could be able to quantify the severing rates of actin

filaments with or without MISP decoration.
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Another way to address this hypothesis and further complement our in vitro
experiments is to conduct cellular assays. In cells, cofilin activity is controlled by two
factors: LIMK, which phosphorylates cofilin to its inactive state; and SSH, which
dephosphorylates cofilin into its active state. Small molecule inhibitors targeting either
LIMK or SSH have been widely used to increase or decrease the pool of active cofilin in
cells, respectively (Lee et al., 2017; Ross-Macdonald et al., 2008). Using the LIMK
inhibitor to increase the pool of active cofilin in W4 cells, preliminary data from our lab
have found that cells display shorter microvilli, presumably leading to the disassembly of
microvilli. As cofilin is highly enriched at microvillar rootlets, one possibility is that a high
pool of active cofilin may sever these ends, leading to the collapse of the brush border. Is
MISP protecting the rootlets from cofilin-driven severing and rootlet disassembly? We
could address this question using live-cell imaging assays and perturbations with small-
molecule inhibitors. We propose to use the LIMK inhibitor to increase the pool of active
cofilin in W4 cells expressing EGFP-MISP and mCherry-UtrCH (an actin marker). We
could then monitor actin rootlet dynamics (i.e., severing, bending, disassembly) over time
in cells overexpressing MISP and cells with normal MISP levels. It would also be
interesting the determine whether cofilin-driven microvillar collapse can be delayed or
prevented in cells displaying long rootlets, as those found when MISP is highly abundant.
These experiments can be further complemented with fixed samples using SIM to
accurately measure changes in core actin dimensions, not limited to length but also
thickness (related to the number of filaments), and straightness (related to the stiffness
of core bundles). The latter parameter is particularly interesting as the rootlets of microvilli

exhibit a bending conformation in W4 cells, presumably as a result of cofilin binding
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(McCullough et al., 2008). We anticipate that LIMKi3-driven overactivation of cofilin will
result in shorter and more curved rootlets. We also predict that MISP levels will be
reduced as a result of increased cofilin, which could be quantified in both conditions using

antibodies targeting the total MISP content.
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Figure 5-3. Preliminary assays showing MISP-driven filament protection from
severing and depolymerization

TIRF microscopy kymographs showing polymerizing actin filaments (black) with no MISP
decoration (A) or with MISP decoration (100 nM) (B), exposed to cofilin (250 nM). Red
arrows show depolymerization events. Yellow symbols show severing events. Note the
slower depolymerization rates and late severing events in conditions where filaments
were saturated with MISP. A nonfluorescent purified MISP was used in these assays.
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Mechanisms of parallel actin bundling by MISP

Is MISP confinement required to assemble actin bundles of uniform polarity?
The specific binding to the pointed ends of actin filaments posits MISP as a factor that
may orchestrate the assembly of microvillar core actin bundles in a polarized manner.
Although not exclusively, our in vitro reconstitutions assays show that MISP holds the
capacity to assemble parallel actin bundles containing multiple actin filaments. What
additional conditions does MISP need to exclusively assemble parallel bundles of actin?
One limitation of our in vitro reconstitution bundling assays is that both MISP and
polymerizing actin filaments were freely diffusing in solution, which likely decreases
MISP’s encounters with pointed ends. Given that MISP is unstable as a soluble protein,
MISP may remain confined to pre-existing networks to promote microvillar assembly
(Kumeta et al., 2014; Morales et al., 2022). In our preliminary in vitro reconstitution
assays, we observed that MISP promotes the formation of aster-like actin networks
(Figure 5-4 A), which suggests that MISP can bundle actin filaments from the ends,
presumably the pointed ends. Consistent with these observations, we also found
examples of single MISP punctum anchoring multiple filaments from their slow-growing
pointed ends (Figure 5-4 B). Thus, we speculate that the confinement of MISP or pointed
ends to reduced areas could be a prerequisite for bundling filaments in a polarized
manner. We could be able to mimic such confinement using two in vitro reconstitution
strategies with TIRF microscopy.

The first strategy consists in immobilizing EGFP-MISP molecules in antibody-

coated microbeads (~5 ym; Bangs Laboratories, Inc), and triggering actin polymerization

128



in TIRF flow channels preloaded with beads. In this way, one could increase the
probability of pointed end capturing events as filaments will be very short. In fact, bundling
of short filaments as opposed to long filaments has been recently found to influence the
resulting organization of polarized bundles (Sherer & Courtemanche, 2022). We predict
that actin filaments will grow out of the microsphere. Although the rate of actin
polymerization can inform us which end will be growing outwards, we could also
determine the polarity of filaments flowing in fascin (Cytoskeleton, Inc.), which exclusively
bundles actin in a parallel manner (Breitsprecher et al., 2011; Jansen et al., 2011), thus
leaving antiparallel filaments free. Similar confinement strategies of actin binding proteins
have been used to determine their sorting and evaluate their contribution to the assembly
of actin networks in reconstitution assay (Winkelman et al., 2016).

The second strategy consists in confining actin filaments so that all their pointed
ends will be exposed outwards. This could be conducted by immobilizing phalloidin-
stabilized actin filaments of ~10 um on the surface microsphere beads from their barbed
ends using gelsolin (Cytoskeleton, Inc.). These will generate freely diffusing pointed ends
confined in a smaller area. Subsequently, EGFP-MISP molecules can be flowed in at low
concentrations to determine if MISP can selectively bundle filaments from their pointed
ends. This hypothesis is consistent with the existence of other factors that organize the
barbed ends of filaments, such as EPS8, a barbed end-specific factor in microvilli that
can bundle filaments (Disanza et al., 2006; Hertzog et al., 2010). Ena/VASP is another
filopodia factor that selectively bundles filaments at the barbed ends while promoting their

elongation (Winkelman et al., 2014).
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Considering that spontaneous polymerization of actin can mask the reaction in all
in vitro reconstitution assays, the results can be difficult to interpret. If this is the case,
one can incorporate profilin and formin into the reaction (Cytoskeleton, Inc.), which will
reduce spontaneous nucleation. Taken together, the proposed experiments may provide
mechanistic insights on how core actin bundles acquired their intrinsic polarity that results
in microvillar protrusions.
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Figure 5-4. Preliminary experiment showing MISP-driven aster-like actin networks
(A) TIRF microscopy movie showing stabilized actin filaments (black) pre-assembled with
MISP (‘+MISP’) or without (‘control’). The latter condition shows the formation of an aster-
like actin network. Scale bar =5 pm.

(B) TIRF microscopy movie showing a polymerizing actin filament (magenta) from barbed
ends only. The top row shows conditions without MISP. The bottom row shows conditions
with MISP (green). Note MISP green punctum anchoring up to three filaments from their
pointed ends. Scale bar = 5 um.
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Functional and targeting determinants of MISP to rootlets

What are the structural determinants for MISP targeting to the rootlets?
An actin bundling protein must have at least two actin binding motifs in its amino acid
sequence in order to crosslink two adjacent actin filaments into a bundle (Matsudaira,
1991). Although not fully characterized, previous biochemical studies indicate that MISP
has at least three actin-binding fragments (AB) spanning across its 679 amino acid
sequence (Kumeta et al.,, 2014) (Figure 5-5 A). In preliminary structure/function
experiments, we created two large constructs containing each half of the full-length
protein: one construct harboring the first predicted fragment (MISP-AB'; 1-317 aa); and
another half harboring the other two predicted fragments (MISP-AB?3; 318-679 aa)
(Figure 5-5 A). Interestingly, when these constructs were overexpressed in W4 cells, they
no longer displayed the selective targeting of full-length MISP to the rootlet ends of
microvilli; construct MISP-AB" decorated the entire core actin bundle overlapping with
phalloidin staining, whereas construct MISP-AB?? seem to retain its rootlet-specific
labeling with a partial decoration of distal segment of the core bundles (Figure 5-5 B-D).
These findings suggest that the actin-binding motifs conferring MISP with the specificity
for rootlet binding may be positioned between amino acids 318 and 679 (MISP-AB?3).
Using UniProt, we conducted a multiple alignment analysis of sequences
corresponding to MISP and other proteins harboring actin binding motifs. We began by
aligning MISP with other actin bundling proteins to identify possible similarities with actin
binding motifs. Interestingly, we found a short, conserved motif in MISP sequence that is

positioned within the predicted AB® (ABM: 552-570 aa), which coincides with sequences

131



corresponding to the actin binding motifs of espin (Figure 5-6 A). Thus, we propose to
generate fluorescently tagged versions of MISP containing the large actin-binding
fragment AB2, and our predicted actin-binding motif (ABM) to determine whether this motif
confers the observed targeting specificity to microvillar rootlets. (Figure 5-6 E).

We also found a putative WH2 domain within MISP sequence, which we aligned
with WH2 domains of other proteins from multiple species (Figure 5-6 B). Interestingly, a
short sequence (391- 420 aa) within the previously described AB? (Kumeta et al., 2014)
seems to contain identical features corresponding to canonical WHZ2 domains.
Canonically, WH2 domains consist of a short alpha-helix, followed by a linker and four
conserved amino acids. While the alpha-helix interacts with the hydrophobic cleft of actin,
the conserved four-amino acid sequence interacts with the nucleotide-binding cleft of
actin through the hydrophobic residues (Figure 5-6C-D) (Chen et al., 2013; Dominguez,
2016). It is worth noting that although WH2 domains are commonly present in actin
nucleators, they can also be present in other proteins such as elongator factor and even
bundling proteins across multiple species (Figure 5-6 B) (Dominguez, 2016). In this case,
we propose to conduct mutations targeting hydrophobic residues (i.e., 1398 or V414)
found within the predicted WH2 domain of MISP, as these mutations have been reported
to disrupt interactions with actin (Chen et al., 2013) (Figure 5-6 E).

Taken together, we propose to overexpress these proposed constructs in W4 cells
and determine whether they target specifically to rootlets (Figure 5-6 E). Considering that
various WH2-containing proteins bind near the pointed ends of actin (Dominguez, 2016),
we anticipate that our predicted WH2 domain may be responsible for MISP’s selective

targeting to these ends of actin filaments. In addition to testing rootlet targeting of these
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truncates, we also propose to conduct measurements of rootlet elongation that each of
these constructs could generate and evaluate possible bundling defects.

In Chapter IV, we found that MISP depicts two distinct binding modalities: filament
side (i.e., ADP F-actin) and filament end (i.e., pointed ends). As rootlets are expected to
be enriched in both ADP F-actin and pointed ends, a construct sufficient to target
microvillar rootlets will not necessarily allow us to discriminate between a pointed end- or
side-binding due to the diffraction limitation of our imaging approaches. Thus, if our
proposed cell assays above identify a rootlet-specific domain, we could further attempt to
purify any of these constructs to determine whether they target to pointed ends or ADP
F-actin using similar reconstitution assays as described in Chapter IV. Although the full-
length MISP protein is highly insoluble, short fragments of MISP have been previously

purified in E. coli for biochemical studies (Kumeta et al., 2014).
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Figure 5-5. Preliminary structure/function studies of MISP in W4 cells

(A) Cartoon schematic showing the previously predicted actin-binding fragments (AB)
(Kumeta et al., 2014); and the constructs we generated. '+’ and ‘-’ symbols to the right
are representative of the observed intensity at the rootlets from the quantifications shown
below.

(B-D) SIM images of W4 cells overexpressing EGFP-MISP (1-679 aa) (A); MISP-AB' (1-
317 aa) (B); or MISP-AB? (318-679 aa) (C); and stained for F-actin with phalloidin
(magenta), and membrane with WGA (blue). Each panel shows two-color merges with
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their inverted single channels at the bottom. Scale bar = 3 ym. The bottom row shows a
line scan of a single microvillus from base to tip corresponding to each of the conditions
above.
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Figure 5-6. Predicted rootlet-specific binding domains within MISP sequence

(A) Multiple alignments of MISP and espin derived from various species. "’ = position of
fully conserved residue; ' = conservation between groups of strongly similar properties;
‘.’ = conservation between groups of weakly similar properties.

(B) Multiple alignments of WH2 domains from proteins derived from various species,
including the predicted WH2 region of MISP. UniProt codes for each of the WH2-
containing proteins are shown on the left. Bar plots on top of sequences show the average
amino acid conservation (>50%). Note that the human and mouse MISP sequences have
the canonical amino acid sequence of a WH2 domain, ending with a (V/A)RKV sequence.
(C-D) Ribbon diagram of an actin monomer (blue), and the WH2 domain of WASP (red)
forming a complex (C); a canonical WH2 domain of WASP harbors an LNTK sequence
(D). Adapted from (Dominguez, 2016).

(E) Schematic representation of proposed EGFP-tagged MISP constructs to determine
their contribution to rootlet localization. Cyan boxes represent previously characterized
actin binding fragments (Kumeta et al., 2014). Magenta boxes represent our predicted
WH2 domain. Yellow boxes represent our predicted actin-binding motif (ABM). The black
asterisk represents the proposed mutation to disrupt the function of the predicted WH2
domain.

Do MISP and espin sort to different segments of actin bundles?

Actin bundling proteins have been previously found to segregate to distinct segments of
the same bundle as a result of the interspacing between filaments they generate or by
having a stronger affinity for the same actin binding sites (Winkelman et al., 2016). In
microvilli, fimbrin and MISP share a similar localization to rootlets, and they both
cooperate to create hyper-elongated rootlets when overexpressed (Grimm-Gunter et al.,
2009; Morales et al., 2022). Although other microvillar bundling proteins such as espin
have been documented as canonical bundlers that localize along the full length of core
bundles (Bartles et al., 1998; Loomis et al., 2003), our preliminary super-resolution
studies in W4 cells suggest that espin is less enriched at rootlets relative to MISP (Figure
5-7 A-D). This apparent inconsistency is presumably the result of the short nature of

rootlets (~ 400 nm) which may be imperceptible when using confocal imaging approaches

136



due to diffraction limitation (~ 200 nm). Moreover, our preliminary in vitro reconstruction
assays show that an unlabeled purified version of espin bundles linear filaments of actin
as previously reported (Bartles et al., 1998). Notably, EGFP-MISP preferentially bound
the ends of espin-bundled filaments, which contained fewer filaments (Figure 5-7 E-F).
This suggests that MISP and espin may sort to distinct domains within the same linear
actin bundle, revealing a possible alternative mechanism for MISP confinement to
rootlets. To better determine the possible competition between MISP and espin, we
propose to create a HALO-Espin recombinant protein in the E. coli system, which we
could use in a three-component reconstitution assay along with rhodamine-actin and
EGFP-MISP. Using this approach, we could visualize whether MISP and espin sort the
distinct segments of polymerizing filament as they are bundled by these factors. By
visualizing two-filament parallel bundling events, we anticipate that MISP will selectively
bundle aged filaments near the pointed ends, while espin will bundle newly polymerizing

filaments in proximity to the barbed ends.

137



A EGFP-Espin B mcCherry-miSP C Espin MIsP

'Espin | F-actin LMISP I'F-actin '\ Espin MISP \\F-actin
1 1 11 1
1 1
1

D E + Espin +Ecrp-misp F o ------------- >

1.0 00:00 min:sec 15:20 min:sec 20:20 min:sec
2 .
» -~ <
c /
,2 ,"\t‘\ > 10000

1 =

: !} :
8 05 ) o
T = 5000
€
b
[<]
$ |

0.0 f—— = ] 0 T T

0 2 4 (i} 10 20 30
Microvilli Length (um) F-aCtin e | F-3CHN e | F-2CHN Bundle Length (um)

Figure 5-7. Preliminary studies showing MISP exclusion from espin-bundled actin
arrays

(A-C) SIM images of W4 cells overexpressing EGFP-Espin (A); mCherry-MISP (B) or
EGFP-Espin and mCherry-MISP (C); and stained for F-actin with phalloidin (blue). Each
panel shows two-color merges with their inverted single channels at the bottom. Scale
bar =3 pm.

(D) Line scans of MISP (magenta) and espin (green) intensities along the base-tip axis of
microvilli from C. Distributions were fit using Gaussian curves.

(E) Montage of in vitro reconstitution assays showing EGFP-MISP decoration of espin-
bundled actin filaments (magenta). Scale bar =4 ym.

(F) Line scans of MISP and actin intensities along the bundle delineated in E.
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MISP function and localization in vivo

Ultrastructure and composition of the brush border in MISP KO mice
Three actin bundling proteins were identified in brush border microvilli: fimbrin, villin, espin
(Bartles et al., 1998; Bretscher & Weber, 1979, 1980b). Single KO studies of villin, espin,
or fimbrin in mice indicate that the brush border microvilli still assemble in each case
(Ferrary et al., 1999; Grimm-Gunter et al., 2009; Pinson et al., 1998; Revenu et al., 2012).
However, fimbrin KO mice were the only ones displaying a phenotype at the
ultrastructural level: short rootlets (Grimm-Gunter et al., 2009; Revenu et al., 2012).
Interestingly, such short rootlet phenotype aligns well with fimbrin’s preferential
accumulation to microvillar rootlets, and anchoring of rootlets to the underlying cytokeratin
network (Grimm-Gunter et al., 2009). Remarkably, a more recent study found that triple
fimbrin/villin/espin KO mice are viable, and still assemble microvilli (Revenu et al., 2012).
Two decades since the discovery of the last microvillar bundler (Bartles et al., 1998), our
findings reveal that MISP is a fourth actin bundling protein in brush border microvilli. What
the contribution of MISP in the context of a whole animal model remains an open question.
In collaboration with the core facility at Vanderbilt, we have engineered a MISP KO
animal model (Figure 5-8). Preliminary TEM analysis of a KO mouse shows that it exhibits
shorter rootlets compared to a wild-type animal (Figure 5-8 A). This is consistent with
MISP KD phenotype observed in cell culture models shown in Chapter Il (Figure 3-3).
Moreover, although the hexagonal packing of microvilli appears to be normal in the MISP
KO mouse, the overall microvillar density seems less abundant in this animal relative to

the wild type (Figure 5-8 B). It is worth mentioning that these preliminary results are
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derived from a single MISP KO mouse, thus further exploration should include more
animals to validate these observations with statistical analysis. Considering these
apparent abnormal phenotypes, we propose to quantify the overall length of core bundles,
as well as the ratios between membrane-wrapped and unwrapped segments. To
determine the microvillar density, we could calculate the nearest-neighbor distance, which
could provide measurements of the interspacing between protrusions (Pinette et al.,
2019).

Another intriguing question is whether actin filaments are equally packed along the
full length of the core bundle. We found that MISP creates an inter-flament spacing of ~
10 nm, which is slightly shorter than the inter-filament spacing exerted by other bundling
proteins such as espin or villin (~ 12 nm). Thus, a strong accumulation of MISP to the
rootlets may tightly pack filaments at these ends relative to filaments within the
membrane-wrapped segment of microvillar protrusions. With this in mind, we propose to
examine possible defects in the inter-spacing between filaments not only of membrane-
wrapped core bundles, but also between filaments comprising the rootlets.

As MISP is a rootlet-specific protein required to maintain these ends, we also
propose to conduct immunostainings to determine if other rootlet-specific proteins are
mislocalized (i.e., fimbrin, tropomyosin, non-muscle myosin-2, cofilin). We further propose
to evaluate the organization of other networks underlying the brush border such as
intermediate filaments (i.e., keratin-8, keratin-19), and microtubules. We anticipate that
microtubules may lack organization near the apical region given that MISP was reported
to function as a linker between cortical actin and astral microtubules in dividing cells (Zhu

etal., 2013).
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MISP KO

MISP KO

Figure 5-8. Ultrastructure of the brush border microvilli in a MISP KO mouse

(A) TEM image of the apical brush border microvilli of a WT and MISP KO mouse. This
section represents a plane parallel to the microvillar axis. Black dash boxes show zooms
of areas of interest shown to the right. Scale bar = 400 nm.

(B) TEM image of the apical brush border microvilli of a WT and MISP KO mouse. This
section shows a plane perpendicular to the microvillar axis. Black dash boxes show
zooms of areas of interest shown to the right. Scale bar = 400 nm.
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What is the ultrastructural localization of MISP in native intestinal microvilli?

In actin-based protrusions, canonical bundling proteins localize along the length of core
actin bundles. Although the selective localization of MISP to the rootlets of microvilli is
unusual for a bundling protein, the antagonism that ezrin exerts on MISP may suggest an
unconventional mechanism of bundling. Given that ezrin crosslinks core bundles with the
enveloping plasma membrane, MISP binding sites on actin may be localized to the
periphery of core bundles. One way to test this hypothesis is by using immunogold
labeling in tissue cross-sections of native small intestine. If MISP is a non-canonical
bundler that binds around the periphery of core actin bundles, we predict that the gold
particles will decorate the periphery around the core with little to no decoration in the
center (Figure 5-9). One factor that bundles actin filaments in a similar modality is
TRIOBP, which shows a selective targeting to the rootlets of stereocilia in inner hair cells
(Kitajiri et al., 2010). Immunogold-TEM images show that TRIOBP functions as a bundler

by wrapping around core bundles (Kitajiri et al., 2010).
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Figure 5-9. Hypothetical ultrastructural localization of MISP in a microvillar rootlet
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Does MISP contribute to the establishment of the crypt-villus transition?

In the intestinal epithelium, enterocytes undergo a collective cell migration from the crypt
to villus over the course of 3-5 days (van der Flier & Clevers, 2009). The transition from
crypt to the basal portion of the villus is facilitated by a pushing force generated by active
cell division (Krndija et al., 2019). Interestingly, previous studies indicate that MISP is a
cortical factor that promotes mitotic progression, specifically the metaphase-anaphase
transition (Maier et al., 2013; Zhu et al., 2013). We found that MISP is uniformly localized
along the crypt-villus axis (Morales et al., 2022), even on the surface of immature
enterocytes within crypts, which display less brush border microvilli. Such apical
localization in actively dividing cells suggests that MISP may be contributing to
establishing the crypt-villus transition, presumably because of its role in promoting cell
division.

To investigate this, we could use intestinal organoids, which are excellent model
systems that recapitulate the composition, structural organization, and dynamics of the
intestine (Date & Sato, 2015). Intestinal organoids can be derived from stem cells found
in the crypts of mice (i.e., wild type and MISP KO), and grown as spheres in Matrigel,
where they will begin growing as spheres resembling the villus domain, and develop
outward protrusion resembling crypts later in differentiation (Date & Sato, 2015; Sato et
al., 2009). As intestinal organoids can grow such structures in the XY plane over the
course of ~5 days (Date & Sato, 2015), they are amenable for imaging. Thus, we could
determine whether the establishment of crypt-villus transition is disrupted or delayed in
MISP KO organoids compared to wild-type specimens. To determine this, we could

measure the apical surface area of cells comprising the crypt (using Lgr5+ as a marker),

143



and the villus (using villin as a marker) in both specimens. The ratio between these
measurements (crypt/villus) would be a good indicator for comparison. One current
limitation of using intestinal organoids is the high variability of their shapes. We may be
able to overcome this limitation by growing them in micropatterns of known dimensions,
which may create more homogenous shapes (Gjorevski et al., 2022), thus facilitating
further quantitative analysis. Another benefit of using organoids is that they are amenable
to viral transduction, making it possible to express other fluorescent reporters. For
instance, we could corroborate that any defect in MISP KO organoids is specific to MISP
by reintroducing a fluorescently tagged version.

Finally, we currently lack an understanding of how brush border assembly and cell
division are coupled. Given that MISP participates in both processes (Maier et al., 2013;
Morales et al., 2022; Zhu et al., 2013), it is tempting to speculate that MISP may play a
role in coordinating the cytoskeletal rearrangements required to transition between these
two states. This problem opens new venues for future research in our lab, which could be

addressed using organoids as models.
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Open questions on the cell biology of microvilli

Recent discoveries are now starting to illuminate the detailed molecular
mechanisms that enable epithelial cells to generate apical specializations such as the
brush border. Our work has elucidated cellular and molecular mechanisms by which the
actin bundler MISP selectively targets and functions at the rootlet ends of brush border
microvilli. These findings have stimulated other key fundamental questions surrounding
microvilli assembly, which remain unanswered and should be targeted in future
investigations. For example, how do epithelial cells define the dimensions of a microvillus
core bundle? The number of actin filaments in a core bundle dictates protrusion width and
is highly stereotyped in brush border microvilli, yet it remains unclear how this parameter
is controlled during differentiation. Filament numbers will be impacted by actin monomer
concentration, actin bundler stoichiometries, and perhaps even by barbed end binding
proteins (e.g. EPS8 or BAIAP2L1) that are well positioned to control how many filaments
impinge on the apical membrane. Some tip-specific factors including EPS8 assemble
condensates in vitro (He et al., 2019; Lin et al., 2021), which might also play a role in
controlling filament numbers. This question is also pertinent to understanding the
formation of functionally diverse apical protrusions including the stereocilia found on
sensory hair cells and the giant microvilli assembled by intestinal tuft cells; in both of these
cases, the core bundles contain ~10-fold more actin flaments than we find in microvilli.
Another intriguing open question relates to the origin of mechanical force that enables
cells to overcome the bending stiffness of the apical membrane during microvillus

formation. Although the canonical view is that polymerizing actin filaments are the primary

2 Some paragraphs from this section were published in: Morales, E. A., Gaeta, I., & Tyska, M. J. (2023).
Building the brush border, one microvillus at a time. Current Opinion in Cell Biology, 80, 102153.
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force generators in this system, microvilli and other structurally similar protrusions contain
high levels of force-generating myosin motors. Yet their contribution to growth promoting
force remains unexplored. Related to this point, it would be also worth investigating the
contribution of external mechanical force in protrusion growth, as fluid shear has been
implicated in the growth of placental microvilli (Miura et al., 2015). Finally, as most recent
investigations have focused on identifying the protein machinery that is directly involved
in core bundle assembly, our understanding of how sites of microvillar growth are
specified on the apical membrane during differentiation remains limited.
Phosphoinositides such as P1(4,5)P2, Pl(4,5)P2, and PI(3,4,5)P3 are strongly implicated
in specifying apical vs. basolateral membrane domains (Gassama-Diagne et al., 2006;
Martin-Belmonte et al., 2007; Roman-Fernandez et al.,, 2018). Whether specific
membrane lipid species serve as spatial cues to organize actin polymerization machinery
during core bundle growth remains unclear, but this area would also make an appealing

target for future studies.
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