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Biologists have long appreciated the intimate connection between 
morphology and function. Powerful examples are provided by 
the epithelial cells that line our hollow organs, including the gut, 
kidney, lung, and cochlea. The intestinal tract provides one of 
the most striking cases. Here, morphological adaptations at both  
the tissue and cellular level allow the intestinal epithelium to make 
close and prolonged contact with luminal contents, in turn pro-
moting efficient uptake of available nutrients. The small intes-
tinal mucosa features thousands of macroscopic (0.5 mm in 
length) fingerlike folds of tissue referred to as villi (Fig. 1, A, B, 
and D), which project into the lumen, increasing the tissue surface 
area available for nutrient absorption (Helander and Fändriks, 
2014). The epithelium that lines each villus is composed of several 
cell types including goblet cells, enteroendocrine cells, Paneth 
cells, and enterocytes. Among these, enterocytes are by far the 
most abundant and are solely responsible for nutrient absorp-
tion. Because of the ever-present threat of chemical or physical 
damage, the intestinal epithelium is continuously renewed by stem 
cells found in the “crypts” at the base of each villus (Fig. 1,  
B and D; van der Flier and Clevers, 2009). As nascent epithelial 
cells emerge from the crypt, they undergo rapid differentiation 
(Fig. 1 C), and a subset takes on the attributes of mature entero-
cytes (Mariadason et al., 2005; Chang et al., 2008).
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Fully differentiated enterocytes are characterized by a 
prominent brush border with two defining morphological fea-
tures. First, microvilli demonstrate remarkably uniform length  
(Fig. 1 E), with little variability in dimensions within and be-
tween cells (100 nm diameter × 1–3 µm length depending 
on the region of the intestinal tract). Second, these protrusions 
exhibit highly ordered packing such that when the brush border 
is viewed en face hexagonal arrays of microvilli are observed 
(Fig. 1, C and F). The optimized packing of microvilli is a cel-
lular level adaptation that further increases the surface area 
exposed to the lumen. Based on morphometric data obtained 
by light and electron microscopy, estimates suggest that micro-
villi amplify the surface area of the small intestine 9–16-fold 
(Helander and Fändriks, 2014). Thus, the numerous microvilli 
within the brush border support a membrane “reservoir,” which 
allows the enterocyte to enrich membrane-associated mol-
ecules needed for nutrient absorption (Maroux et al., 1988) and 
host defense (Koyama et al., 2002; Shifrin et al., 2012) on the 
apical surface.

Building core actin bundles
To generate microvilli, epithelial cells must overcome physi-
cal forces that oppose membrane deformation including mem-
brane bending stiffness (, pN•nm), surface tension (Tm, pN/m), 
and membrane–cytoskeleton adhesion energy (, pN•nm/nm2; 
Sheetz, 2001; Nambiar et al., 2010). To this end, cells harness 
cytoskeletal dynamics to generate forces that “push” against cel-
lular membranes and drive deformation (Theriot, 2000; Atilgan 
et al., 2006). In the case of intestinal microvilli, the origin of the 
deforming force remains unclear but is likely generated by the 
polymerization and bundling of actin filaments. In vitro biophysi-
cal studies indicate that actin filament elongation can generate 
forces in the pN range (Miyata et al., 1999; Cameron et al., 
2000; Parekh et al., 2005; Footer et al., 2007). Interestingly, a 
classic set of experiments using native isolated brush borders 
revealed that actin polymerization preferentially occurs at the 
membrane-associated ends of core actin bundles (Pollard and 
Mooseker, 1981; Mooseker et al., 1982). In other early experi-
ments, Tilney and Cardell (1970) observed the association of 
electron-dense foci just below the plasma membrane during the 
regrowth of microvilli that were destroyed by the application 

Epithelial cells from diverse tissues, including the entero-
cytes that line the intestinal tract, remodel their apical sur-
face during differentiation to form a brush border: an array 
of actin-supported membrane protrusions known as mi-
crovilli that increases the functional capacity of the tissue.  
Although our understanding of how epithelial cells as-
semble, stabilize, and organize apical microvilli is still de-
veloping, investigations of the biochemical and physical 
underpinnings of these processes suggest that cells coor-
dinate cytoskeletal remodeling, membrane-cytoskeleton 
cross-linking, and extracellular adhesion to shape the api-
cal brush border domain.
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involved in controlling the polymerization of microvillar actin 
filaments in vivo is still unknown.

Because single actin filaments are not stiff enough to de-
form the membrane, microvillar protrusion requires that cells 
bundle numerous filaments together. This has the dual effect 
of increasing the number of putative force-producing elements 
(i.e., F-actin plus ends) per unit area of membrane and increasing 
the structural rigidity of the protrusion (Mogilner and Rubinstein, 
2005; Claessens et al., 2006; Bathe et al., 2008). Recent elec-
tron tomography studies indicate that microvillar cores are 
composed of 30–40 bundled filaments that exhibit a slight 

of hydrostatic pressure. Remarkably, actin filaments appear to 
originate from this material during microvillar regrowth. Simi-
lar structures have been observed at the tips of enterocyte mi-
crovilli (Mooseker and Tilney, 1975), stereocilia (Rzadzinska 
et al., 2004), and filopodia of motile cells (Svitkina et al., 2003). 
Although the composition of these structures is not well under-
stood, they most likely represent protein complexes involved 
in the spatial and temporal control of actin polymerization, in-
cluding actin nucleators and capping proteins, membrane bend-
ing and shaping proteins, and the signaling proteins or small 
GTPases that control them. However, the molecular machinery 

Figure 1. Functional architecture of the intestinal epithelium. (A) The small intestinal epithelium is characterized by ubiquitous small folds of tissue known 
as villi. (B) Enterocytes, the most abundant cell type lining the villus, are generated in a stem cell niche composed of crypt base columnar (CBC) cells 
and flanking Paneth cells (PC), found in crypts near the base of each villus. CBC cells undergo asymmetric cell division, resulting in a new stem cell plus 
a committed daughter cell. Daughter cells undergo further division in the transit-amplifying region before differentiating into enterocytes and exiting the 
crypt. Enterocytes migrate up the crypt–villus axis over a period of 2–3 d. Once at the tip, cells undergo apoptosis and are extruded from the epithelium.  
(C) Apical surface organization of enterocytes before and after differentiation; brush border microvilli on the surface of differentiated cells are packed in 
tight, hexagonal arrays. (D) Villi from mouse small intestine. (E) Enterocytes from mouse small intestine; brush border (BB) from a single cell is indicated.  
(F) Brush border microvilli (MV) from chicken small intestine. Reproduced from Mooseker and Tilney (1975). The inset shows hexagonally packed microvilli 
in cross section. (G) A single microvillus. Plasma membrane (PM) is linked to the core bundle (CB) by lateral bridges (LB) that are formed at least in part by 
myo1a. Reproduced from Mooseker and Tilney (1975). Bars: (D) 50 µm; (E) 1 µm; (F) 0.2 µm; (G) 0.1 µm.
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epithelial cells take advantage of molecules such as unconven-
tional myosins and ERM (ezrin, radixin, moesin) family pro-
teins, which cross-link the plasma membrane to the underlying 
actin cytoskeleton.

Myosin-1a. Class I myosins are single-headed motor 
proteins that function at the actin cytoskeleton–plasma mem-
brane interface in numerous cellular processes including endo- 
and exocytosis (Novak et al., 1995; Bose et al., 2004), the release 
of microvesicles (McConnell and Tyska, 2007), and the main-
tenance of membrane tension and cortical rigidity (Dai et al., 
1999; Nambiar et al., 2009). The intestinal brush border is home 
to several class I myosins, with myosin-1a (myo1a) being by 
far the most abundant (Fig. 2 B and Fig. 3 B; McConnell et al.,  
2011). Expression of myo1a is limited to the intestinal tract, where 
it localizes almost exclusively to the brush border (Skowron  
et al., 1998; Skowron and Mooseker, 1999). Within microvilli, 

clockwise-oriented twist when viewing distal tips en face (Ohta 
et al., 2012). Actin filaments within microvilli are bundled by 
villin (Bretscher and Weber, 1979; Mooseker et al., 1980), 
espin (Bartles et al., 1998), and fimbrin (Fig. 2 A and Fig. 3 A; 
Bretscher and Weber, 1980). Because the resulting bundles are 
composed of parallel actin filaments, these structures also hold  
the potential to serve as tracks for myosin motor proteins.  
In vivo studies examining the expression pattern of the microvil-
lar core proteins revealed that villin, fimbrin, and actin localize to 
the apical cortex in enterocytes early during polarization, before 
the onset of protrusion (Heintzelman and Mooseker, 1990a,b).  
The role of filament bundling in microvillar protrusion was sub-
sequently established in studies showing that exogenous villin 
could induce microvillar growth on the surface of cells that do 
not normally make microvilli (Franck et al., 1990). Later work 
demonstrated that overexpression of espin promoted microvillar 
elongation in an epithelial cell culture model system (Loomis 
et al., 2003). Fimbrin has also been implicated in physically 
linking microvillar rootlets to the dense network of cytokeratin 
filaments that comprise the terminal web (Grimm-Günter et al.,  
2009). Anchoring microvilli into the terminal web plays a cru-
cial role in promoting the long-term stability of the brush border, 
as disruption of this functional connection leads to microvilli 
that are sensitive to biochemical manipulations and degradation 
(Grimm-Günter et al., 2009).

Although villin, espin, and fimbrin are acknowledged as 
the major F-actin bundling proteins in the intestinal brush bor-
der, mouse models lacking one or more of these proteins are still 
able to assemble microvilli. Indeed, deletion of villin in mice 
had a minimal impact on brush border organization under nor-
mal conditions (Ferrary et al., 1999). Even more remarkably, a 
mouse model lacking villin, espin, and fimbrin still assembled a 
functional brush border, although microvillar organization was 
perturbed (Revenu et al., 2012). These investigations strongly 
suggest that other atypical actin-bundling proteins may play a 
role in building core bundles. One possibility is the receptor 
tyrosine kinase substrate EPS8 (Fig. 2 A), which localizes to 
the tips of microvilli (Fig. 3 A) and is capable of both capping 
plus ends and bundling filaments (Croce et al., 2004; Hertzog 
et al., 2010). Interestingly, a knockout (KO) of EPS8 in mice 
led to microvilli that were shorter and more variable in length, 
but again, functional protrusions still formed (Tocchetti et al., 
2010). Collectively, these studies indicate that brush border as-
sembly is biologically robust, with highly effective compensatory 
mechanisms in place to ensure that microvillar core actin bun-
dles are assembled during enterocyte differentiation.

Stabilizing protrusions
Although actin polymerization and bundling likely contribute 
forces that drive the protrusion of individual microvilli, addi-
tional physical obstacles arise when new protrusions are built 
in close proximity to each other. Unless prevented, membrane 
surface tension will promote the coalescence and fusion of ad-
jacent protrusions to achieve an energetic minimum (Atilgan 
et al., 2006). This is a significant concern where the density of 
surface protrusions is exceedingly high, as in the intestinal brush 
border. To counteract such coalescence and stabilize protrusions, 

Figure 2. Domain organization of F-actin bundling, membrane–cytoskeleton  
cross-linking, and intermicrovillar adhesion molecules. (A) Actin-bundling. 
Villin is composed of multiple gelsolin-like (GL) domains and a C-terminal 
headpiece (HP) domain. Small espin contains a G-actin–binding Wiskott-
Aldrich homology 2 (WH2) domain and an actin-bundling motif (ABM). 
Fimbrin contains tandem copies of a conserved calponin homology (CH) 
motif that binds actin. EPS8 contains phosphotyrosine-binding (PTB), 
pleckstrin homology (PH), SH3, and F-actin bundling (FAB) domains.  
(B) Membrane–cytoskeleton cross-linking. Ezrin contains a FERM domain 
and an ERM-association domain (C-ERMAD). The myo1a motor domain is 
linked to CaM-binding IQ motifs and a membrane-binding TH1 domain. 
The myo6 motor domain is linked to a converter insert (CI), an IQ motif, 
a lever arm extension (LE), and a cargo-binding domain (CBD). (C) Inter-
microvillar adhesion. PCDH24 and MLPCDH contain multiple extracellular 
cadherin (EC) repeats; MLPCDH also contains a juxtamembrane mucin-like 
domain (MLD). Harmonin-a is composed of three PDZ domains. Myosin-7b 
contains an N-terminal motor domain, CaM-binding IQ motifs, and a tail 
composed of two MyTH4-FERM domains with an intervening SH3 domain.
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cycle time bound to actin (Jontes et al., 1997). Although this 
kinetic limitation may appear to be inconsistent with a role 
in membrane–cytoskeleton cross-linking, each microvillus is 
home to thousands of asynchronously cycling myo1a molecules 
(Brown and McKnight, 2010), an ensemble large enough to en-
sure a continuous interaction between the plasma membrane 
and the actin core.

Mice lacking myo1a exhibit significant perturbations in 
brush border morphology including extensive membrane herni-
ations and fused microvilli (Tyska et al., 2005). These abnormali-
ties suggest that physical coupling between the plasma membrane 
and the actin core is disrupted in the absence of myo1a. Direct 
support for this proposal was eventually provided by optical trap-
based measurements of membrane tension in isolated myo1a 
KO brush borders and in live cells where levels of myo1a were 
manipulated (Nambiar et al., 2009). Despite the absence of 
membrane–cytoskeleton cross-links, myo1a KO enterocytes still 
maintain functional microvilli (Tyska et al., 2005). Compensatory 

it forms the characteristic lateral bridges observed with trans-
mission EM, which appear to cross-link the plasma membrane 
to the actin core (Fig. 1 G; Mooseker and Tilney, 1975; Howe 
and Mooseker, 1983). Myo1a is a slow motor (Wolenski et al., 
1993a,b; Jontes et al., 1997) that interacts with membrane using  
a tail homology 1 (TH1) domain that exhibits moderate affinity 
for lipids with acidic head groups, such as phosphatidylserine 
or PI(4,5)P2 (Hayden et al., 1990; Mazerik and Tyska, 2012).  
TH1 contains two distinct membrane-binding motifs, the  
N-terminal and C-terminal targeting motifs (Mazerik and Tyska, 
2012), which function to keep this motor in close proximity to 
the plasma membrane (Mazerik et al., 2014). Interestingly, mu-
tations in the C-terminal motif have been linked to a loss of 
epithelial polarity and the development of colon cancer, which 
indicates that normal membrane binding is important for myo1a 
tumor suppressor function in vivo (Mazzolini et al., 2012). Kinetic 
studies indicate that the myo1a motor domain is a low-duty-ratio 
motor; i.e., it only spends a small fraction of its total ATPase 

Figure 3. The molecular machinery of microvillar protrusion, stabilization, and organization. (A) Bundling of actin filaments in the microvillar actin core is 
performed through the collective and potentially redundant function of villin, espin, fimbrin, and EPS8. (B) Membrane–cytoskeleton cross-linking plays an 
important role in microvillar stabilization and is mediated by myo1a, myo6, and the active form of ezrin (i). (C) Extracellular adhesion between the distal 
tips of microvilli (i.e., intermicrovillar adhesion) is used to optimize the packing of these protrusions during brush border assembly. Intermicrovillar adhesion 
is mediated by a trans-heterophilic complex of PCDH24 and MLPCDH. Distal tip targeting of microvillar protocadherins requires interactions with harmonin 
and, potentially, myosin-7b (ii). See main text for details on the function of the other proteins depicted in the figure.
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interplay between these two motors is unknown, but further in-
vestigation will be needed to understand the significance and 
function of this relationship.

Ezrin. Ezrin is the only ERM family member expressed 
in the intestinal epithelium (Bretscher, 1983; Berryman et al., 
1993). Ezrin is composed of an N-terminal 4.1 ERM (FERM) 
domain that binds to membrane lipids including PI(4,5)P2 and 
a C-terminal ERM-association domain (C-ERMAD) that inter-
acts with F-actin (Fig. 2 B; Algrain et al., 1993; Turunen et al.,  
1994; Niggli et al., 1995). The N-terminal FERM domain also 
contains binding pockets for a variety of protein interaction part-
ners, including the membrane-associated scaffolding proteins 
ERM-binding protein 50 (EBP50; Reczek et al., 1997) and NHE3 
kinase A regulatory protein (E3KARP; Yun et al., 1998). Inter-
actions between the FERM and C-ERMAD domains hold ezrin 
in an inactive “closed” conformation (Fig. 3 B, i) that is unable 
to bind F-actin or membrane-associated binding partners (Gary 
and Bretscher, 1995). Activation of ezrin is proposed to occur 
sequentially. Ezrin first targets to the plasma membrane by inter-
acting with PI(4,5)P2. This, in turn, leads to the phosphorylation 
of a key conserved threonine (T567) in the C-ERMAD, which 
disrupts the auto-inhibitory interaction between the N-terminal 
FERM and the C-ERMAD, thus activating the molecule and 
allowing for its interaction with F-actin and other membrane-
associated binding partners (Fig. 3 B, i).

Phosphorylation of ezrin is a critical downstream event 
in the pathway involving the Lkb1/Strad-/Mo25 polarization–
signaling complex that is proposed to regulate the early events 
in brush border induction (ten Klooster et al., 2009). It is, how-
ever, still unclear which kinase is responsible for ezrin activa-
tion in intestinal brush borders, with several possible candidates 
including the STE20-like protein kinases Mst4, LOK, and SLK 
(ten Klooster et al., 2009; Viswanatha et al., 2012). In mature 
microvilli, ezrin undergoes constant phosphocycling, with the 
active phosphorylated form of the protein exhibiting a half-life  
of 2 min (Viswanatha et al., 2012). Activation of ezrin is pro-
posed to occur at the distal tips of microvilli (Fig. 3 B; Hanono 
et al., 2006). While in this short-lived “on” state, ezrin functions 
to cross-link numerous transmembrane and membrane-associated 
proteins to the actin core bundle. Active ezrin eventually be-
comes dephosphorylated by microvillus-localized phosphatases 
(possibly protein phosphatase 1 [PP1]), which leads to its release 
from membrane and cytoskeleton (Viswanatha et al., 2012).

Several lines of evidence suggest that ezrin links the mem-
brane to the actin cytoskeleton. Ezrin KO mice die soon after 
birth and exhibit defects in brush border formation, with short, 
fused microvilli that have disorganized rootlets (Saotome et al., 
2004). Defects are even more severe when ezrin expression is 
lost in adult animals (Casaletto et al., 2011). Moreover, dephos-
phorylation of ezrin is observed as an early event in renal brush 
border breakdown during ischemia (Chen et al., 1995); this co-
incides with the dissociation of ezrin from the cytoskeleton and 
the appearance of apical membrane blebs from renal proximal 
tubule epithelial cells. Interestingly, brush borders from myo6 
null mice exhibit higher levels of active ezrin, which might 
compensate for the loss of this myosin at the base of microvilli 
(Hegan et al., 2012). Studies in nonepithelial systems also suggest 

mechanisms in this case involve other class I myosins that redis-
tribute to the brush border upon loss of myo1a, including myo1c 
and myo1d (Tyska et al., 2005; Benesh et al., 2010).

Disrupting the ability of myo1a to link plasma membrane 
to the actin core might also facilitate the infection of enteric patho-
gens. Enteropathogenic Escherichia coli (EPEC) colonize the 
intestinal mucosa by forming intimate attachments with entero-
cytes through the injection of virulence factors that remodel the 
apical surface (Rothbaum et al., 1983; Knutton et al., 1987). This 
remodeling destroys the brush border, resulting in severe watery 
diarrhea (Knutton et al., 1987). One such virulence factor, EspB, 
interacts with and inhibits actin binding of a variety of myosin 
family members, including myo1a (Iizumi et al., 2007). This 
raises the interesting possibility that EspB-mediated disruption  
of myo1a cross-links may be an important event in EPEC-induced 
remodeling of the apical surface. Indeed, a mutant strain of EPEC 
with a defective copy of EspB unable to interact with myosins 
exhibited reduced microvillar effacement in cultured cells and 
lower infection rates in mice (Iizumi et al., 2007). Interestingly, 
disrupting myo1a function during EPEC infection also prevents 
the shedding of antimicrobial vesicles from the tips of microvilli 
(Shifrin et al., 2012).

Myosin-6. A second unconventional myosin, myosin-6  
(myo6), also mediates membrane–cytoskeleton interactions in 
the brush border. Myo6 is unique among myosins in that it is  
the only minus-end-directed motor (Wells et al., 1999). Mono-
meric myo6 is thought to function as a mechanical tether in cells 
(Altman et al., 2004), whereas dimeric myo6 acts as an active  
transporter for numerous cargo (Buss and Kendrick-Jones, 2011). 
In enterocytes, myo6 localizes to the subapical terminal web 
region (Fig. 3 B), where it tethers the plasma membrane to the 
actin core bundle and regulates clathrin-dependent endocytosis 
(Ameen and Apodaca, 2007; Hegan et al., 2012). Loss of myo6 
in mice results in lifting of the plasma membrane off the actin 
cytoskeleton and the fusion of adjacent microvilli (Hegan et al., 
2012). Without motifs for direct membrane binding, how myo6 
couples the actin cytoskeleton to the brush border membrane 
at the base of microvilli is unclear, but it might assemble into a  
multiprotein membrane-associated complex that localizes to this 
region. For example, in hair cells of the inner ear, myo6 exists 
as part of a complex containing chloride intracellular channel 
5 (CLIC5), taperin, radixin, and protein tyrosine phosphatase 
receptor Q (PTPRQ). This complex localizes to the base of ste-
reocilia (Salles et al., 2014), specialized actin-supported protru-
sions found on the apical surface of inner ear hair cells that play 
an essential role in hearing and balance. Stereocilia of mice null 
for myo6 become fused at their bases during development, re-
sulting in profound deafness and vestibular dysfunction in these 
animals (Avraham et al., 1995; Self et al., 1999). A similar phe-
notype is observed in mice deficient in other components of this 
protein complex including CLIC5 (Salles et al., 2014), radixin 
(Kitajiri et al., 2004), and PTPRQ (Goodyear et al., 2003). In-
terestingly, myo6 is absent in brush borders of myo1a null mice, 
whereas myo1a levels are not perturbed in myo6 mutant mice 
(Tyska et al., 2005; Hegan et al., 2012). Whether this indicates 
that proper targeting of myo6 is uniquely sensitive to microvil-
lar perturbations or if there exists a more complex functional 
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exchange factor (GEF) Dbl3 (Zihni et al., 2014). Activation of 
Cdc42 at the apical cell margins drives the Par6–aPKC pathway 
toward apical differentiation and brush border induction. Cou-
pling the activation of ezrin with the localization of a Cdc42-
specific GEF involved in brush border induction might allow 
the early events of membrane protrusion (e.g., polymerization 
and bundling of actin filaments) to be coupled to the availability 
of membrane–cytoskeleton cross-linkers needed for stabilizing 
nascent protrusions.

Putting the “order” in brush border
The highly ordered packing of brush border microvilli was 
first visualized in electron micrographs more than six decades 
ago (Granger and Baker, 1950). Analysis of the mechanism 
driving this organization was confounded for many years by 
the fact that most epithelial cell culture models do not reca-
pitulate the apical surface organization observed in vivo. The 
CACO-2BBE cell line, however, has proven to be a valuable 
tool in recent studies. Derived from a human colonic adeno-
carcinoma (Fogh et al., 1977; Peterson and Mooseker, 1992), 
these cells establish a clearly defined apical–basal axis and as-
semble a well-ordered brush border when cultured for two to 
three weeks past confluency (Peterson and Mooseker, 1993). 
The resulting apical surface ultrastructure is comparable to 
that found in vivo. CACO-2BBE cells and native enterocytes 
also exhibit a similar gene expression profile during differen-
tiation (Fleet et al., 2003).

Using the CACO-2BBE model system, recent investiga-
tions demonstrated that extracellular adhesion molecules play a  
central role in organizing microvilli during brush border assem-
bly. At early time points in differentiation, microvilli protrude 
from the cell surface and cluster together, exhibiting apparent 
adhesion between their distal tips (Fig. 4; Crawley et al., 2014). 
As brush border assembly progresses, intermicrovillar adhesion 
promotes the incorporation of additional microvilli into existing 
clusters as well as the coalescence of smaller clusters into larger 
structures. This process eventually leads to a single large-scale 
cluster on the apical surface, i.e., a mature brush border. These 
studies further revealed that clustering microvilli are physically 
connected by thread-like links composed of cadherin family 
members—protocadherin-24 (PCDH24) and mucin-like proto-
cadherin (MLPCDH)—which form a trans-heterophilic adhe-
sion complex (Fig. 2 C and Fig. 3 C; Crawley et al., 2014). 
Both protocadherins are highly expressed in tissues that build 
brush borders, including the intestine and kidney (Goldberg 
et al., 2002; Okazaki et al., 2002), where they localize to the 
tips of microvilli via interactions with the scaffolding protein, 
harmonin-a, and the molecular motor myosin-7b (Fig. 2 C and 
Fig. 3 C, ii; Crawley et al., 2014). Knockdown of PCDH24 or 
MLPCDH impairs brush border assembly, giving rise to apical 
domains with fewer protrusions that are more loosely packed 
and highly variable in length. Thus, although the emergence of 
microvilli is a stochastic process, adhesion between protrusions 
can be used to organize an otherwise disordered system.

Cadherins also play a crucial role in the organization and 
function of stereocilia of the inner ear. During hair cell devel-
opment, stereocilia are organized into defined rows of graded 

that ezrin stabilizes interactions between membrane and actin. 
Mouse lymphocytes engineered to express an active form of 
ezrin display an 70% increase in membrane tension, which 
leads to numerous perturbations in T lymphocyte function  
in vivo, including decreased migration and lower T cell count in 
efferent lymph (Liu et al., 2012).

In addition to linking the actin core to the overlying 
membrane in microvilli, ezrin plays other important roles in 
enterocyte polarization. During brush border formation, ac-
tive ezrin functions as a signaling platform by promoting the 
apical localization of the Cdc42-specific guanine nucleotide  

Figure 4. Remodeling of the apical surface during enterocyte differentiation. 
Microvilli initially appear as small membrane buds on the apical surface, 
formed by the polymerization and bundling of actin filaments beneath the 
membrane. From an early time point, these protrusions self-organize into dis-
tinct clusters, a process that is mediated by protocadherin-based adhesion 
between their distal tips. Distal tip adhesion promotes the highly ordered 
packing of microvilli, as well as uniformity in microvillar length. As matura-
tion continues, clusters grow (in terms of number of microvilli incorporated) 
and continue to consolidate, ultimately resulting in a single large-scale clus-
ter: a fully differentiated brush border.
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components of the stereocilia tip complex also play a role in 
controlling the length of these specialized protrusions. Postnatal 
deletion of either cadherin-23 or sans results in the regression 
of stereocilia from the middle and lower rows of hair bundles in 
mice (Caberlotto et al., 2011). Additional studies will be needed 
to determine the models alluded to here, or other models that 
might explain protrusion length control, such as the balance 
point model proposed to regulate the length of cilia (Chan and 
Marshall, 2012), are active in microvilli and stereocilia.

Microvilli in mature brush borders are interconnected by 
a vast network of intermicrovillar links (Crawley et al., 2014). 
This suggests that intermicrovillar adhesion is needed not only 
for brush border assembly, but also for the long-term mainte-
nance of this organelle. Whether microvillar protocadherins 
play a role beyond shaping and stabilizing the apical domain, 
e.g., in promoting barrier function, is currently unknown. How-
ever, one can easily envision a scenario where intermicrovil-
lar adhesion contributes to the formation of a physical barrier 
against luminal microbes that seek to gain access to the apical 
surface, such as EPEC (Nougayrède et al., 2003). Both the high 
packing density and the uniform length of microvilli could play 
into this by preventing the formation of spaces or gaps in the 
brush border that could act as protective niches for growth of 
these microbes. Adherence and internalization of typically non-
invasive luminal bacteria into enterocytes can also play a role 
in intestinal disease and has been documented in patients with 
inflammatory bowel disease (Kleessen et al., 2002; Swidsinski  
et al., 2002) and celiac disease (Forsberg et al., 2004). This form 
of microbial invasion is thought to occur when the brush border 
barrier becomes disrupted as a result of microvillar “fanning,” a 
condition caused by interferon-–induced myosin II–dependent 
contraction of the terminal web (Wu et al., 2014). Brush border 
fanning allows bacteria access to the base of microvilli, where 
they are internalized by lipid raft–dependent endocytosis (Clark 
et al., 2005; Wu et al., 2014). One might expect intermicrovillar 
links to resist such mechanical disruption, but additional studies 
will be needed to confirm the function of brush border proto-
cadherins in this context.

Future directions
Investigators have made significant progress over the course 
of the last several decades toward understanding the molecular 
basis of brush border assembly, yet several key questions remain 
unanswered. One fundamental question is how cells control mi-
crovillar dimensions such as length and diameter (i.e., the num-
ber of bundled actin filaments). Although recent discoveries of 
intermicrovillar adhesion provide a molecular basis for relative 
length control, bringing uniformity to microvillar length, the 
matter of how absolute protrusion length is determined is still 
an open question. Recent studies suggest that cells grapple with 
an actin allocation problem that arises from a limited pool of 
G-actin, which in turn limits the amount of actin available for 
assembling cytoskeletal structures (Burke et al., 2014). It will 
be interesting to determine if microvillar growth is sensitive to 
the size of the actin pool, and if so, how enterocytes determine 
how much actin they can allocate to brush border assembly. 
With regard to filament number in the core actin bundle, this  

height that form a characteristic “staircase” pattern, known as 
a hair bundle. Key to the assembly and maintenance of the hair 
bundle is a series of extracellular links that physically connect 
neighboring protrusions. Of particular importance are links  
comprised of two protocadherins—cadherin-23 and protocadherin- 
15—which form a strong trans-heterophilic adhesion complex 
(Kazmierczak et al., 2007). These protocadherins are highly 
expressed during early development and form transient lateral 
links that connect neighboring stereocilia, as well as kinocili-
ary links that bridge the microtubule-based kinocilium to ad-
jacent stereocilia (Siemens et al., 2004; Lagziel et al., 2005; 
Michel et al., 2005; Rzadzinska et al., 2005; Ahmed et al., 
2006). Both forms of links have been shown to be important  
for the initial cohesion of the hair bundle during development 
(Alagramam et al., 2001; Di Palma et al., 2001). As development 
proceeds, these cadherins are lost from the base of hair bundle 
stereocilia and become restricted to the tip, forming the mature 
structure known as the tip link (Goodyear et al., 2005; Michel 
et al., 2005). Tip links connect neighboring stereocilia and di-
rectly mediate mechanotransduction (Müller, 2008). Analogous 
to intestinal intermicrovillar adhesion links that control brush 
border assembly, genetic disruption of the stereocilia adhesion 
links results in pronounced disorganization of hair bundles 
(Alagramam et al., 2001; Di Palma et al., 2001; Alagramam  
et al., 2011). Stereocilia protocadherins also associate with several 
cytosolic proteins, including the scaffolding proteins harmonin-b 
and sans, the calcium and integrin-binding protein CIB2, and 
the motor myosin-7a. Together, these molecules define the core 
set of genes associated with Type 1 Usher syndrome, the most 
common form of deafness/blindness in humans (Weil et al., 
1995; Bitner-Glindzicz et al., 2000; Verpy et al., 2000; Bolz 
et al., 2001; Bork et al., 2001; Weil et al., 2003; Riazuddin et al., 
2012). Currently, harmonin represents the only component that 
is common to the adhesion complexes found in the inner ear 
and the intestine (although different isoforms are expressed in 
the gut and cochlea). Interestingly, Usher syndrome patients who 
possess a large deletion mutation in their USH1C gene (the gene 
that encodes for harmonin) suffer from severe GI dysfunction in 
addition to the neurosensory deficits related to stereocilia dys-
function (Bitner-Glindzicz et al., 2000; Hussain et al., 2004).  
Consistent with this, Ush1c KO mice, which were developed to  
model Type 1 Usher syndrome, display significant perturbations 
in intestinal brush border morphology (Crawley et al., 2014). 
These findings provide strong support for the emerging para-
digm that extracellular adhesion represents a conserved mecha-
nism used to shape the surface of epithelial cells in tissues with 
divergent functions.

In addition to promoting tight packing of microvilli, inter-
microvillar adhesion might also be involved in unifying mi-
crovillar length. Brush borders lacking adhesion links produce  
microvilli that exhibit much greater variability in length (Crawley 
et al., 2014). One possible explanation is that intermicrovillar 
adhesion complex components directly influence the polym-
erization dynamics of the actin core. A second possibility is 
that intermicrovillar adhesion introduces physical constraints 
that prevent an individual protrusion from growing longer than  
its neighbors. In an interesting parallel to the brush border, 
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cytoskeletal components and adhesion molecules that build, 
stabilize, and organize brush border microvilli.
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