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CHAPTER 1  

INTRODUCTION 

THE CYTOSKELETON 

The cytoskeleton is an integral part of all eukaryotic cells. Comprised of networks of 

filamentous polymers and regulatory proteins, the cytoskeleton allows a cell to transport 

cargo, change shape, and resist deformation [7]. Notably, the cytoskeleton plays a 

critical role in cell division and the maturation of cell-cell junctions, which allows for large 

sheets of cells to form a robust barrier, a function critical for an organism’s survival [7, 

[8]. It is not an exaggeration to state that the study of the cytoskeleton is absolutely a 

fundamental part of modern cell biology.  

 There are three types of filaments that are key components of the cytoskeleton: 

microtubules, intermediate filaments, and actin. Microtubules are 25 nm in diameter, 

formed from tubulin subunits and are classically known for their role in orienting 

chromosomes during cell division and providing a substrate for long-range intracellular 

transport [9]. Intermediate filaments are about 10 nm in diameter, and perhaps the most 

understudied component of the mammalian cytoskeleton. They are known to play 

important structural roles in various cell types [9]. Actin is the smallest of the 

cytoskeletal filaments at 6-7 nm in diameter and known providing mechanism support 

for the cell and producing driving force required for movement. As actin is an integral 

part of this dissertation, we will now discuss it in more detail than the other cytoskeletal 

filaments. 
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Actin 

 Actin exists in two forms within a cell: globular actin, or G-actin, and filamentous 

actin, or F-actin (Figure 1-1). G-actin consists of a single 43 kDa protein, which contains 

an “ATPase fold”, where the molecular can bind ATP and hydrolyze it to ADP [9]. 

Unbound G-actin in the cytoplasm is typically bound to ATP. F-actin is a polymer formed 

from G-actin monomers bound together to form a helical multi-strand filament. An actin 

filament has structural polarity due to the orientation of the G-actin subunits, which are 

rotated by 166⁰ within the filament, which gives F-actin it’s characteristic double-

stranded helix appearance [9]. One end of the actin filament will have an exposed ATP 

binding site (known as the minus end), whereas the other end will have the ATP binding 

side oriented towards the adjacent subunit (known as the plus end). Classically, the 

minus end is also known as the pointed end and the plus end as the barbed end. This 

nomenclature arose due to the appearance of actin filaments in early TEM images, 

where the actin filaments were labeled with myosin subfragment 1 (S1) decoration [10].  

 Actin filaments are known for their highly dynamic nature and ability to undergo a 

process known as “treadmilling”. A treadmilling actin filament will remain approximately 

the same length; new g-actin monomers are continuously added at the barbed ends, 

while monomers are continuously disassociating from the pointed end [11]. This 

treadmilling action is possible due to differing critical concentrations (Cc) at the barbed 

and pointed ends. Thus, the critical concentration required at the barbed end is 0.1 µM 

(Cc
B), while the critical concentration for the pointed end is 0.8 µM (Cc

P). A steady state 

of treadmilling occurs when the concentration of actin is between Cc
B and Cc

P [12]. Actin 

filaments are inherently responsible for many of the mechanical properties of the 

cytoplasm, and are capable of producing enough force to deform the plasma membrane 
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[13], resulting in actin-based protrusions, which will be discussed in detail later in this 

introduction. 

In vitro, actin filaments will polymerize in a solution that only contains G-actin 

under physiological salt conditions [14]. However, purified actin will produce filaments 

that turnover slowly. Within a cell, actin can depolymerization and polymerize much 

more rapidly, thanks to over 60 families of actin binding proteins.  These actin-binding 

proteins serve to regulate where and when actin filaments form. The concentration of G-

actin in a single cell is far more than the critical concentration required for in vitro 

polymerization, and without regulatory proteins, the actin within a cell would rapidly 

polymerize and remain relatively static. In vivo, there are several classes of protein that 

work to regulate actin [15]. One class is “nucleators”: nucleators assist in the formation 

of an actin nucleus, which consists of three actin monomers bound together (Figure 1-

1). The formation of an actin nucleus is an energy barrier that must be overcome for an 

actin filament to begin elongation. Nucleators such as formins and the Arp2/3 complex 

reduce this energy barrier and allow for more actin filament growth than would be 

possible with g-actin alone [16].  To balance nucleators, a variety of actin severing 

proteins are also present within the cytoplasm, the most prolific being cofilin. More 

precisely, the actin depolymerization factor (ADP)/Cofilin family of proteins are widely 

responsible for regulating the length of actin filaments by severing the pointed end. 

Cofilin plays a crucial role in regulating cell migration, shape, and motility [17].  



4 
 

 

Figure 1-1: Cartoon schematic of actin polymerization. 

There are far too many actin-binding proteins to discuss for this introduction, so 

finally, we shall introduce actin-bundling proteins, which are of particular import for 

creating and maintaining actin-based protrusions. Bundling proteins include villin, espin, 

fascin, and fimbrin. Bundling proteins serve to bring several actin filaments together in 

parallel; such structures are known as actin bundles. Actin bundles are typically present 

in highly complex cellular structures, as bundled actin has high tensile strength and can 

support various specific functions [13]. Three such structures are filopodia, stereocilia, 

and microvilli, which will be discussed in detail (Figure 1-2). However, it is essential to 

note that actin-based protrusions are highly evolutionarily conserved, with protrusions of 

bundled actin observed in elementary organisms such as sponges, where the feeding 
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cells, choanocytes, have many actin protrusions at their surface [18, [19]. 

 

Figure 1-2: Types of cellular actin-based protrusions 

Filopodia 

Filopodia are highly dynamic, thin plasma membrane protrusions that are generally 

considered a way for the cell to probe and investigate the surrounding environment [20]. 

They are typically somewhat transient and may rapidly grow and shrink in accordance 

with the needs of the cell. Indeed, these thin structures are commonly seen at the 

leading edges of migrating cells, where they are believed to initiate motility [20]. 

However, filopodia have a variety of functions, including cell-cell adhesion and neuronal 

outgrowth. The growth of filopodia is  generally considered to be dependent on myosin 

X, an actin-based molecular motor, a specific formin known as diaphanous 2 (Dia2), 

and the ENA/VASP family of proteins, which protect the barbed ends of actin filaments 

from being capped and thus allow for growth [21, [22, [23]. 
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Microvilli 

Microvilli are apical surface protrusions that exist on a variety of epithelial cell types. 

These protrusions are found in the intestines and parts of the kidney, where they 

increase the membrane surface area available for solute and nutrient transport. 

Microvilli are typically considered more permanent structures than the transient filopodia 

and are of matched length across a cell, ranging from 0.5 µm to 3 µm depending on the 

organ structure [24, [25]. Additionally, microvilli have been extremely well-characterized, 

with over six decades of data on microvillar ultrastructure, biochemistry, and function. 

An individual microvillus is approximately 100nm in diameter and contains 20-30 

bundled actin filaments. Three proteins are responsible for bundling microvillar actin 

filaments in parallel; villin, fimbrin, and espin (Figure 1-3A) [26, [27, [28]. The core actin 

bundle is then linked to the overlying plasma membrane through ezrin, myosin-6, and 

myosin-1a (Figure 1-3B) [29, [30, [31, [32, [33]. Additionally, the barbed ends of these 

actin filaments are oriented towards the tips of the microvillus, which contain a “dense 

tip material”, termed as such due to its appearance in electron micrographs [34, [35]. 

This dense tip material is thought to contain a variety of proteins that play key roles in 

microvillar growth. Thus far, epidermal growth factor pathway substrate 8 (EPS8) and 

insulin receptor tyrosine kinase substrate (IRTKS) have been identified as tip localized 

factors in the microvillar tip complex [36]. 
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Microvilli rarely exist as a single microvillus; rather, they form large arrays that span 

a cell or an entire tissue. Indeed, in addition to those proteins that help to form the 

internal structure of a single microvillus, a variety of factors have been identified that 

help microvilli form higher-ordered arrays. These include the intermicrovillar adhesion 

complex (IMAC) (Figure 1-3C). The IMAC consists of a tripartite complex of ANKS4B, 

USH1C, and Myosin-7B (MYO7B) [37, [38]. This tripartite complex interacts with 

CDHR2 and CDHR5, two cadherin family molecules that form heterophilic bonds that 

span the distance between microvilli, hence resulting in intermicrovillar adhesion [39]. 

Here, MYO7B is responsible for carrying other members of the IMAC out to the distal 

tips of microvilli via its cargo-binding tail [38].  

Additionally, a portion of the microvillar actin core is not wrapped in plasma 

membrane but is instead embedded in the cytoplasm. This portion of the microvillus is 

Figure 1-3: Schematic of various actin-associated proteins within microvilli. A, actin 
bundling proteins, including EPS8, which is considered to have capping and bundling 
properties. B, membrane-cytoskeletal crosslinkers. C, known components of the intermicrovillar 
adhesion complex, ANKS4B not shown. Adapted from Crawley et al., 2014.  
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typically known as the actin rootlet. Within the intestine, the rootlets are embedded in a 

filamentous mesh known as the terminal web [40, [41, [42]. The terminal web is known 

to contain spectrin, and early electron micrographs identified that a myosin-2 appearing 

to span microvillar rootlets [34, [40, [43, [44, [45, [46, [47]. This region is defined by both 

the presence of a filament network and by the exclusion of organelles. Indeed, the 

terminal web has also been referred to as the “zone of exclusion” [41]. A well-defined 

terminal web does appear to be unique to the mammalian intestine, as kidney epithelial 

cells that present with apical microvilli do not appear to have the same structure 

underlying the apical membrane [42].  

The formation of microvilli has been somewhat unclear until recently. Early on, it was 

postulated that membrane deformation was a physical force that must be overcome by 

an epithelial cell to form microvilli. The ability of a cell to resist membrane deformation is 

determined by three factors, membrane bending stiffness, surface tension, and any 

present membrane cytoskeleton adhesions, which have associated energy. Recent 

work has revealed that EPS8 is enriched in discrete puncta at sites of new microvillar 

growth. It is only after this initial enrichment of EPS8 that microvilli emerge and 

overcome the force of the plasma membrane to become a membrane-wrapped 

protrusion [48]. These nascent microvilli also present with an early enrichment of 

IRTKS. As the core microvillar actin bundle elongates, the microvillus becomes 

encapsulated in the membrane [48], suggesting that the force of actin polymerization 

within the bundle provides the force required to deform the membrane, as would be 

expected based on work done in other systems [49, [50]. In vitro biophysical assays 

have demonstrated that actin polymerization is capable of producing forces in the pN 
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range [51], which would be sufficient to drive membrane deformation and, thus, 

microvillar elongation. However, if a newly formed microvillus loses its tip localized 

EPS8 puncta, these nascent protrusions are not yet stable and will rapidly shorten and 

disappear back into the cell [48]. Thus, nascent microvilli rely on several proteins for 

initiation and elongation.  

Cells with microvilli typically present with dense, well-packed arrays. However, 

microvilli emerge as single protrusions and must cluster to develop into the dense 

arrays seen on the apical surface of mature epithelial cells. Immature epithelial cells 

demonstrate actin-driven microvillar motility, which allows for single microvilli to form 

larger clusters, and eventually, densely packed arrays that cover the entire surface of 

the cell [52]. 

Stereocilia 

Stereocilia are typically considered to be microvillus derivatives and are found only on 

the surface of the sensory epithelial cells of the cochlear and vestibular systems [53]. 

While microvilli are typically matched in height, stereocilia form several graded rows that 

vary in height and are organized from the shortest rows near the center of the cells to 

the tallest rows closer to the edge of the cell [53]. Stereocilia are µ and are directly 

responsible for hearing and balance.  Depending on the location within the inner ear, 

stereocilia can range from 1 µm to 100 µm in length and are composed of bundles of 

hundreds of actin filaments [54, [55]. Similar to microvilli, stereocilia have an actin 

rootlet that is embedded in the cytoplasm. Indeed, the rootlets of stereocilia are 

embedded in the cuticular plate, a dense meshwork similar to the terminal web [54]. 
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Here, it has been identified that tropomyosin [56], TRIOBP [57], spectrin [56], and α-

actinin [58] crosslink the stereocilia actin rootlets.  

 In order for stereocilia to be functional, they must be able to fulfill their 

mechanotransductive role. Indeed, the physical force produced by sound, head 

movement, or gravity are all converted into electric signals received by the brain due to 

the deflection of stereocilia [59]. The tallest row of stereocilia is anchored in the tectorial 

membrane and are deflected backward by physical force. This tension is transferred 

through a tip link connecting to the next row of shorter stereocilia [59]. Similar to the 

IMAC, the tip link of stereocilia is formed by a heterophilic complex of cadherin-23 and 

protocadherin-15 (PCDH15) [60]. PDCH15 then interacts with TMC1 and TMC2, which 

have been identified as components of the mechanoelectrical transduction channel 

(MET), which allow for an electrical signal to be transmitted through the cochlear nerve 

[60].   

 Stereocilia are considered extremely stable, and once they are damaged (by 

excessive noise, etc.), they cannot be repaired to their original, fully functional state 

[54]. It is currently understood that stereocilia have a variety of proteins localized to their 

tips, including EPS8, USH1C, SANS, and myosin-7a (MYO7A) [54]. Additionally, it is 

currently thought that actin only turns over at the distal tips of stereocilia.  

MOLECULAR MOTORS 

In addition to the three filaments that form the most basic structural units of the 

cytoskeleton, a variety of molecular motors use microtubules and actin as “tracks” for 

delivering cargo, transduce force, and shape cellular morphology [9]. The defining 

feature of all molecular motors is that they convert chemical energy to mechanical 
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energy via ATP hydrolysis [61]. There are three broad families of molecular motors: 

myosins, kinesins, and dynein. The kinesin and dynein family of motors both bind to 

microtubules and are primarily viewed as ideal for long-distance cargo transport within 

the cell. However, kinesin, in particular, encompasses a large superfamily of motors, 

which have many different functions. Unfortunately, we will not discuss kinesin or dynein 

further and will instead focus in detail on the only molecular motor that is associated 

with actin; myosin.  

Myosin super-family  

The myosin super-family is highly evolutionary conserved and diversified very 

early on in eukaryotic evolution (Figure 1-4) [62]. Only a few taxonomic groups, such as 

red algae, exist without myosin. Higher-order mammals have up to 40 different unique 

myosin genes, and plants contain unique myosins as well. Collectively, there are 31 

classes of myosin, with many classes containing a variety of myosins within them [62]. 

Indeed, as one might expect within a diverse superfamily of proteins, myosins 

participate in a wide variety of cellular processes, including but not limited to 

cytokinesis, cell polarization, transcriptional regulation, muscle contraction, and 

intracellular transport [9].  

The myosin superfamily is further subdivided into “conventional” and 

“unconventional” myosins. The vast majority of myosins are classified as 

unconventional myosins, with myosin 2 (M2) being considered a conventional myosin 

[63]. The reasoning for this is primarily historical—M2 was the first motor protein ever 

identified [64] and assumed to be standard for actin-bound motors. Advances in the field 

later demonstrated that this was not the case, but the naming nomenclature remains to 



12 
 

this day. 
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Unconventional myosins perform a variety of functions within the cell, including cargo 

transport along actin filaments, whereas conventional myosins primarily produce 

contractile force, which is required for cytokinesis and maintaining cell morphology [65]. 

Figure 1-4: Phylogenetic tree of the myosin superfamily. 



14 
 

Despite the many classes of myosins that have been described, they all share 

three well-defined features [66]. All myosins have a highly conserved N-terminal motor 

domain, which contains an actin-binding domain, and an ATPase binding domain 

(Figure 1-5). This motor domain undergoes conformational changes upon nucleotide 

binding, ATP hydrolysis, and product release, in a cycle known as the myosin 

crossbridge cycle  [67](Figure 1-6). This cycle begins with ADP-Pi-bound myosin, which 

is in a “loaded” confirmation and ready to bind to actin. In this state, the myosin head 

can loosely bind to actin. Upon Pi release, the myosin head rotates in a movement 

called a “powerstroke”. After which the ADP is released, and myosin is in a strongly 

bound state. The binding of a new ATP molecule releases the motor from the actin 

filament, and the hydrolyzing of ATP to ADP-Pi causes the motor head to rotate back to 

it’s original “loaded” confirmation. This cycle of conformational changes allow for myosin 

Figure 1-5: Crystal structure of conserved myosin head region. This includes the 
motor domain, which contains the actin binding and ATP binding sites. Also noted here 
is the converter, and neck, with contains IQ-motifs, and bound regulatory light chain 
(RLC) and essential light chain (ELC). This structure was resolved using myosin 2 S1. 
from Kodera and Ando, 2014 [5]. 
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motility and force transduction. Then, all myosins contain a central neck region, which 

acts as a lever arm for force transduction and has several binding spots for light chains. 

The amount of light chain binding regions can vary greatly between myosins. 

Furthermore, depending on the myosin species, a consensus IQ motif sequence of 

IQXXXRGXXRK can bind essential (ELC) or regulatory light chains (RLC) or calmodulin 

(CaM) or CaM-like molecules  [68, [69](Figure 1-5). Many of these light chains are 

sensitive to calcium-binding or phosphorylation state, which serves to regulate myosin 

activity. Additionally, this neck region can also contain coiled-coil domains that mediate 

dimerization. Finally, all myosins contain a C-terminal tail. Depending on the myosin 

species, this tail may mediate cargo interactions, autoinhibition, or further regulate the 

activity and localization of the myosin molecule [70]. 
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While there are many myosin species with a wide variety of functions, for the 

purposes of this introduction, we will further focus on myosin-2, the conventional myosin 

class.    

Myosin-2 

Myosin-2 was the first motor protein ever discovered—muscle myosin-2 was 

identified in muscle extracts in 1864 [64]. Despite almost two centuries of work on M2, a 

considerable amount of ongoing research is focused on M2. A functional class 2 myosin 

is, in fact, a hexameric molecule consisting of two heavy chains, two essential light 

chains, and two regulatory light chains (Figure 1-7). The heavy chain of M2 is encoded 

by a myosin gene and consists of an N-terminal motor domain, a neck region containing 

Figure 1-7: Schematic of various forms of myosin 2. The myosin 2 hexamer consists 
of two heavy chains, two ELCs and two ERLCs. Collectively, myosin 2 hexamers can 
form bipolar filaments via interactions between the coiled coil region of each hexamer. 
Myosin 2 also forms the thick filaments of sarcomeres, the fundamental unit of muscle 
contraction. 

Figure 1-6: Graphical depiction of the myosin crossbridge cycle. This cycle allows 
for the motor to exert force on anchored actin filaments or move in a processive manner 



17 
 

binding regions for an essential and a regulatory light chain, followed by a long coil 

coiled region that ends in a short non-helical C-terminal tail. The long coiled-coil of an 

M2 heavy chain allows for multimerization, which enables M2 to form bipolar “thick 

filaments” [71, [72] (Figure 1-7). A thick filament is the fundamental unit of contractile 

force in biology.  The C-terminal tail of class 2 myosins is thought to play a role in thick 

filament assemble and intracellular localization of M2 [72].  

The activity of M2 is primarily regulated by RLC phosphorylation on two residues: 

Ser19 and Thr18 [73]. It has been demonstrated in vitro that these phosphorylation 

events increase the total actin-activated Mg2+-ATPase activity of M2 isoforms. It has 

also been demonstrated that phosphorylation of the RLC regulates the assembly of M2 

thick filaments via a head-tail interaction that occurs in the unphosphorylated state. A 

variety of kinases have been found to phosphorylate M2 RLC, including myosin light 

chain kinase (MLCK), Rho-associated coiled coil-containing kinase (ROCK), leucine 

zipper interacting kinase (ZIPK), citron kinase, and myotonic dystrophy kinase-related 

CDC42-binding kinase (MRCK) [73].  MLCK only associates with M2 RLC, whereas 

other kinases, such as ROCK, phosphorylate a variety of other substrates. Indeed, 

ROCK primarily inhibits phosphatase protein phosphatase 1 (PP1), which 

dephosphorylates M2, despite its ability to phosphorylate RLCs directly.  Interestingly, 

kinases that phosphorylate RLCs are often differentially localized throughout the cell 

(i.e., MLCK is often more peripheral, and ROCK more central), which means that 

actomyosin structures within the cell may exhibit different levels of stability and 

sensitivity depending on their localization [73]. Class 2 myosins can be further regulated 

by phosphorylation sites in their coiled-coil domain and non-helical tails [72]. 
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Class 2 myosins constitute a large class, with 14 M2 heavy chains found in the 

human genome [74, [75]. 10 of these are found in cardiac or skeletal muscle and form 

large arrays called sarcomeres, which are responsible for skeletal and cardiac muscle 

contraction. A sarcomere is a unit of two actin filaments running parallel on either side of 

a myosin bipolar filament. Sarcomeres are anchored by Z lines at either end. Outside of 

skeletal and cardiac muscle M2s, there is one gene that encodes for smooth M2 (SM2), 

MYH11. Unlike all other M2s, SM2 is capable of forming unipolar filaments and is found 

in the muscle of all hollow organs aside from the heart. Finally, there are three known 

paralogs of non-muscle myosin-2 (NM2): NM2A (encoded by MYH9), NM2B (encoded 

by MYH10), and NM2C (encoded by MYH14) [76, [77]. Unlike the name suggests, 

NM2s are ubiquitously expressed in nearly all cell types, including muscle cells. NM2 

paralogs have distinct kinetic properties, which allow these motors to perform specific 

and distinct functions at the cell and tissue scale, including cytokinesis, cell motility, 

collective cell migration, and regulating the paracellular permeability of epithelial sheets 

[1]. In the context of in vitro sliding filament assays, tail-less NM2C heavy meromyosin 

(HMM) fragments move actin filaments at ∼0.05 µm/s, slower than both NM2B (∼0.08 

µm/s) and NM2A (∼0.29 µm/s). Bipolar filaments assembled by NM2C (∼293 nm) tend 

to be shorter than those assembled by NM2B (∼323 nm) or NM2A (∼301 nm) (Figure 1-

8). Filaments composed of NM2C also contain fewer molecules than those assembled 

by NM2A and NM2B, resulting in thinner structures (∼8 nm vs. ∼11 nm wide) and 

presumably a lower potential for generating force. The NM2 paralogs are also capable 

of forming co-assemblies of two or more paralogs within the same minifilament  [78, 

[79].  
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There exists a significant body of work dedicated to the biological function of 

NM2A and NM2B. Both paralogs have been implicated in cell migration, the formation of 

filopodia, and the formation of basal focal adhesions. NM2 also seems to play a role in 

the cellular response to external forces. Furthermore, NM2 is implicated in both the 

formation and the stability of cell-cell junctions and the organization of three-

dimensional epithelial tissues. Finally, NM2 is required for cell division. Given the vast 

biological roles for NM2, it is no surprise that mutations in NM2A and NM2B are 

associated with disease. Indeed, NM2A knockout (KO) mice fail to form a visceral 

endoderm and are embryonic lethal at day 6.5, prior to organ formation [80, [81]. 

Conversely, NM2B KO mice survive to E14.5, at which point they exhibit cardiac and 

Figure 1-8: Negative stain electron microscopy of all three non-muscle myosin 
filaments. The first two columns show unphosphorylated filaments in the absence of 
ATP. The last column shows filaments with phosphorylated RLCs. Adapted from 
Billington et al., 2013 [1]. 
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brain defects [81]. However, unlike NM2A and NM2B, little literature has explored the 

role of NM2C. NM2C is one of the most recent myosins to be identified, have been 

discovering in 2004 after the completion of the human genome project [82]. 

Interestingly, NM2C is expressed in a more tissue-specific pattern than NM2A or NM2B 

[6]. NM2C is only found in high levels in parts of the brain, the cochlea, and the 

intestine. Of the limited work that has been done on NM2C, it has been found that it 

localizes to cell-cell junctions of the hair cells of the inner ear and the small intestine 

[83].  Indeed, it was determined that contraction and relaxation of these junctional bands 

of NM2C results in changes in apical cell shape and tissue geometry [84]. Additionally, 

there are a handful of mutations in NM2C that have been identified, most of which are 

associated with autosomal dominant non-syndromic hearing loss (DFNA4A) [85, [86, 

[87, [88, [89, [90, [91, [92, [93, [94].  

ROLE OF CONTRACTILE FORCE IN BIOLOGY 

The discovery of M2 and subsequent decades of study on class 2 myosins have 

allowed for an incredibly thorough investigation of the role of contractile force in 

biological systems, using a variety of techniques include computer-based modeling, in 

vitro biochemistry, and in vivo model organism studies. Class-2 myosins are the 

classical producer of biological contractile force [95], and NM2 paralogs, in particular, 

play a wide variety of roles by providing contractile force on an intracellular scale [77, 

[96, [97, [98, [99, [100], which can then be propagated throughout a tissue or organ. 

Indeed, D’Arcy Thompson first proposed that an organism’s form, aka shape, is a 

“diagram of the forces” that have acted upon it in his 1917 book On Growth and Form 

[101]. A century ago, what these forces could be was unknown. Today, a variety of 

forces that shape life itself have been described, including those that influence cell 
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shape and tissue morphogenesis [102]. Myosin motor activity is not necessarily required 

to produce contractile force; however, the myosin motor itself is usually still involved. 

The classical model of contractile force relies on M2 thick filaments in sarcomeres, 

which undergo ATP hydrolysis to exert force on actin filaments. The motor activity-

independent contractile force pathway relies on motors or other actin-associated 

proteins as crosslinkers [103]. In this model, the depolymerization of anchored actin 

filaments drives contraction. In vivo, it is often difficult to determine if the motor activity 

of myosin is required for contraction, as many techniques to disrupt myosin can affect 

both motor activity and any potential crosslinking activity [102]. Regardless of the 

method of myosin involvement, the importance of contractile force in biological systems 

is well-established.  

Cell shape 

 Simply put, the cell surface is under tension. However, this is unlike the surface 

tension in liquids, which is caused by the cohesive nature of the molecules which make 

up the liquid, in which the molecules within the bulk of the liquid exert an attractive force 

on the surface molecules, which results in the liquid assuming a shape with the least 

surface area. Instead, cellular tension (not the surface tension of the plasma 

membrane) to generated thanks to an actomyosin network at the cell cortex.  Cell-cell 

adhesion, osmotic pressure, and myosin activity can all change relative cortical tension 

[104].  

 While the contraction of striated muscle depends on sarcomeres, organized 

antiparallel f-actin filaments with a bipolar myosin filament in the center, more 

unstructured networks are also capable of contractile activity [105, [106]. These 
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unstructured networks are thought to be the basis of how smooth muscle and non-

muscle cells contract. However, some model systems, such as the ventral furrow cells 

of Drosophila embryos, have organized, sarcomere-like structures that are arranged 

radially, and if this structure is disrupted, apical contraction is inhibited [107]. The ability 

of a cell to carefully use contractile force is key for cell division, cell migration, and 

wound healing.  

 In particular, many cells contain an actomyosin junctional belt, which is critical for 

maintaining cell-cell junctions [108, [109, [110] (Figure 1-9A). Contraction in the 

junctional belt can alter the apical shape and area of a single cell, and this change can 

Figure 1-9: Mechanisms of cell shape change. A, schematic of the polarized 
organization of an epithelial cell. B, apical–basal cross-section of cells undergoing 
apical constriction. Apical constriction facilitates the bending/folding of epithelia by 
causing cells to adopt a wedge shape. C, apical surface view of apical constriction. 
Apical constriction pulls neighboring cells inward, suggesting that contractile forces 
generate tension in constricting cells. D, the purse-string model of apical constriction. 
Contractile force generated by myosin-II-driven actin filament sliding within the 
circumferential cable constricts the cell apex. Forces are generated parallel to the cell 
surface. E, The meshwork model of apical constriction. Myosin II contracts a two-
dimensional actin meshwork that spans the apical cortex of the cell. Forces generated 
perpendicular to the cell surface pull discrete adherens junction sites inward to constrict 
the cell. Reprinted from Developmental Biology, Volume 341, Martin, A.C, Pulsation, 
and stabilization: Contractile forces that underlie morphogenesis, Pages 114-12., 
Copyright 2010, with permission from Elsevier. 

https://www.sciencedirect.com/topics/neuroscience/actin-filament
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/myosin
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/adherens-junction
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be propagated to shape changes within an entire epithelial sheet  [105, [106, 

[111](Figure 1-9B and 1-9C). But perhaps the most well-known example of contraction 

on a cellular scale is cytokinesis. Following completion of mitosis, a dividing cell must 

physically split into two daughter cells. This physical separation is done via a contractile 

ring that assembles directly underneath the plasma membrane [112, [113, [114, [115]. 

This carefully regulated process is key for the development and maintenance of all 

organisms, from yeast to humans.  

Tissue morphogenesis 

 Contractile force can influence the shape and movement of singular cells and 

also plays a critical role in shaping epithelial sheets, and thus, shaping organs. The 

contractile or tensile forces generated by the actomyosin network within a single cell 

can be transmitted between cells in a sheet via cell-cell junctions or the extracellular 

matrix [83, [109, [116, [117]. For example, the apical constriction of a columnar 

epithelial cell results in a cone or wedge-shaped cell, which then facilitates a bending or 

folding of the epithelial sheet as this shape change is propagated through the sheet 

(Figure 1-9B and 1-9C). This type of apical constriction has been observed to happen 

due to a variety of actomyosin networks. During neural tube closure in vertebrates, a 

circumferential actin belt associated with the adherens junction contracts the cell apex 

in a “purse-string” manner (Figure 1-9D) [105]. However, during mesoderm invagination 

in Drosophila, myosin localized to the entire apical surface of the cell, like a meshwork 

(Figure 1-9E) [106]. This meshwork undergoes contractile pulses, which result in apical 

constriction, just as in the case of neural tube closure. It is unclear why these various 

mechanisms exist and why some morphological events use different manners of 

actomyosin contractile force. Actomyosin contraction also has a well-defined role in 
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convergent-extension in a variety of model systems and organs [84]. [118] Thus, it is 

certainly safe to say that morphogenesis and development rely greatly on those 

contractile forces generated from actomyosin architectures.  

THE GASTROINTESTINAL TRACT 

Mammals contain a variety of polarized epithelial surfaces, which provide a 

barrier between inside and outside worlds and serve as the first line of defense against 

physical, chemical, and biological hazards. In order for any substance to enter the body, 

it must first pass through an epithelial sheet. The largest epithelial sheet is the skin that 

lines the body, the second largest is the gastrointestinal tract, which is our focus for this 

dissertation. The gastrointestinal (GI) tract consists of the mouth, the pharynx, the 

esophagus, the stomach, the small intestine, and the large intestine, rectum, and anus.  

While all of these organs are lined with polarized epithelial cells, we shall only discuss 

the small intestine in detail, although it shares many features with the large intestine. 

The small intestine is a hollow organ lined with a single layer of solute transporting 

epithelial cells [119]. Underlaying the epithelium is the lamina propria, composed of 

loose connective tissues. This is followed by the submucosa, which is formed out of 

dense, connective tissues and contains large blood vessels and components of the 

enteric nervous system. Lastly, the small intestine has an external smooth muscle layer, 

which plays an important role in morphogenesis and homeostasis. [119] 

  The small intestine can be further separated into three distinct segments: 

duodenum, jejunum, and ileum. The most proximal segment is the duodenum which 

connects directly to the stomach and helps to further digest food coming from the 

stomach, as well as beginning to absorb nutrients from digested substances. In 



25 
 

humans, the duodenum is the shortest part of the small intestine at approximately 25-

38cm long. Directly after the duodenum is the jejunum, which is responsible for the bulk 

of nutrient absorption—this includes passive and active transport through the epithelial 

sheet. In humans, the jejunum is approximately 2.5m long. The most distal segment of 

the small intestine is the ileum, which is approximately 2-4m long in humans.   The 

ileum serves to absorb any products of digestion that were not previously absorbed in 

the jejunum, as well as vitamin B12 and bile salts [119]. Many severe intestinal ailments, 

such as Crohn’s disease and Celiac disease, have a more substantial phenotype in the 

ileum [120, [121].  

 The morphology of the mature small intestine makes it one of the most 

architecturally complex organs. Broadly, the small intestine has two morphologically 

separate domains—the crypts and the villi. Villi are long finger-like protrusions that 

serve to increase the surface area available for nutrient absorption significantly [122] 

(Figure 1-10A). The crypts of Lieberkühn, first described in the 1700s, contain LGR5+ 

stem cells, which remain actively proliferative throughout an organism’s lifespan [123, 

[124]. As the LGR5+ stem cells differentiate, they migrate out of the crypt, up the villi, 

and finally undergo apoptosis and shed off at the tips [123] (Figure 1-10B). This process 

of crypt to villus migration is critical for intestinal homeostasis and regenerative renewal 

of the epithelium. Additionally, the constant turnover of cells resulting from crypt to villus 

migration enables the intestine to remain a dynamic organ, which is vital for its function 

[125].  
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Development and morphogenesis 

During embryogenesis, the GI system is one of the first to polarize. The early gut tube 

develops after the three primary germ layers are specified during gastrulation. The gut 

tube develops from the endoderm and forms along the anterior-posterior axis of the 

embryo. The anterior endoderm is responsible for the formation of the foregut, which 

eventually develops into the portion of the GI tract the stretches from the mouth to the 

duodenum. The posterior endoderm forms the hindgut, which consists of the distal third 

of the colon to the rectum, and the endoderm between the anterior and posterior poles 

forms the remaining midgut. The splanchnic mesoderm goes on to form the 

mesenchyme around the gut tube. This mesenchyme later forms a variety of cell types 

and the smooth muscle walls along the outside of the small intestine [126]. 

Figure 1-10: Cartoon of the structure and morphology of the small intestine. A, 
the small intestine is covered in fold of tissue called villi. B, villi are primarily lined with 
enterocytes, with differentiation in the crypts, migrate up the villus, and shed off at the 
top via apoptosis. Adapted from Crawley et al., 2014 [2]. 



27 
 

 In the chicken, the gut tube maintains a smooth luminal surface until embryonic 

day 7 (E7). However, it is at this point that the outer mesenchyme begins to differentiate 

into two layers of smooth muscle; the first one with the contractile axis oriented 

circumferentially and finishes differentiating by E13. It is at this point that the other 

smooth muscle layer, with the contractile axis oriented longitudinally, begins to 

differentiate [127]. This sequential differentiation of smooth muscle layers is critical for 

the formation of villi. From E8-12, ridges emerge as the circumferential muscle layer 

emerges and begins the contract the epithelial surface. From E13-15, the formation of 

the longitudinal muscle layer, the previous ridges transform into a zigzag. And finally, as 

the longitudinal muscle continues to develop and contract, villi are formed from the 

zigzags. In this manner, the morphology of the intestinal epithelium emerges as a 

consequence of elastic energy minimization during the constrained growth of the 

endoderm [127]. The endoderm then differentiates into the various epithelial cell types 

that populate the intestine. Interestingly, villi become shorter when you move proximal 

to distal in the intestine; the developmental mechanisms for these structural differences 

are not currently understood. 

 Unlike villi which develop during embryogenesis, crypts develop post-natal as a 

result of myosin-2 apical constriction in the” intervillar region” [128]. A Rac1 signaling 

pathway results in the compartmentalization of crypts and villi. Rac1 activity continues 

to be high in adult crypts. While the intervillar cells are specified around E15.5, crypt 

morphogenesis occurs between postnatal day 2 (P2) and P10. Beginning at P0, the 

apical area of the intervillar cells begins to constrict significantly, corresponding with an 

increase in the expression of contractility-related genes [128]. Interestingly, during this 
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process, the mean number of cells within the intervillar region remains constant, which 

indicates that cell proliferation does not drive the process of crypt morphogenesis. After 

invagination of the intervillar regions is initiated via apical constriction, hinges are 

formed from cells that are basally constricted and apically expanded. These hinge 

regions are initially formed from P3 to P5; however, changes in cell shape do not occur 

until P6. These regions serve to morphologically separate the crypts from the villi. Once 

the invagination of the tissue behind and the hinge regions are formed, the crypts 

continue to elongate until approximately P10 [128].  After this point, the complex 

morphology of the intestine is consistent, although it can change due to feeding 

behaviors, disease/infection, and age.  

Crypt-villus migration and differentiation 

Intestinal crypts are one of the few stem cell niches that remain active throughout 

an organism’s lifespan [123]. This is due to the fact that the integrity of the intestinal 

epithelium depends on a process of regenerative renewal, in which new cells 

continuously differentiate, migrate out of the crypts, replacing old, damaged cells that 

are shed off at the tips of villi. These new cells will continue to migrate up the villus until 

they too are shed off, in a process known as crypt-villus migration. Indeed, due to this 

continuous migration, the entire intestinal epithelium is turned over in the course of a 

week in humans. It is partially due to this continuous cycle of division, differentiation, 

and migration that the cancers in the GI tract are some of the most common [129]. 

However, this regenerative renewal is also critical for repairing the intestinal barrier after 

disease or infection [130].  
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  For decades, it was assumed that mitotic pressure from the dividing cells in the 

crypts was the driving force behind crypt-villus migration. However, it was recently 

demonstrated that crypt-villus migration continues even in animals that have been given 

hydroxyurea (HU), an S-phase inhibitor that inhibits mitosis at low doses [131]. It was 

found that mitotic pressure does play a role in the crypts and lower villus region, but not 

beyond. In this same study, they also demonstrated that Arp2/3 dependent basal 

protrusions, similar to lamellipodia, are required for crypt-villus migration to occur [131]. 

Thus, it is now thought that active cell migration is key for homeostatic renewal of the 

intestinal epithelium, 

The population of cells in the intestinal crypts is also important. At the base of the 

crypts sits a population of LGR5+ stem cells. This population was originally known as 

crypt base columnar (CBC) cells. Further up the crypt, there is a population of transit-

amplifying (TA) cells, which divide 

faster than the LGR5+ stem cells. 

Differentiation into the various cell 

types of the intestine epithelium 

begins at the 5+ position—there 

are two primary intestinal cell fate 

pathways, absorptive and 

secretory [123] (Figure 1-11). 

These pathways can give rise to 

a variety of cell types, which will 

be individually discussed below [132, [133].  

Figure 1-11: schematic of the various types of 
intestinal epithelial cells. 
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Enterocytes 

Enterocytes make up the majority of the cells within the intestine, and indeed, are 

considered the “default” cell differentiation pathway within the small intestine. They are 

one of the only nutrient-absorbing cells in the body, and their ability to function is critical 

for maintaining homeostasis. Enterocytes are characterized by their well-packed array 

of apical microvilli, which collectively form the brush border. The brush border is 

immature on enterocytes in the crypts but grows increasingly dense as cells move out of 

the crypts until finally covering the entire apical surface of villus enterocytes [2]. 

Paneth cells 

Paneth cells arise from the secretory progenitor cells, and unlike all other intestinal 

epithelial cells, they migrate down to the base of the crypt after differentiation instead of 

up onto the villus. Paneth cells are also long-lived compared to others in the intestine; a 

single Paneth cell may persist for up to a month, while most intestinal epithelial cells 

turn over within a few days. This specialized cell type was first described in the late 

1800s, where they were noted for prominent eosinophilic granules in their cytoplasm. It 

is now understood that those granules contain antimicrobial peptides such as lysozyme, 

as well as proteins that help to modulate the microbiota of the intestine. Paneth cells are 

primarily found in the distal portion of the small intestine, which has made them 

somewhat difficult to study. The antimicrobial peptides secreted by Paneth cells are a 

critical part of host defense, as the stem cells in the crypt are particularly vulnerable 

points for pathogen invasion [134].   
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Goblet cells 

Goblet cells are the primary secretory cells of the intestinal epithelium and are 

responsible for the maintenance of a mucus layer that forms over the single layer of 

epithelial cells that make up the intestinal mucosa. Goblet cells secrete mucins, 

primarily MUC2, in the small intestine. These mucins form a physical barrier to keep 

commensal bacteria and other microbes separate from the epithelial cells. A breach of 

the mucus layer can result in inflammation, even if only commensal microbes are 

present. Thus, goblet cells play a key role in the maintenance of the intestinal barrier 

and thus homeostasis. Goblet cells are upregulated during periods of infection, as these 

cells are an essential part of the adaptive immune response [134].  

Tuft cells 

Tuft cells are incredibly rare within the epithelium and can be easily identified by the 

mega-microvilli, present on their apical surface, which are longer and have a wider 

diameter than microvilli present on enterocytes. Tuft cell microvilli also have massive 

actin rootlets that extend deep into the cytoplasm. This unique morphology allowed 

them to be originally identified via electron microscopy [135]. Interestingly, tuft cells 

express proteins similar to those in taste buds, leading them to be classified as 

chemosensory cells. Tuft cells were initially thought to differentiate from secretory 

progenitor cells. However, while all other secretory cell types are dependent on the 

transcription factor Atoh1, tuft cells can still be found in Atoh-1 deficient animals, 

suggesting a different mechanism for tuft cell differentiation [136].  Due to their rarity, it 

has been difficult to perform detailed studies on tuft cell function and ultrastructure. 

However, it is known that tuft cells play a role in type 2 immunity via IL25. Primarily, tuft 

cells initiate a type 2 immune response upon helminth infection [137, [138]. It is also 
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believed that the taste receptors expressed in tuft cell microvilli allow them to sense 

parasites in the lumen directly [138], but further investigation is needed.  

Enteroendocrine cells 

Enteroendocrine cells are thought to make up about 1% of the intestinal epithelium and 

are derived from secretory progenitor cells. These cells are scattered through the 

epithelium as single cells and secrete a variety of hormones that influence enzyme 

secretion, GI motility, and appetite [139]. While little work currently focuses on intestinal 

enteroendocrine cells, they are thought to be a key player in mucosal immunity, as they 

can sense microbial metabolites and release cytokines in response to pathogens [140]. 

As the intestine is an incredibly large mucosal surface that interacts with the 

environment, the immune system and signaling within the gut are critical for health and 

homeostasis. Interestingly, despite their relative rarity in the intestinal epithelium, 

enteroendocrine cells form the largest endocrine system in humans [140].  

Plasticity of the intestine and homeostasis 

The continuous regenerative renewal of the intestine allows it to remain an incredibly 

plastic and dynamic organ. This plasticity can be observed at multiple scales; the length 

of the GI tract itself, villus length, microvillus length, and protein expression are all 

subject to change as a result of environmental factors. It has been well-established that 

villi are capable of changing their morphology; this is a homeostatic response in the 

case of fasting and feeding periods, and also a response that can occur as a result of 

infection or chronic diseases, such as Crohn’s and Coeliac disease [120, [141, [142, 

[143, [144, [145, [146, [147, [148, [149, [150, [151]. For example, it has been shown in a 

variety of animal models that changes in villus length occur as a result of fasting and 

feeding behaviors. Villi can regain lost length in as little as two hours after refeeding 
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[151]. Classically, it was assumed that these changes in length occur due to increased 

cell shedding rate (to shorten) or increased cell proliferation rate (to lengthen).   

However, it was previously found that the rate of cell production did not increase until 

12hrs after refeeding, suggesting that there may be additional mechanisms that allow 

for villus lengthening shortly after refeeding [151]. Decreased expression of many of the 

transporters required for nutrient absorption have also been noted [146]. 

The intestinal epithelium and the brush border 

The brush border on enterocytes is an excellent example of how form follows function 

and function follows form. The brush border has two functions; it markedly increases the 

membrane surface area available for nutrient absorption by 9 to 16 fold and provides a 

line of defense against luminal pathogens [152, [153]. The microvilli that form the brush 

border are remarkably uniform in length and diameter (~100nm diameter and 1-3 

microns in length depending on the region of the GI tract) and incredibly well packed 

across the entire cell (Figure 1-12A and 1-12B). 
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Brush border microvilli contain a core bundle of 20-30 actin filaments, which are 

connected to the plasma membrane by actin-membrane crosslinkers such as myo1a [2] 

(Figure 1-12C). 

 The brush border is immature in the crypts, with sparse microvilli across the cell 

surface. While it has been demonstrated that microvilli “surf” across the cell and will 

cluster with other microvilli when they interact [52], it is still unclear how these clusters 

of microvilli come together in an organized manner to form the brush border.  

Figure 1-12: Ultrastructure of the brush border. A, enterocytes from mouse small 
intestine, brush border (BB) is noted by black bracket. B, brush border microvilli (MV) 
from chicken small intestine. Reproduced from Mooseker and Tilney (1975). The inset 
shows hexagonally packed microvilli in cross section. C, 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). Scale bars are 
as follows:  A=1 µm, B=0.2 µm, C= 0.1 µm. Figure adapted from Crawley et al., 2014 
[2]. 
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The terminal web 

The pointed ends of actin bundles that form the core of the microvilli that form the 

brush border are anchored in a dense, filamentous network known as the terminal web 

(Figure 1-13). This dense meshwork appears to be somewhat unique to the small 

intestine, as other organs with microvilli, just as the kidney, do not have a well-defined 

terminal web. Incidentally, the microvilli of the kidney are not nearly as well organized at 

the intestinal brush border.  

The terminal web was first described several decades ago in ultrastructural 

studies and has been called the “zone of exclusion” due to the exclusion of organelles 

from this region [40]. However, it has not been determined how it contributes to the 

apical domain structure, microvillar organization, or brush border function. Interestingly, 

knockout (KO) mouse models lacking major brush border structural components, such 

as PACSIN-2, plastin-1, or actin-bundling proteins (villin, espin, and plastin-1) exhibit 

significant perturbations to the terminal web [33, [154, [155, [156]. All of these models 

exhibit a common phenotype, where the terminal web thins and microvilli become 

disorganized or shortened, which further suggests that terminal web architecture and 

brush border morphology are intimately linked. 
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Previous biochemical 

and ultrastructural studies of 

the terminal web identified 

several components of this 

filamentous network, including 

intermediate filaments 

(primarily keratin) and 

spectrins [25, [46, [47]. Early 

deep-etch electron microscopy 

(EM) studies also identified “8 

nm filaments”, which appeared 

to crosslink microvillar actin 

bundle rootlets [3]. However, 

these structures did not label 

with myosin sub-fragment 1 

(S1), suggesting they were not 

composed of actin. Additional 

immunogold labeling EM data 

led to speculation that 8 nm filaments contained myosin [3]. This was further supported 

by immunofluorescence labeling studies that made use of a pan-myosin antibody raised 

against myosin-2 epitopes [43]. However, the identity of the myosin and the 

organization and function of 8 nm filaments in brush border structure and function have 

remained uninvestigated since the early 80s. 

Figure 1-13: The terminal web supports the brush border. 
Quick freeze deep-etch electron micrograph of the brush 
border and terminal web. Scale bar = 0.1µm. Adapted from 
Hirokawa et al., 1982 [3].  
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Summary 

M2, the first motor protein ever described [64], operates at multiple scales in biology. 

Muscle M2 coordinates the large-scale movement of skeletal muscle, and NM2 plays a 

variety of roles in cell shape and tissue morphogenesis. While it had been previously 

hypothesized that an M2 isoform would play a role in the complex morphology of the 

intestine, little recent work had investigated M2 in the intestinal epithelium. Indeed, the 

intestine exhibits incredibly complex morphology, from the level of tissue to the 

ultrastructural level.  

 Previously, it was shown that M2 is required for crypt morphogenesis [128], and 

that NM2C localized to the apical surface of enterocytes [83]. However, NM2C 

remained relatively understudied, which no clearly defined function in any tissue. Thus, 

the goal of this thesis was to elucidate the role of NM2C in the intestinal epithelium, and 

in doing so, gain insight into the function of NM2C as a motor. The studies in this 

dissertation are the first to determine a role for NM2C in any organ.  

Here, we demonstrate that NM2C is localized to the terminal web of enterocytes, 

answering a decades-old question about M2 in the terminal web [157]. We show that 

NM2C works to control the length of microvilli via contractility-dependent actin turnover. 

This gives us valuable insight into factors that control microvillar length and have 

opened up future studies in gaining a deeper understanding of this contractility-

dependent mechanism that results in actin turnover. 

 Furthermore, we demonstrate that loss of NM2C results in aberrant morphology 

within the intestinal epithelium. This is in contrast to previous work that has suggested 

that NM2A can completely compensate for the loss of NM2C [83]. This indicates a 
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unique role for NM2C in the intestinal epithelium, likely due to how the network of NM2C 

across enterocytes propagates tension across the epithelial sheet as it undergoes crypt-

villus migration. Collectively, the work done in this dissertation provides significant 

insight into the biological role of NM2C and provides advances in understanding the role 

of mechanical force in the small intestine.  
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CHAPTER 2  
 

MATERIALS AND METHODS 

Cell Culture and immunofluorescence  

Ls174T-W4 (W4) cells (female Hs colon epithelial cells) were cultured in DMEM with 

high glucose and 2 mM L-glutamine supplemented with 10% tetracycline-free fetal 

bovine serum (FBS), blasticidin (10 µg/ml), G418 (1 mg/ml), and phleomycin (20 µg/ml); 

cells were grown at 37ºC and 5% CO2 as our group and others have previously 

described. This cell line was generous gift from Dr. Hans Clevers (Utrecht University, 

Netherlands). For SIM or laser scanning confocal imaging, W4 cells were plated onto 

glass coverslips, and allowed to adhere overnight in the presence of 

1 μg/ml doxycycline. For NM2C staining, cells were then washed with warm phosphate-

buffered saline (PBS) and fixed with warm 4% paraformaldehyde/PFA for 15 min at 

37°C. Cells were subsequently washed three times with PBS, and then permeabilized 

with 0.1% Trition-X-100 in PBS for 15 minutes at room temperature. Cells were then 

blocked for 1 hr at room temperature in 5% bovine serum albumin (BSA) in PBS. 

Finally, cells were incubated with primary antibody (Proteintech anti-NM2C, #20716-1-

AP) diluted in 5% BSA/PBS, at 37°C for 1.5 hr, followed by three washes with fresh 

PBS. Cells were then incubated for 1 hr with  goat anti-rabbit Alexa Fluor 488F(ab’)2 

Fragment (1:1000, A11070; Invitrogen) and Alexa Fluor 568 Phalloidin (A12380; 

Invitrogen) at 37° C. Coverslips were washed three times with PBS and mounted on 

glass slides in ProLong Gold Antifade Mounting Media (P36930; Invitrogen). For cells 

transfected with Halo-tagged constructs, cells were incubated for 30 min with Janelia 

Fluor HaloTag ligand (gift from Dr. Luke Lavis, HHMI Janelia Farms) of the appropriate 

color, diluted to 100 nM after fixation with 4% PFA. Alexa Fluor 488-phalloidin (1:200, 
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A12379; Invitrogen) was diluted in PBS and incubated for 1 hr at room temperature. 

Coverslips were washed three times with PBS then mounted on glass slides in ProLong 

Gold (P36930; Invitrogen).  

Cloning and Constructs 

pEGFP-NM2C was obtained from Addgene (plasmid #10843). mNEON-green-β-actin 

was purchased from Allele Biotechnology. pHalo-C1-NM2C (Halo-NM2C) construct was 

generated via PCR using pEGFP-NM2C as a template. NM2C open reading frame PCR 

product was TOPO cloned into the pCR8/GW/TOPO vector (K250020; Invitrogen) and 

then shuttled into the pHalo-C1 backbone, adapted for Gateway cloning using the 

Gateway conversion kit (11828029; Invitrogen). To generate pHalo-NM2C mutant 

variants, E479A, R257A, N252A, and R784A were introduced into pHalo-NM2C using 

QuikChange site-directed mutagenesis kit (200524; Agilent). 

Transfections and lentivirus production 

All transfections were performed using Lipofectamine2000 (#11668019; Invitrogen) 

according to manufacturer’s instructions and W4 cells were allowed to recover 

overnight. Following recovery, W4 cells were seeded onto plates or coverslips, and 

incubated overnight in the absence or presence of 1 μg/ml doxycycline to induce 

polarity, and then prepared for immunofluorescence or live cell imaging. Lentivirus was 

generated by co-transfecting HEK293FT cells (Fetal Hs embryonic epithelial cells; T75 

flasks at 80% confluency) with 6 μg of pLKO.1 shRNA KD plasmids (Millipore Sigma; 

TRCN0000285308, TRCN0000275175, TRCN0000146426, TRCN0000148318, 

TRCN0000275115, TRCN0000275174), 4 μg of psPAX2 packaging plasmid, and 0.8 μg 

of pMD2.G envelope plasmid using FuGENE 6 (Promega). For efficient lentiviral 

production, cells were incubated for 48 hr, then lentivirus-containing media was 
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collected and concentrated with Lenti-X concentrator (Clontech). To transduce W4 cells 

with lentivirus, the media was supplemented with 6 ug/ml polybrene (Sigma) and the 

lentiviral shRNAs. After a 24-hour incubation, the media was changed and 

resupplemented with 6 ug/ml polybrene and lentiviral shRNAs for an additional 24 

hours. The cells were then seeded into plates or flasks and incubated ON in the 

absence or presence of 1 μg/ml doxycycline, and then prepared for 

immunofluorescence or SDS-PAGE. For rescue experiments, cells were transiently 

transfected 48 hours after the second lentiviral infection using Lipofectamine 2000, 

induced with 1 ug/ml doxycycline ON, and fixed the following morning for 

immunofluorescence staining with respective antibodies. 

 

Drug Treatments 

For fix and stain experiments, W4 cells were split onto glass coverslips, and incubated 

for 12 hours in the presence of 1 μg/ml doxycycline to induce apicobasal polarity and 

brush border formation. Induced W4 cells were then incubated with either 20 µM 

Blebbistatin (B592500; Toronto Research Chemicals), 4 nM Calyculin A (PHZ1044; 

Invitrogen) or 1 mM 4-hydroxyacetophenone (278564; Sigma-Aldrich) for 10, 30 or 60 

minutes. After drug incubation, cells were fixed using methods described below. For live 

cell imaging experiments, W4 cells were transfected with the appropriate construct and 

then split onto 35 mm glass bottom dishes (Invitro Scientific, D35- 20–1.5-N). Cells were 

imaged 24-72 hours after transfection. Once on the microscope, Blebbistatin, Calyculin 

A or 4-hydroxyacteophenone were added after ~3-5 minutes of baseline imaging; cells 

were then imaged for an additional 20-60 minutes depending on the drug treatment. 
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In vivo Blebbistatin treatment, animal surgery and tissue preparation  

Animal surgery was conducted humanely according to NIH and AVMA guidelines by a 

protocol approved by Vanderbilt University IACUC. Mice were anesthetized with 

vaporized isoflurane (Piramal Healthcare, 66794-017-25) and proximal jejunum was 

exteriorized. Two 5 mm incisions were made 1 cm apart on the anti-mesenteric side of 

the jejunum to avoid vasculature on the mesenteric side. The luminal contents were 

flushed with normal saline and drug was perfused for 4 hours. Verapamil, a broad-

spectrum efflux pump inhibitor (Sigma Aldrich, V1711202) was used at a 10 mM; 

Blebbistatin (B592500; Toronto Research Chemicals) was used at 80 µM. Animals were 

sacrificed by isoflurane overdose followed by cervical dislocation. Segments of jejunum 

were excised and cut along the length to exteriorize the lumen. Guts were fixed in 2% 

formaldehyde in 100 mM phosphate-buffered saline (PBS; pH 7.1) supplemented with 2 

mM Ca2+/Mg2+ for 12 hours at 4C. 

Whole mount tissue preparation and immunofluorescence  

Segments of WT and KO intestine were removed, flushed with phosphate-buffered 

saline (PBS), and prefixed for 10 min with 2% paraformaldehyde (PFA) to preserve the 

tissue structure. The tube was then cut along its length, subdissected into 0.5 μm–

square chunks, fixed for an additional 30 min in 2% PFA at room temperature (RT), and 

washed three times in PBS-T with 0.2% Triton X-100 for ten minutes each. Tissue 

chunks were then blocked with 5% normal Goat serum (NGS) overnight (ON) at 4°C 

with constant agitation using a Labquake® shaker/rotisserie. Primary antibodies (listed 

below) were diluted in 1% NGS/PBS-T and incubated at 4°C ON with constant agitation 

using a Labquake® shaker/rotisserie, followed by three washes with PBS-T. Tissue 

chunks were then stained with phalloidin and secondary antibodies (listed below) in 1% 
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NGS/PBS-T for 4h at RT or ON at 4°C, washed three times with PBS, and mounted with 

Prolong Gold Antifade mounting medium (P36930; Invitrogen) on 35mm glass bottom 

dishes, with villi oriented towards the glass for imaging on an inverted microscopy 

setup.  

Organoid culture and immunofluorescence 

Intestinal organoids were generated from littermate MYH14-/--eGFP-LifeAct and 

MYH14+/+-eGFP-LifeAct  mice generated from MYH14 -/+-eGFP-LifeAct breeding pairs. 

Crypts were isolated from the duodenum of 6–8-week-old animals using 2.5mM EDTA 

in DPBS. Crypts were initially cultured in advanced DMEM/F12 supplemented with 

500 ng/ml EGF (Invitrogen), 150 ng/ml Wnt/Noggin/R-spondin 1 combination solution 

and 1mM Y27632, suspended in 50 μL Matrigel (BD Biosciences). 24-48hrs after 

isolation, media was switched to advanced DMEM/F12 (Invitrogen) supplemented with 

the following growth factors: 500 ng/ml EGF (Invitrogen), 100 ng/ml Noggin (R&D 

Systems), 500 ng/ml R-spondin 1 (R&D Systems), and 1mM N-Acetylcysteine (Sigma). 

Organoids were grown at 37°C and 5% CO2. Prior to live imaging or fixation, organoids 

were transferred to glass bottom dishes (Celvis D35-20-1.5-N) and cultured in advanced 

DMEM/F12 (Invitrogen) supplemented with the following growth factors: 500 ng/ml EGF 

(Invitrogen), 50 ng/ml Noggin (R&D Systems), 500 ng/ml R-spondin 1 (R&D Systems), 

and 1mM N-Acetylcysteine (Sigma) for a minimum of 12hrs. For immunofluorescence 

imaging,  organoids were fixed for 30 min in 2% PFA at room temperature (RT), and 

washed three times in PBS-T. Organoids were permeabilized with 0.2% Triton X-100 in 

PBS-T for 40min at RT, and then blocked with 5% normal Goat serum (NGS) ( Abcam 

ab7481) overnight (ON) at 4°C. Primary antibodies (listed below) were diluted in 1% 

NGS/PBS-T and incubated at 4°C ON, followed by three washes with PBS-T. 

https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/organoid
https://www.sciencedirect.com/topics/neuroscience/noggin
https://www.sciencedirect.com/topics/neuroscience/noggin
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Organoids were then stained with phalloidin and secondary antibodies (listed below) in 

1% NGS/PBS-T for 4h at RT or ON at 4°C, washed three times with PBS and imaged in 

PBS. 

 

Formalin-fixed paraffin embedded swiss roll preparation and 

immunohistochemistry 

Segments of WT and KO intestine were removed, flushed with phosphate-buffered 

saline (PBS), and prefixed for 10 min with 4% paraformaldehyde (PFA) to preserve the 

tissue structure. The tube was then cut along its length, rolled from proximal to distal, 

secured with a 26g syringe needle and fixed for 48hrs in a large volume of neutral 

buffered formalin (NBF) at room temperature (RT). Following initial fixation, the syringe 

needle was carefully removed, and the tissue roll placed in a large cassette for paraffin 

embedded. Dehydration, paraffin-embedding, and sectioning at 10-μm was performed 

by the Translational Pathology Shared Resource (TPSR) at Vanderbilt University 

Medical Center.  Paraffin-embedded small intestinal swiss rolls of WT and PACSIN2 KO 

were deparaffinized using Histo-clear solution (Fisher) and rehydrated in a descending 

graded-ethanol series. Slides were then subject to an antigen retrieval step consisting of 

boiling for 1 h in a solution of 10 mM Tris (pH 9.0) and 0.5 mM ethylene glycol-bis(β-

aminoethyl ether)-N,N,N′,N′-tetraacetic acid (EGTA). Slides were then washed three 

times in PBS and stained blocked at 4°C with primary antibodies (see below) in 5% 

NGS/PBS. Slides were then stained ON at 4°C with primary antibodies (see below) in 

1% NGS/PBS. After being washed three times with PBS, samples were stained with 

secondary antibodies in 1% NGS/PBS for 4 h at RT. Slides were then washed three 
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times with PBS and mounted in ProLong Gold Antifade mounting media. Hematoxylin 

and eosin (H&E) stain was perform by the TPSR. 

Light microscopy 

Super-resolution imaging was performed using a Nikon N-SIM Structured Illumination 

Microscope equipped with an Andor DU-897 EM-CCD, four excitation lasers (405, 488, 

561, and 647 nm), and a 100x/1.49 NA TIRF objective. SIM images were reconstructed 

using Nikon Elements.  For live-cell spinning disk confocal microscopy, W4 cells were 

transfected with the appropriate marker construct in a six well plate. Cells were then 

split onto 35  mm glass bottom dishes (Invitro Scientific, D35- 20–1.5-N) and incubated 

in the presence or absence of 1 µg/ml doxycycline for a minimum of 12 hrs and up to 36 

hrs. Cells transfected with Halo-tagged constructs were incubated with appropriately 

colored Janelia Fluor HaloTag ligand diluted to 100 nM in the standard cell culture 

media described above. Cells were incubated for 30 min with HaloTag ligand-media, 

media was then removed, and cells were washed with 37º C PBS. PBS was replaced 

with standard cell culture media and cells were allowed to equilibrate to new media for 

15 min at 37º C. Live-cell imaging was performed on a Nikon Ti2 inverted light 

microscope equipped with a Yokogawa CSU-X1 spinning disk head, Andor DU-897 

EMCCD camera or a Photometrics Prime 95B sCMOS camera, 488 nm and 561 nm 

excitation lasers, a 405 nm photo-stimulation laser directed by a Bruker mini-scanner to 

enable targeted photoactivation, photoconversion, and photobleaching), and a 

100x/1.49 NA TIRF objective. Images were acquired every 15-60 sec for 20-60 min. For 

photokinetic studies of actin dynamics, baseline images were obtained for several 

frames prior to bleaching, then for an additional 3-10 min of recovery at 10 sec intervals. 

Bleaching was performed on a line ROI (0.1 μm in width and 3-15 μm in length) using a 
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405 nm laser at 30% power with a 10 μs dwell time. During imaging, cells were 

maintained with humidity at 37° C with 5% CO2 using a stage-top incubation system. 

Image acquisition was controlled with Nikon Elements software. 3D time series images 

were oversampled in the z-dimension with z-steps ranging from 0.09 μm to 0.18 μm to 

allow for deconvolution (Nikon Elements Automatic or Richardson-Lucy algorithms). 

Fixed cell or tissue confocal microscopy was performed using a Nikon A1 laser-

scanning confocal microscope equipped with 405, 488, 56 ad 645nm LASERs or a 

Nikon Ti2 Eclipse equipped with 488, 561 and 635n, excitation LASERs, a Hamamatsu 

X1 spinning disk and Hamamastsu Orca-Fusion BT sCMOS camera. Objectives used 

on both microscopes were 10x/0.45 NA, 20x/0.75 NA, 25x/1.05 NA SIL, 40x/1.25 NA 

SIL, 60x/1.40 NA oil, 100x/1.25 NA SIL, and 100x/1.49 TIRF oil. All images used for 

quantitative comparisons were prepared with equal treatment, acquired with identical 

parameters (e.g. pinhole diameter, detector gain, laser power), and processed in an 

identical manner. High resolution 10x magnification slide scanning for PPFE 

immunohistochemistry slides was performed by the Digital Histology Shared Resource 

(DHSR) at Vanderbilt University Medical Center (VUMC). 

Electron microscopy 

Segments of WT and KO intestine were placed in 0.1M HEPES (pH 7.3) and 

subdissected into 2-mm chunks at RT. Samples were placed in scintillation vials, 

incubated in RT fix buffer (4% PFA, 2.5% glutaraldehyde, 2 mM CaCl2 in 0.1M HEPES) 

for 1 h, and washed three times in HEPES buffer. Samples were incubated with 1% 

tannic acid/HEPES for 1 h and washed three times with ddH2O, followed by incubation 
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with 1% osmium tetroxide/ddH2O for 1 h. Samples were then washed three times with 

ddH2O, incubated in 1% uranyl acetate/ddH2O for 30 min, and then washed with ddH2O.  

For SEM, samples were dehydrated in a graded ethanol series and then dried using 

critical point drying. Samples were then mounted on aluminum stubs and coated with 

gold/palladium using a sputter coater. Imaging was performed using a Quanta 250 

Environmental SEM operated in high-vacuum mode with an accelerating voltage of 5 

kV. All EM reagents were purchased from Electron Microscopy Sciences. For TEM, 

segments were dehydrated in a graded ethanol series, gradually infiltrated with Spurr's 

standard, and cured at 60°C for 8–12 h until blocks were firm, but not brittle. Thin 

sections were cut and poststained with uranyl acetate and Sato's lead citrate. Images 

were collected with a Philips FEI T-12 transmission electron microscope operating at 

100 kV. 

Image analysis and statistical testing 

All images were process and analyzed using Nikon Elements software, FIJI software 

package (https://fiji.sc), or IMARIS software. 

To quantify murine tuft cells, the number of villus structures was counted per field of 

view (FOV) manually. Tuft cells per FOV were counted using 3D segmentation in 

IMARIS. Quantification of tuft cells in organoids was done manually.  

Crypt depth was computed by drawing a 1px line from the bottom on the crypt, to the 

hinge region, and measuring the length of line using FIJI. Villus area was computed by 

manually drawing an region of interest (ROI) around the edge of a villus, and measuring 

with FIJI. Villi per mm was calculated by manually counting the number of villi in a small 

intestine swiss roll and measuring the length of the serosa.  

https://fiji.sc/
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For lateral area and cell aspect ratio measurements, villi were manually divided into 

thirds. Lateral area and aspect ratio were measured automatically by FIJI, using 

manually drawn ROIs of cells that were judged to be in the plane of the section.  

Measurements of cell roughness, circularity, elongation, apical area, and perimeter 

were performed automatically using Nikon Elements software. ZO-1 signal was used to 

manually define the threshold of cell boundaries. Thresholded signal was used to create 

a binary. Binary objects that did not represent a whole cell due to tissue curvature were 

manually deleted prior to using the Nikon Elements automated measurement feature.  

Organoids were thresholded using the 3D thresholding feature in Nikon Elements. 

Volume and surface area of whole organoids were computed automatically using the 3D 

measurements feature in Nikon Elements. 

Cell area, equivalent diameter, cell perimeter and roughness of cells in organoids were 

computed automatically using Nikon Elements software. ZO-1 signal was used to 

manually define the threshold of cell boundaries. Thresholded signal was used to create 

a binary. Binary objects that did not represent a whole cell due to organoid curvature 

were manually deleted prior to using the Nikon Elements automated measurement 

feature. 

Radiality maps from en face SIM images showing terminal web NM2C-EGFP puncta 

were generated using NanoF-Super-Resolution Radial Fluctuations (SRRF) in FIJI 

(Gustafsson et al., 2016) with a ring radius of 2, radiality magnification of 1, and six 

ring axes. To perform line-scan analysis, a line was drawn along the axis 

of microvilli that were in plane with a distinct tip and base visible. The intensity of the 

https://www.molbiolcell.org/doi/full/10.1091/mbc.E20-09-0582#B29


49 
 

NM2C signal was recorded and normalized with the lowest intensity set to 0 and the 

maximum set to 1. The microvillar length axis from individual scans was also normalized 

with the base set to 0 and the tip set to 1. Normalized line scans were then plotted 

together and fitted to a single Gaussian using nonlinear regression analysis (Prism v.7; 

GraphPad). For quantification of the percentage of cells with brush border, cells were 

scored as “brush border positive” if they displayed polarized F-actin accumulation as 

visualized using a 40× objective on a Nikon A1R laser-scanning confocal microscope as 

we have previously described. Microvillar length measurements were performed on 

projected SIM images by tracing individual microvillar actin bundles using FIJI. For 

analyses in which individual microvilli were measured, at least 10 microvillar actin 

bundles were scored per cell and at least 10 cells measured per experiment 

Statistical significance was calculated using unpaired T-test for pairwise comparisons, 

or one-way ANOVA for multiple comparisons. Percent brush border and microvillar 

length data were analyzed with a D’Agostino and Pearson omnibus normality test to 

determine normal distribution. Statistical analyses performed are stated in the figure 

legends. All graphs were generated and all statistical analysis were computed in PRISM 

v.9.2 (Graphpad).  
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CHAPTER 3  
 

NONMUSCLE MYOSIN-2 CONTRACTILITY-DEPENDENT ACTIN 

TURNOVER LIMITS THE LENGTH OF EPITHELIAL MICROVILLI 

Originally published as: 

Chinowsky, C.R., Pinette, J.A, Meenderink, L.M., Lau, K.S., Tyska, M.J. (2020)  

Nonmuscle myosin-2 contractility-dependent actin turnover limits the length of 

epithelial microvilli. Molecular Biology of the Cell 31:2, 2803-2815 

SUMMARY 

Brush border microvilli enable functions that are critical for epithelial homeostasis, 

including solute uptake and host defense. However, mechanisms that regulate the 

assembly and morphology of these protrusions are poorly understood. The parallel actin 

bundles that support microvilli have their pointed-end rootlets anchored in a filamentous 

meshwork referred to as the “terminal web”.  Although classic EM studies revealed 

complex ultrastructure, the composition and function of the terminal web remains 

unclear. Here we identify non-muscle myosin-2C (NM2C) as a component of the 

terminal web.  NM2C is found in a dense, isotropic layer of puncta across the sub-apical 

domain, which transects the rootlets of microvillar actin bundles. Puncta are separated 

by ~210 nm, the expected size of filaments formed by NM2C.  In intestinal organoid 

cultures, the terminal web NM2C network is highly dynamic and exhibits continuous 

remodeling. Using pharmacological and genetic perturbations in cultured intestinal 

epithelial cells, we found that NM2C controls the length of growing microvilli by 

regulating actin turnover in a manner that requires a fully active motor domain. Our 
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findings answer a decades old question on the function of terminal web myosin and hold 

broad implications for understanding apical morphogenesis in diverse epithelial 

systems.  

 

INTRODUCTION 

Hollow organs such as the intestinal track, kidney tubules, and brain ventricles, are lined 

with solute transporting epithelial cells. In the small intestine, individual epithelial cells, 

known as enterocytes, present thousands of microvilli on their apical surface.  These 

protrusions are tightly packed into a highly ordered array collectively known as the 

brush border [2]. Microvilli serve two general functions - they markedly increase the 

membrane surface area for nutrient absorption, and also provide the first line of defense 

against harmful compounds and microbes found in the luminal compartment [122]. Due 

to the constant regeneration of the mammalian gut epithelium, continuous differentiation 

of enterocytes and assembly of the brush border are critical for maintaining 

homeostasis throughout an organism’s lifetime. Despite microvilli occupying a critical 

physiological interface, mechanisms that regulate apical morphogenesis remain 

unclear.  

A single microvillus is supported by a core of 20-30 actin filaments, bundled 

together in parallel by actin bundlers villin, espin, and fimbrin [26, [27, [28, [158], with 

the barbed-ends oriented at the distal tips, and the pointed-ends anchored in a dense, 

filamentous network known as the terminal web [34, [41, [42]. While the terminal web 

was first described several decades ago in ultrastructural studies, little is known about 

how it contributes to the apical domain structure, microvillar organization, or brush 

border function. Interestingly, knockout (KO) mouse models lacking major brush border 
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structural components, such as PACSIN-2, plastin-1, or actin bundling proteins (villin, 

espin and plastin-1) exhibit significant perturbations to the terminal web [154, [155, 

[156]. All of these models exhibit a common phenotype, where the terminal web thins 

and microvilli become disorganized or shortened, which further suggests that terminal 

web architecture and brush border morphology are intimately linked.  

Previous biochemical and ultrastructural studies of the terminal web identified 

several components of this filamentous network, including intermediate filaments and 

spectrins [46, [47, [159, [160]. Early deep-etch electron microscopy (EM) studies also 

identified “8 nm filaments”, which appeared to crosslink microvillar actin bundle rootlets 

[40]. However, these structures did not label with myosin sub-fragment 1 (S1) 

suggesting they were not composed of actin. Additional immunogold labeling EM data 

led to speculation that 8 nm filaments contained myosin [3, [34]. This was further 

supported by immunofluorescence labeling studies that made use of a pan-myosin 

antibody raised against myosin-2 epitopes [43]. However, the identity of the myosin, and 

the organization and function of 8 nm filaments in brush border structure and function 

remained unclear for decades. 

All class 2 myosins are constitutive dimers of heavy chains, each comprised of 

an N-terminal motor domain, followed by a tandem pair of IQ motifs that are 

constitutively bound by regulatory and essential light chains (RLC and ELC, 

respectively), a long coiled-coil, and a non-helical tail piece at the C-terminus [161]. A 

fully functional myosin-2 molecule consists of two heavy chains (HC), each bound by 

one RLC and one ELC.  Class 2 myosins are regulated by reversible phosphorylation at 

sites on the RLC, the C-terminal tailpiece, or both, which controls activation and 
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assembly of contractile units, respectively [72, [73, [162]. Driven by electrostatic 

interactions between their coiled-coil tails, skeletal, cardiac and non-muscle myosin-2 

(NM2) variants self-assemble into bipolar filaments that serve as fundamental force-

generating units [71, [163].  

Non-muscle class 2 myosins (NM2A encoded by MYH9, NM2B encoded by 

MYH10, and NM2C encoded by MYH14) are ubiquitously expressed and have been 

implicated in diverse contractile activities including cytokinesis, cell motility, and the 

control of cell morphology [73]. At higher levels of biological complexity, these motors 

have been implicated in shaping and bending of tissues, collective cell migration, and 

regulating the paracellular permeability of epithelial sheets [65, [73].  NM2 paralogs 

have distinct kinetic properties, which allow these motors to perform specific and distinct 

functions within the cell [1, [161]. In the context of in vitro sliding filament assays, tail-

less NM2C heavy meromyosin (HMM) fragments move actin filaments at ~0.05 µm/s, 

slower than both NM2B (~0.08 µm/s) and NM2A (~0.29 µm/s) [164]. Bipolar filaments 

assembled by NM2C (~293 nm) tend to be shorter than those assembled by NM2B 

(~323 nm) or NM2A (~301 nm). Filaments composed of NM2C also contain fewer 

molecules than those assembled by NM2A and NM2B, resulting in thinner filaments (~8 

nm vs. ~11 nm wide) and presumably a lower potential for generating force [1].  

A previous proteomic study by our laboratory revealed that brush border fractions 

isolated from mouse small intestine contain all three NM2 paralogues, with NM2C 

exhibiting high-level abundance [165]. Although NM2C remains the most poorly 

understood paralogue with regard to biophysical properties and physiological function, 

previous work established that this isoform exhibits specific expression in pituitary 
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gland, glial cells, as well as inner ear sensory, intestinal, and kidney epithelia [166]. 

Mutations in MYH14 have been linked to hearing loss, peripheral neuropathies, and 

developmental defects in the lower gastrointestinal tract [88, [89, [90, [91, [167, [168, 

[169, [170, [171]. The parallel perturbation of both inner ear and intestinal epithelial 

systems by mutations in MYH14 is intriguing, as actin bundled–supported stereocilia 

found on the apical surface of hair cells are closely related to microvilli found on solute-

transporting epithelia and may share mechanisms of assembly and maintenance [55, 

[172]. Previous studies of a NM2C-EGFP–expressing mouse revealed that this motor is 

highly enriched at the junctional margins of sensory and intestinal epithelial cells, where 

cell–cell contacts are formed [83]. At these sites, NM2 assembles into circumferential 

sarcomere-like structures, characterized by a linear array of puncta that are uniformly 

separated by ∼300–400 nm, a distance comparable to the expected length of 

contractile filaments formed by NM2 isoforms [1, [83]. Treatment of NM2C-EGFP 

mouse epithelial tissues with myosin-2 inhibitor blebbistatin (which prevents force 

generation) increased the interpuncta distance, indicating that under normal conditions 

the circumferential NM2 band is under tension [83]. Careful inspection of images in this 

previous study also revealed that the NM2C signal is not confined to the 

circumferential/junctional array, as dimmer puncta also appear to span the cell medially, 

throughout the entire subapical region. 

In this paper, we report that NM2C localizes at the pointed ends of microvillar actin 

bundles, where it forms a highly dynamic array of puncta that are confined to the plane 

of the subapical terminal web. Although these puncta demonstrate approximately 

twofold lower levels of NM2C enrichment relative to those found in a circumferential 
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array, based on their similar spacing and dynamics, we propose that they represent 

NM2C contractile filaments. Using pharmacological and genetic perturbations in 

cultured intestinal epithelial cells, we found that the activity of this motor controls the 

length of growing microvilli by regulating actin disassembly at the pointed ends. These 

findings address a decades-old question on the function of the terminal web myosin-2 

and hold important implications for understanding brush border assembly and apical 

morphogenesis in epithelial systems. 

RESULTS 

NM2C is enriched in the enterocyte brush border terminal web in vivo 

Although all three NM2 isoforms are detectable in the brush border proteome [165], our 

analysis of recently generated single-cell RNAseq (scRNAseq) data from the intestinal 

tract [173, [174]revealed that NM2C is preferentially expressed in mature villus 

enterocytes relative to NM2A or NM2B, the latter of which was barely detectable (Figure 

3-1). We therefore focused subsequent studies on characterizing the function of NM2C. 

To investigate the subcellular distribution 
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of this motor in intestinal tissues in more detail, we took advantage of mice that express 

an enhanced green fluorescent protein (EGFP)-tagged form of NM2C from the 

endogenous locus [83]. In this model, EGFP is fused in frame to the C-terminus of the 

NM2C heavy chain. Consistent with scRNAseq analysis, confocal imaging of frozen 

intestinal tissue sections revealed the strong apical signal of NM2C along the full length 

of villi (Figure 3-2A). Lower levels of NM2C were also observed on the apical surface of 

immature epithelial cells in the stem cell–containing crypt compartments (Figure 3-2A, 

merge). To gain additional resolution at the subcellular scale, tissue sections from 

NM2C-

Figure 3-1: : Cell type-specific expression of myosin genes in the mouse ileal 
epithelium assessed by scRNA-seq. A, Annotated intestinal epithelial cell populations 
defined by canonical markers for each cell type. Enterocyte lineage denoted by blue 
dotted line. Overlay of gene expression of B, Krt20 to delineate differentiation status 
and C-E, various NM2 isoforms. Overlays are normalized gene expression on a log-like 
(ArcSinh) scale. 

https://www.molbiolcell.org/doi/full/10.1091/mbc.E20-09-0582#F1
https://www.molbiolcell.org/doi/full/10.1091/mbc.E20-09-0582#F1
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EGFP mice were subject to super-resolution structured illumination microscopy (SIM). 

SIM images of enterocytes were acquired with the apical-basolateral axis either parallel 

or perpendicular to the focal plane (lateral or en face, respectively). Lateral views 

revealed that the apical NM2C-EGFP signal observed in lower-magnification images 

was confined to a band of signal that overlapped specifically with the rootlets of 

microvilli, near the pointed ends of core actin bundles (Figure 3-2B and C). This band of 

signal spanned the entire apical surface at the level of the terminal web, and its intensity 

increased significantly where it connected to the circumferential/junctional array at the 

margins of the cell (Figure 3-2C, white arrows). This was further confirmed with 

quantitative line scan analysis of NM2C-EGFP fluorescence intensities along individual 

microvilli visualized in SIM images (Figure 3-2D). En face images of NM2C-EGFP tissue 

samples revealed that the terminal web NM2C signal was strikingly punctate; the 

Figure 3-2: NM2C localizes to the enterocyte terminal web. A, Single plane confocal 
microscopy of small intestinal tissue from a mouse endogenously expressing EGFP-
NM2C (green), co-stained with phalliodin-568 to visualize F-actin (magenta). 
Representative villus and crypt regions are highlighted by brackets in merge panel. B, 
Single plane structured illumination microscopy (SIM) image of small intestinal tissue 
from a mouse endogenously expressing EGFP-NM2C (green), co-stained with 
phalloidin-568 to visualize F-actin (magenta). Zoom 1 shows region bound by the 
dashed white box; medial and junctional population are highlighted. C, Maximum 
intensity projection (MaxIP) of lateral view shown in B. D, Normalized intensity plots of 
NM2C and F-signals taken from line-scans drawn parallel to the microvillar axis (n = 45) 
reveals enrichment of NM2C at the base of microvilli in the terminal web. E, En face SIM 
MaxIP images of small intestinal tissue from a mouse endogenously expressing EGFP-
NM2C (green); medial/terminal web and junctional populations are highlighted in zooms 
1 and 2, respectively. SIM image (left) is shown in parallel with a version that was 
filtered using NanoF-SRRF (middle), which accentuated intensity peaks from individual 
NM2C puncta and allowed for more precise localization of their position. Merge image 
(right) shows composite of the original SIM image with the SRRF-filtered image. F, 
Mean intensity of medial/terminal web vs. junctional NM2C puncta from SIM images. G, 
Histograms of nearest neighbor distances generated by localizing medial (top) vs. 
junctional (bottom) NM2C puncta in SRRF-filtered SIM images. For F and G, n = 2,480 
medial puncta and n = 1,019 junctional puncta. Scale is indicated on individual image 
panels.  

 

https://www.molbiolcell.org/doi/full/10.1091/mbc.E20-09-0582#F1
https://www.molbiolcell.org/doi/full/10.1091/mbc.E20-09-0582#F1
https://www.molbiolcell.org/doi/full/10.1091/mbc.E20-09-0582#F1
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differential enrichment of NM2C in medial versus junctional puncta was also apparent in 

these images (Figure 3-2E). Intensity analysis revealed that medial puncta in the 

terminal web were approximately half the intensity of junctional puncta (Figure 3-2F). 

Moreover, nearest neighbor distance calculations showed that medial and junctional 

puncta are minimally separated by approximately the same distance, ∼210 nm (Figure 

3-2G). Thus, in addition to its localization in the circumferential band at the margins of 

enterocytes, NM2C is also enriched throughout the terminal web, where it is well-

positioned to interact directly with the rootlets of microvillar core actin bundles.  

Terminal web and junctional NM2C puncta exhibit continuous remodeling 

To enable live imaging studies of NM2C dynamics in the terminal web, we isolated 

crypts from NM2C-EGFP mice, which were then expanded into 2-dimensional (2D) 

organoid monolayers by plating on a thin layer of Matrigel. Confocal imaging of 2D 

organoids revealed a pattern of apical NM2C-EGFP distribution similar to that observed 

in fixed native tissue sections, with prominent junctional bands and a layer of medial 

puncta at the level of the terminal web (Figure 3-3A,) Time-lapse imaging showed that 

both networks are highly dynamic and continuously remodeling, with puncta across the 

surface translocating, fusing and splitting on a timescale of minutes (Figure 3-3A zooms 

1 and 2). We also performed photokinetic studies to examine the turnover rates of 

NM2C-EGFP puncta in the medial vs. junctional populations (Figure 3-3B-E). 

Fluorescence recovery after photobleaching (FRAP) analysis revealed that, despite the 

two-fold difference in puncta intensity (Figure 3-2F), the recovery rates for these two 

populations were remarkably similar (Figure 3-3D). Thus, medial NM2C-EGFP puncta 

exhibit spacing and 

https://www.molbiolcell.org/doi/full/10.1091/mbc.E20-09-0582#F1
https://www.molbiolcell.org/doi/full/10.1091/mbc.E20-09-0582#F1
https://www.molbiolcell.org/doi/full/10.1091/mbc.E20-09-0582#F1
https://www.molbiolcell.org/doi/full/10.1091/mbc.E20-09-0582#F1
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Figure 3-3: Medial and junctional populations NM2C puncta exhibit similar 
dynamics. A, Live spinning disk confocal imaging of an organoid monolayer (i.e. 2D) 
derived from EGFP-NM2C expressing mouse small intestinal tissues; signal is inverted 
to facilitate visualization of dim structures. Zoom 1 shows a montage sampled at 2-
minute intervals that reveals extensive remodeling of medial NM2C puncta over 40 
minutes; puncta marked with yellow asterisk at t = 0 min exhibits striking expansion 
stretching/expansion during the time-lapse. Zoom 2 shows a color-coded time projection 
that reveals large-scale motion of medial NM2C network over 10 minutes. B, FRAP 
analysis was performed on EGFP-NM2C puncta in 2D organoid monolayers to 
determine turnover rates in the junctional vs. medial populations. C, FRAP recovery 
curves for junctional and medial NM2C populations normalized to pre-bleach intensity, 
show that both populations exhibit large immobile fractions (~50%). D, Kinetic analysis 
of datasets normalized to peak post-bleach intensities indicates that junctional and 
medial NM2C signal recovers at comparable rates; τ1/2 for both populations are shown 
on the plot. E, Image montage of FRAP time-lapse data shown in B; junctional 
population is highlighted in purple, whereas medial NM2C is shown in pink. 
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turnover kinetics that are similar to junctional puncta.  Given that the circumferential 

junctional belt of NM2 is an established contractile array [83], these data suggest that 

terminal web NM2C might also hold the potential to exert mechanical force. 

 

Activation of NM2 leads to shortening of microvilli 

To further investigate the function of NM2C in the terminal web, we sought an 

appropriate cell 

culture model that 

recapitulates the 

terminal localization 

observed in native 

tissue. Based on 

previous studies 

from our laboratory 

and others [175, 

[176],  Ls174T-W4 

(W4) cells mimic 

partially 

differentiated 

intestinal epithelial 

cell and thus, 

provide a model for 

studying actively 

growing microvilli [36, [155]. This cell line is derived from human colonic epithelium and 

Figure 3-4: NM2C localizes specifically to the terminal web 
of W4 cells. SIM MaxIP of representative phalloidin-stained (F-
actin, magenta) Ls175T-W4 cells displaying: A, endogenous 
NM2C staining, B, overexpression of Halo-NM2C labeled with 
JF585, or C, overexpression of EGFP-NM2A. Scale bars are 5 
µm. 
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can be induced via doxycycline treatment to acquire apical-basolateral polarity and 

assemble a brush border [175, [177]. In this model, microvilli extend from the cell 

surface parallel to the focal plane, which facilitates length measurements and 

assessment of protein localization along the protrusion axis. Of critical importance, W4 

cells do not grow in monolayers and polarize as single cells. This unique advantage 

allowed us to specifically interrogate the function of the terminal web population of 

NM2C in the absence of the circumferential actin-myosin belt that normally assembles 

when cell-cell junctions are formed. SIM imaging of anti-NM2C stained W4 cells 

revealed striking localization at the base of microvilli, in a band that resembled the 

terminal web observed in native tissue samples (Figure 3-4A). Importantly, an NM2C 

construct with a C-terminal HaloTag also demonstrated similar terminal web enrichment 

in W4 cells (Figure 3-4B). Thus, both native and over-expressed NM2C localization in 

W4 cells are comparable to that observed in native intestinal tissue.  
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To probe NM2 function in the W4 cell terminal web, we first treated polarized W4 

cells with calyculin A, a threonine/serine phosphatase inhibitor that is commonly used to 

elevate levels of phosphorylated myosin RLC and thus, increase active motor units [72, 
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[178, [179, [180]. While calyculin A does not specifically target NM2C activity, antibody 

staining experiments in W4 cells (Figure 3-4) indicate that this isoform specifically 

enriches in the terminal web relative to the other major isoform, NM2A; this is also 
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consistent with previous proteomic analysis  [165] and scRNAseq data presented in this 

paper (Figure 3-1), which allude to NM2C as the dominant terminal web isoform. 

Strikingly, treatment with 4 nM calyculin A resulted in marked shortening of microvilli 
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over the course of 60 min (2.8 ± 0.6 µm control vs. 1.8 ± 0.5 µm calyculin A, Figure 3-

3A-E, Movie 2). In calyculin A-treated W4 cells expressing Halo-NM2C, microvillar 

shortening was temporally paralleled by increased enrichment of NM2C in the terminal 

web (Figure 3-3D, Movie 2). In some cases, W4 cells appeared to lose nearly all 

surface microvilli following calyculin A treatment (Figure 3-4C). Indeed, the fraction of 

W4 cells that exhibited F-actin enriched brush borders also decreased significantly over 

the 60 min course of these experiments (Figure 3-4F). These drug treatment studies 

suggest that increased NM2 activity is linked to microvillar shortening over time, and at 

longer time points, complete loss of the apical brush border. To further confirm that 

microvillar shortening was due to NM2 activation, we performed similar experiments 

using 4-hydroxyacetophenone (4-HAP), a small molecule that preferentially increases 

the activity of NM2B and NM2C, but not NM2A (52). In previous studies, 4-HAP was 

shown to increase NM2 motor activity and also enhance cortical enrichment of this 

Figure 3-5: Activation of NM2 shortens epithelial microvilli. SIM MaxIP images of 
representative phalloidin-stained (F-actin) Ls174T-W4 cells fixed after A, 60 min 
exposure to DMSO vehicle control, B, 10 min exposure to 4 nM calyculin A, or C, 60 
min exposure to 4 nM calyculin A; signals are inverted to facilitate visualization of dim 
structures. D, Image montage from spinning disk confocal time-lapse data shows the 
impact of calyculin A treatment on apical microvilli in a Ls174T-W4 cell expressing F-
actin probe EGFP-UtrCH (magenta) with Halo-NM2C (green) labeled with JF585. E, 
Quantification of microvillar length in Ls174T-W4 cells fixed after 10 min, 30 min, and 60 
min in 4 nM calyculin A; each data point is a single microvillus, at least 10 microvilli per 
cell, minimum of 10 cells per condition. F, Quantification of the percentage of brush 
border positive cells as a function of time in calyculin A. Each data point is percentage 
of cells with a brush border in a stitched 5x5 40x image. G, Quantification of microvillar 
length in Ls174T-W4 cells fixed after 10 min, 30 min, and 60 min in 1 mM 4-HAP; each 
data point is a single microvillus, minimum of 10 cells per condition, at least 10 microvilli 
per cell. H, Quantification of the percentage of brush border positive cells as a function 
of time in 4-HAP. Each data point is percentage of cells with a brush border in a stitched 
5x5 40x image. E, F, G, and H were tested using ordinary one-way ANOVA with 
Dunnett’s multiple comparisons; ***, p < 0.0002; ****, p < 0.000 vs. DMSO/EtOH 
negative controls unless overwise noted. 



67 
 

motor [181, [182]. Similar to calyculin A-treated cells, W4 cells treated with 4-HAP 

exhibited increased terminal web enrichment of NM2C, and significant time-dependent 

shortening of microvilli and reduction in the percentage of cells presenting a brush 

border (Figure 3-5G-H, Figure 3-6). Together these drug treatment studies indicate that 

increased NM2 activity and enrichment in the terminal web is linked to microvillar 

shortening over time, and at longer time points, complete loss of the apical brush 

border. 

 

Figure 3-6: Activation of NM2C with 4-HAP shortens epithelial microvilli. SIM 
MaxIP images of representative phalloidin-stained (F-actin) Ls174T-W4 cells fixed 
after: A 60 min exposure to EtOH vehicle control, B, 10 min exposure to 1 mM 4-
HAP, or C, 60 min exposure to 1 mM 4-HAP; signals are inverted to facilitate 
visualization of dim structures. D, Image montage from spinning disk confocal time-
lapse data shows the impact of 4-HAP treatment on apical microvilli in a Ls174T-W4 
cell expressing F-actin probe EGFP-UtrCH (magenta) with Halo-NM2C (green) 
labeled with JF585. 
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Inhibition of NM2 leads to microvillar elongation 

To investigate the impact of NM2 loss-of-function on the brush border actin 

cytoskeleton, we treated W4 cells with the well characterized NM2 inhibitor, blebbistatin, 

which binds to and locks the NM2 motor domain in a non-force producing state [183, 

[184]. After treating polarized W4 cells with 20 µM blebbistatin, we noted that microvilli 

became significantly less dynamic and subsequently exhibited a marked elongation, in 

some cases doubling their length (2.8 ± 0.6 µm control vs. 5.2 ± 1.3 µm blebbistatin 

treated) over the 60 min experimental time course (Figure 3-7A-E). In contrast the 

accumulation of NM2C observed in response to treatment with NM2 activators, 

inhibition with blebbistatin promoted a relatively static population of NM2C in the 

terminal web (Figure 3-7F).  Moreover, although W4 cell microvilli normally extend from 

a single clearly defined apical ‘cap’, we noted that blebbistatin induced the dispersion of 

protrusions across the cell surface (Figure 3-7C). Thus, inhibition of NM2 leads to 

unregulated microvillar growth and disorganization of the brush border on the epithelial 

cell surface.   

 

Blebbistatin reverses the impact of calyculin A on microvillar length 

Blebbistatin is a well-established and specific inhibitor of NM2, whereas calyculin A has 

broader effects on a group of threonine/serine phosphatases [178, [179, [183, [184].  To 

determine if the microvillar shortening effects we observed with calyculin A could be 

countered with blebbistatin treatment, polarized W4 cells were subject to serial drug 

treatments. Cells were first treated with 4 nM calyculin A for 50 min until microvillar 

length was significantly diminished. At the 50 min mark, calyculin A was chased with 20 

µM blebbistatin. These 
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Figure 3-7: Inhibition of NM2 elongates microvilli and limits actin turnover.  SIM 
MaxIP images of representative phalloidin-stained (F-actin) Ls174T-W4 cells fixed after 
A, 60 min exposure to 20 mM DMSO vehicle control, B, 10 min exposure to 20 mM 
blebbistatin, or C, 60 min exposure to 20 mM blebbistatin; signals are inverted to 
facilitate visualization of dim structures. D, Quantification of microvillar length from 
Ls174T-W4 cells fixed after 10 min, 30 min, and 60 min in 20 µM blebbistatin; each data 
point is a single microvillus, minimum of 10 cells per condition, at least 10 microvilli per 
cell. Ordinary one-way ANOVA with Dunnett’s multiple comparisons test; ****, p < 
0.0001 vs. DMSO control. E, Image montage of the brush border of a Ls174T-W4 cell 
expressing EGFP-UtrCH (magenta) and Halo-NM2C labeled with JF585 (green), 
imaged for 22.5 min after the addition of blebbistatin using spinning disk confocal 
microscopy; 2.5 min interval between frames. F, Image montage of FRAP analysis of 
Ls174T-W4 cells expressing mNeon-Green β-actin in the absence (top row) or 
presence of 20 µM blebbistatin (bottom row) for 15 minutes prior to imaging. 



70 
 

time-lapse data revealed that specific inhibition of NM2 with blebbistatin was sufficient 

to drive rapid elongation of the shortened microvilli that result from calyculin A 

treatment. Based on these data we conclude that the impact of calyculin A on microvillar 

length is most likely mediated by an increase in terminal web NM2 activity. In 

combination with the calyculin A and 4-HAP experiments described above, these data 

strongly suggest that under normal conditions, terminal web localized NM2C plays a 

role in limiting the length of microvilli and promoting their confinement in the apical 

domain.  

 

NM2 promotes actin turnover in brush border microvilli 

How does terminal web NM2C limit the length of microvilli under normal conditions? 

Time-lapse analysis of W4 cells treated with 20 µM blebbistatin revealed that microvilli, 

which normally exhibit striking dynamics on the apical surface (e.g. elongation, 

shortening, and waving or pivoting around the base) immediately become static and 

subsequently begin to elongate. A previous study from our group established that the 

parallel actin bundles that support microvilli exhibit robust treadmilling (i.e. retrograde 

flow), where actin monomer incorporation at tip oriented barbed-ends is balanced by 

subunit removal from the pointed-ends that emerge from the base of these structures 

[52]. Early in differentiation this treadmilling activity is coupled to directed motion of 

microvilli across the apical surface, which in turn promotes the adherent packing and 

organization of these protrusions [52].  In treadmilling actin structures, steady-state 

length can be increased by raising the incorporation rate at the barbed-ends, lowering 

the disassembly rate at the pointed-ends, or some combination of the two [185, [186, 

[187]. To examine the possibility that NM2C mechanical activity promotes the 
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treadmilling of microvillar cores by driving the disassembly of actin bundles in the 

terminal web (where the pointed-ends reside), we performed FRAP on W4 cells 

transfected with mNeonGreen-b-actin, in the absence and presence of 20 µM 

blebbistatin. In control W4 cells, a rectangular ROI was bleached across the brush 

border and recovered rapidly, within < 4 minutes, presumably due to treadmilling of 

individual actin cores (Figure 3-7F). However, in W4 cells treated with 20 µM 

blebbistatin, bleached ROIs remained almost completely static and showed little to no 

recovery, even after up to 10 minutes (Figure 3-7F). Based on these findings, we 

conclude that under normal conditions, NM2C promotes the disassembly of the pointed-

ends of core actin bundles within the terminal web. Without this activity (e.g. in response 

to blebbistatin treatment), treadmilling stalls and core bundles elongate as a result.  

 

Knockdown of NM2C results in aberrant actin structures and limited viability  

In order to further assess the role of NM2C in microvilli, we chose to perform a 

knockdown (KD) using short hairpin RNA (shRNA). Using western blotting, we 

determined that sh#26 (Figure 3-8A) provided the highest KD efficiency and proceed 

with preliminary studies using this KD line. All results presented in the following Figure 3 

are preliminary and should not be interpreted as statistically significant, as they lack the 

numbers for such conclusions. Interestingly, a variety of phenotypes were observed in 

these KD cells: many cells formed ruffles, and appeared to lose their “epitheiliality”, 

never forming any actin structure that resembled a BB (Figure 3-8B). However, other 

cells did form a BB, but with very short, nubby microvilli. Finally, some KD cells had a 

mass of actin signal on the Z-projecting face of cell, which is abnormal for the W4 cell 

line. Given the variety of cellular phenotypes, it was not possible to qualify values such 
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as BB length. We did attempt to 
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Figure 3-8: NM2C KD results in aberrant actin structures. A, Representation 
western blot showing GAPDH (loading control) and NM2C with varying shRNA 
constructs. B, Representative confocal MaxIP images of various 2C KD cell 
phenotypes C, Large image stitches representative of scramble, KD, and WT rescue 
cells. D, Quantification of percentage of cells presenting with a BB. Each data point is 
a 3x3 large image stitch. Testing was performed using an ordinary one-way ANOVA 
with Dunnett’s multiple comparisons test; ****, p < 0.0001 vs. Scramble. 
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qualify the amount of cells presenting a brush border, using large 3 x 3 stitched images 

taken with a 20x objective (Figure 3-7C). However, here we found that both KD and 

rescue cells had substantially lower numbers than the scramble control (140 KD cells vs 

152 rescue cells vs 671 control cells, data in Figure 3-7D), despite imaging the same 

number of fields, and attempting to plate the cells at similar densities. We did find that 

KD cells formed significantly less BB that scramble control cells, and that rescuing with 

WT NM2C was sufficient for obtaining control levels of BB development (Figure 3-7D). 

However, due to the difficulty with cell viability, and the confounding 2C KD cell 

phenotypes, we did not pursue using KD-rescue studies for structure-function of the 

NM2C motor.  Instead, we chose to use overexpression, which produced robust and 

reproducible phenotypes.  

 

NM2C motor domain activity is required for limiting microvillar length 
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All myosin motor domains contain highly conserved residues that participate directly in 

actin and ATP binding, as well as ATP hydrolysis and force production [65, [161]. 

Previous studies established that mutations to these residues disrupt myosin activity in 

predictable ways [188, [189, [190, [191]. To determine which facets of motor activity are 
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needed for limiting microvillar length in W4 cells, we generated variants of NM2C with 

mutations predicted to lock the motor domain in weak or strong binding states (E497A 

or N252A, respectively; [188, [192]. We also targeted R784, which was identified as a 

critical residue in the NM2C crystal structure [193]. R784 rests at the interface of the 
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converter, N-terminal subdomain, and 

lever arm in the NM2C motor domain, 

and mutation of this residue leads to 

failure of converter rotation and 

impaired nucleotide binding, 

hydrolysis, and release [193]. This 

general structure/function approach 

has been employed by our laboratory 

and others in the past to examine the 

requirement for myosin motor activity 

in different biological contexts [38, 
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[194, [195]. Typically, we would employ a KD/rescue strategy to first eliminate 

endogenous NM2C expression and then re-express NM2C mutant variants to assess 

their function. However, NM2C KD was not well tolerated by W4 cells (Figure 3-8) as 

stable NM2C KD cells lines using lentiviral transduction of shRNAs were often 

multinucleated and lacked a clearly defined apical brush border, which obscured 

analysis of microvillar morphology. As an alternate approach for assaying the impact of 

NM2C motor domain perturbations, we turned to an over-expression approach. Indeed, 

Halo-NM2C over-expression significantly shortened W4 cell microvilli (3.6 µm control vs 

2.6 µm Halo-NM2C; Figure 3-9A,B,G). As a point of comparison, we also 

overexpressed EGFP-NM2A, which exerted an even more potent length reduction effect 

(3.6 µm control vs 2.3 µm in NM2A; Figure 3-9C,G). Strikingly, all three NM2C variants 

with function-disrupting mutations in the motor 

domain were unable to significantly reduce 

microvillar length when over-expressed in W4 

cells (Figure 3-95D-G). From these data, we 

conclude that normal motor domain catalytic 

and mechanical activities are needed for 

NM2C to exert a length limiting effect on 

microvilli.  

  

Figure 3-9: A functional NM2C 
motor domain is required for 
microvillar length regulation. SIM 
MaxIP images of representative 
Ls174T-W4 cell overexpressing A, 
EGFP as a negative control, B, WT 
Halo-NM2C, C, WT EGFP-NM2A, D, 
Halo-NM2C-E479A, E, Halo-NM2C-
N252A, or F, Halo-NM2C-R874A. All 
Halo-NM2 constructs are labeled with 
JF585 (green) and cells are also co-
stained with phalloidin to visualize F-
actin (magenta). G, Microvillar length 
quantification for each over-
expression condition; measurements 
were made from 10 cells per 
construct, 8-10 microvilli measured 
per cell. Each data point is a single 
microvillus. Testing was performed 
using an ordinary one-way ANOVA 
with Dunnett’s multiple comparisons 
test; ****, p < 0.0001 vs. WT NM2C. 
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DISCUSSION 

NM2C activity limits the length of dynamic epithelial microvilli 

In this work, we establish that the poorly studied NM2C isoform, which is highly 

expressed in transporting and sensory epithelia, not only localizes to the well-

characterized junctional network, but is also enriched in a second network that spans 

the full diameter of the cell at the level of the sub-apical terminal web. Our super-

resolution imaging studies show that terminal web NM2C is ideally positioned to interact 

directly with the rootlets of parallel actin bundles that support apical microvilli. Using a 

combination of chemical and genetic perturbations to increase or decrease the activity 

of this motor, we observed striking elongation or shortening of microvilli, respectively 

(Figure 3-10).  We found the treadmilling dynamics, which are characteristic of nascent 

growing microvilli [52], are almost completely abolished upon treatment with the NM2 

inhibitor, blebbistatin. In that context, inhibition of NM2 did not impair forward movement 

of microvilli, which was found to be driven by actin incorporation into core bundle 

filaments, although it did lead to the elongation of motile protrusions from their trailing 

ends [52]. Thus, in two entirely different cellular contexts, blebbistatin exerts similar 

elongating effects on microvillar morphology. We note here that the time courses of the 

blebbistatin effects in these two cell culture models are quite different, and the slower 

onset in the W4 system is most likely explained by higher expression levels of efflux 

pumps in intestinal epithelial cells (e.g., MDR1;  [74]; [196]).Nevertheless, together 

these findings lead us to conclude that NM2C activity limits the length of microvilli, most 

likely by promoting disassembly of core bundle actin filaments near or at their pointed 

ends, which are embedded in the subapical terminal web. Because microvillar length 
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control mechanisms are still poorly defined, these findings represent an important first 

step toward understanding how the dimensions of these structures are controlled. 

Organization of NM2C in the terminal web 

The presence of a filament forming myosin in the terminal web was first suggested 

decades ago in high-resolution transmission electron microscopy (TEM) images of 

microvillar rootlets [34]. These iconic images revealed that the space between core 

bundle rootlets is spanned by small filaments with dimensions comparable to those of 

thick filaments found in muscle. On the basis of these early observations, Mooseker and 

Tilney (1975) postulated that adjacent microvilli were physically linked by a filament-

Figure 3-10: Model of contractility-dependent actin turnover in brush border 
microvilli. Cartoon summarizing the phenotyping observations linking NM2 inhibition, 
activation, and overexpression to perturbations to microvillus length. NM2C might also 
play a role in physically sequestering microvilli on the apical surface, a function that is 
not captured in this graphic summary 
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forming myosin, in a manner analogous to the organization of muscle sarcomeres. 

Indeed, the ability of NM2 to generate force at functionally significant levels is linked to 

its capacity to form bipolar filaments reminiscent of the thick filaments found in muscle 

sarcomeres  [95, [100, [197, [198, [199]. Based on in vitro studies with purified motor, 

NM2 filaments are composed of relatively small numbers (∼10s) of molecules, which 

self-associate via their long coiled-coil tail domains, leaving their N-terminal motor 

domains grouped at either end; the resulting structures extend 290–320 nm end-to-end  

[1]. In this configuration, NM2 motor groups are capable of generating opposing forces 

of equal magnitude on actin structures bound by opposite ends of the bipolar filament, 

such as the rootlets of microvillar core bundles. 

Our super-resolution imaging studies of native intestinal tissues revealed striking 

networks of NM2C puncta in the circumferential/junctional band [83], as well as the 

medial terminal web (Figure 3-2). Given that NM2C in the mouse model employed here 

is tagged on its C-terminus with EGFP, these puncta likely mark the center positions of 

bipolar filaments. Nearest neighbor measurements indicate that adjacent puncta in both 

junctional and medial populations are separated by comparable mean distances (204 

vs. 212 nm, respectively; Figure 3-2), suggesting that these networks may be organized 

in similar ways. This is further supported by our FRAP studies of NM2C-EGFP 

dynamics in organoid monolayers, which showed that the turnover kinetics for these two 

populations are comparable. These similarities in spatial organization and turnover 

kinetics suggest that the junctional and medial populations of NM2C may be functionally 

analogous. Because the junctional band of NM2C is an established contractile array  

[44, [83, [200], these points might additionally argue that medial/terminal web NM2C is 
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also capable of exerting force on the rootlets of microvillar actin core bundles. We also 

note here that the interpuncta NM2C spacing measured in our samples (∼210 nm) is 

shorter than the mean length of NM2C filaments measured in vitro (∼290 nm) but 

comparable to the length of the NM2C filament bare zones [1]. The super-resolution 

measurements of puncta spacing reported here are also smaller than previous 

measurements on the NM2C junctional network in intestinal or stomach epithelial 

tissues (∼400–500 nm; [83]). The large range of spacing measurements from distinct 

biological contexts suggests a high degree of plasticity in NM2 contractile network 

organization, which probably reflects specific mechanical needs in these different 

environments. 

Contractility-dependent actin turnover as a conserved function for NM2 

Our experiments with NM2 activation (calyculin A, 4-HAP) and inhibition (blebbistatin) 

demonstrate that tuning the level of myosin contractility in polarized epithelial cells has a 

profound impact on microvillar length, with higher activity leading to shorter protrusions. 

Although calyculin A and blebbistatin both exert effects on all NM2 isoforms  [179, [184], 

previous proteomic characterizations of brush borders isolated from mouse small 

intestine indicate that NM2C is by far the most abundant isoform in this system (∼3-fold 

greater than NM2A, ∼12-fold greater than NM2B;  [165]); this is further confirmed by the 

scRNAseq data we present here (Figure 3-1). Moreover, our localization studies 

performed in W4 cells demonstrate that NM2C specifically enriches in the terminal web, 

whereas NM2A exhibits a nonpolarized distribution over the entire cell cortex (Figure 3-

4, A vs. C). Taken together with our overexpression studies that establish NM2C is 

capable of shortening microvilli when present at high levels (Figure 3-9, B and G), we 
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conclude that the effects of drug treatments reported here primarily reflect an impact on 

NM2C activity in the terminal web. 

The idea that NM2 activity can promote actin network turnover is broadly consistent with 

findings from other diverse systems. Indeed, previous studies on mechanisms of 

neuronal growth cone motility showed that the rate of actin turnover (i.e., the 

treadmilling/retrograde flow rate) at the leading edge decreases by ∼50% when cells 

are treated with blebbistatin  [201]. In this system, blebbistatin exposure also resulted in 

a striking elongation of filopodial actin bundles from their basal ends, which are normally 

embedded in a meshwork of lamellipodial actin filaments. NM2 contractility has also 

been implicated in the disassembly of actin filaments at the apical junctional complex in 

response to Ca2+ depletion [202] and in the recycling of filaments that is required for 

normal contractile ring constriction during cytokinesis  [112, [113]. Thus, the NM2C-

dependent microvillar length control mechanism that we identify here represents a new 

facet of a broadly conserved class of function for filament-forming NM2 isoforms. 

 

Potential mechanisms for NM2-driven contractility-dependent actin turnover 

How does NM2C activity promote the shortening of microvillar actin bundles? Previous 

work established that growing and nascent microvilli are supported by highly dynamic 

core bundles of parallel actin filaments, which collectively exhibit robust treadmilling  

[52, [203]. In treadmilling actin networks, new subunits incorporate at filament barbed 

ends, whereas disassembly dominates at the pointed ends. If assembly and 

disassembly rates are matched, the steady-state length of the structure can remain 
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constant. To shorten a treadmilling bundle, the assembly rate must decrease, or the 

disassembly rate must increase (or some combination of the two). On the basis of its 

localization, we propose that NM2C activity shortens microvilli by accelerating, either 

directly or indirectly, core actin bundle disassembly in the terminal web; under normal 

conditions this activity would contribute to actin bundle treadmilling and turnover. This is 

consistent with our observations showing that the robust turnover dynamics of W4 

microvillar actin bundles is attenuated following blebbistatin treatment (Figure 3-7F). 

NM2C might act directly on microvillar actin filament pointed ends to drive their 

disassembly in the terminal web. Previous in vitro studies with purified actin and 

myosin-2 established that motor activity alone is capable of promoting filament 

disassembly  [204]. Interestingly, NM2C does exhibit kinetic properties (a moderate duty 

ratio and potentially strain-sensitive catalytic cycle) that would allow it to strain actin 

filaments  [1]. NM2C could also function indirectly by promoting the activity of other 

factors capable of disassembling filaments. This would be supported by recent studies 

on Aplysia growth cones that revealed that NM2 contractility can enhance the 

localization and severing activity of the severing protein cofilin  [205]. The proposed 

mechanisms by which NM2 might promote cofilin activity are based on its competition 

with cofilin binding, which creates distinct stiff and compliant zones (cofilin undecorated 

vs. decorated, respectively) along the filament, which are mechanically susceptible to 

severing at the boundaries of these regions  [206, [207, [208]. Although there are 

currently no data to support a role for cofilin in controlling the length of epithelial 

microvilli, this could be one area of focus for future studies. 
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Additional roles for NM2C in polarized epithelia 

In addition to promoting the turnover of actin filaments that constitute the microvillar 

core bundles, NM2C might also participate in other roles critical for normal epithelial cell 

polarization and function. For example, we noticed that microvilli undergo a striking 

dispersion across the cell surface in response to blebbistatin treatment (Figure 3-7, A–

C). Thus, by binding directly to core actin bundles, NM2 might play a role in apicobasal 

polarity reinforcement and constraint of the size of the apical domain [202]. NM2C could 

also contribute to the organelle exclusion properties of the terminal web. The high 

density of cytoskeletal (actin and intermediate) filaments in the terminal web creates a 

zone of organelle exclusion that prevents endomembrane compartments from making 

direct contact with the apical surface. If NM2C forms filaments that span the gaps 

between microvillar rootlets, these structures might participate in regulating the 

movement of vesicles through this region. Interestingly, the presence of a terminal web 

meshwork is a unique feature of the intestinal epithelium; other brush border–presenting 

cells, such as those lining the kidney proximal tubule, lack a terminal web and zone of 

organelle exclusion [24, [25]. Importantly, these organs also lack strong NM2C 

localization, suggesting that NM2C may play a specific role in the compartmentalization 

of subcellular space in the intestinal epithelium [166]. 

Deeper insight into how NM2C contributes to epithelial physiology will come from 

careful analysis of in vivo loss-of-function models. Although a mouse model null for 

MYH14 expression was previously described, the authors reported no overt 

physiological phenotypes [81]. Other studies with the same KO mouse model revealed 

that in the absence of NM2C, NM2A and NM2B exhibit elevated levels in the intestinal 

epithelium as assessed by immunofluorescence signal [83]. Thus, an apparent lack of 
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overt phenotypes at the whole animal level may be due to functional compensation by 

NM2A and NM2B. Phenotypic characterization of the NM2C KO mouse represents an 

exciting direction for future studies and might also provide a unique opportunity to 

investigate how the epithelium responds to higher levels of NM2 contractility, as would 

be expected based on the accelerated kinetic properties of NM2B and NM2A relative to 

NM2C  [1, [161].  
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CHAPTER 4  
 

NON-MUSCLE MYOSIN-2C CONSTRAINS CELL- AND TISSUE-SCALE 

MORPHOLOGY IN THE SMALL INTESTINAL EPITHELIUM 

 

INTRODUCTION 

The vertebrate intestinal tract has an elaborate morphology, evolved to maximize 

the area available for nutrient absorption and allow for the plasticity required to recover 

from disease and infection, which can destroy the integrity of the epithelium [122, [125].  

Beyond solute uptake, the intestinal epithelium also serves as an important barrier to 

luminal microbes and pathogens that might gain access to this space. Maintenance of 

the epithelial barrier is critical, as any breaches in the barrier will result in infection and 

inflammation, resulting in poor health outcomes  [209, [210, [211]. Unlike the skin, 

another prominent epithelial barrier, the intestine only contains one layer of polarized 

cells, which must ultimately serve as both the first and last line of defense against 

invading luminal pathogens [209].  

 The small intestine contains finger-like villi, fed by crypts of Lieberkühn, which 

contain LGR5+ stem cells [212, [213]. Both of these features are highly specialized, and 

their development has been studied in detail. In vertebrates and other model organisms, 

crypt morphogenesis and villus formation (i.e., villification) occur separately  [127, [128]. 

Villification, the process in which villi emerge from the previously smooth luminal surface 

of the embryonic gut tube, occurs in early embryonic development, driven by 

compressive stress that leads to tissue buckling  [127]. The exact process and timeline 
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vary by species. In contrast to the embryonic development of villi, crypts are known to 

develop postnatally. Indeed, the natal inter-villus regions undergo myosin-2 driven 

apical constriction, resulting in the development of tissue invaginations that form crypts  

[128].   

Migration is a critical component of development, and in the intestine, migration 

persists throughout an organism’s lifespan. As the LGR5+ stem cells differentiate, they 

migrate out of the crypt, up the villi, and finally undergo apoptosis and shed off at the 

tips [123]. This process of crypt to villus migration is critical for intestinal homeostasis 

and regenerative renewal of the epithelium. Additionally, the constant turnover of cells 

resulting from crypt to villus migration enables the intestine to remain a dynamic organ, 

which is vital for its function. For example, it has been shown in a variety of animal 

models that changes in villus length occur as a result of fasting and feeding behaviors  

[142, [146, [147, [148, [149, [150, [151, [214]. Villi can regain lost length in as little as 

two hours after refeeding  [151]. Classically, it was assumed that these changes in 

length occur due to increased cell shedding rate (to shorten) or increased cell 

proliferation rate (to lengthen) [215].   However, it was previously found that the rate of 

cell production did not increase until 12hrs after refeeding, suggesting that there may be 

additional mechanisms that allow for villus lengthening shortly after refeeding  [151]. 

Related to this, the entire crypt to villus migration process was thought to be driven by 

mitotic pressure from dividing transit-amplifying cells in the crypt  [132, [216]. 

Additionally, recent studies have demonstrated that crypt-villus migration is driven by 

active Arp2/3 driven cell protrusion at the basolateral surface of enterocytes  [131]. 

Despite recent progress, crypt-villus migration remains poorly understood, despite its 
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critical role in tissue homeostasis. To date, it has been assumed that once villi emerge 

during embryogenesis, they passively maintain their somewhat cylindrical shape, and 

no studies have investigated if active mechanisms are required for villi to keep their 

stereotyped appearance during the continuous process of crypt to villus migration. 

Migration of epithelial sheets has been well-described using model organisms 

such as drosophila melanogaster, as well as cultured systems such as MDCK cells 

[217, [218]. Inhibition of cell adhesion has been noted to disrupt migration, and 

modulation of molecules such as epithelial cell adhesion molecule (EpCAM) can change 

the rate of epithelial cell migration  [219, [220]. Well-defined cell junctions are 

considered a key feature of epithelial sheets, necessary for morphogenesis [221]. 

Indeed, early work noted that stable cell adhesion was required to maintain crypt-villus 

migration and thus maintain homeostasis of the intestinal epithelium  [222]. Additionally, 

changes in the expression levels or localization of cell-adhesion molecules such as E-

cadherin and α-catenin have been noted in a variety of gastrointestinal diseases, such 

as Crohn’s disease and ulcerative colitis [222, [223]. Indeed, it has been shown that 

cell-cell interactions are a critical facet of the dynamic processes required for 

maintenance of the intestinal epithelium and pathophysiological situations that require 

repair of the epithelium [222].  

Intestinal epithelial cells have three functional junctions on their lateral surface: 

the zonula occludens (also known as tight junction), the zonula adherens (also known 

as the adherens junction), and the desmosome  [224]. Tight junctions are closest to the 

apical surface and maintain the intestinal barrier while allowing for selective permeability 

of small ions, nutrients, and water  [223]. A variety of pathogens also target the tight 
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junctions; thus, changes in the stability or permeability of the tight junctions can result in 

disease and inflammation of the underlying submucosa  [225]. The adherens junction 

lays below the tight junction and is known to play an important role in anchoring cells 

together during morphogenesis or migration  [117]. Desmosomes underlay the 

adherens junction and serve to couple cell-cell adhesion to the intermediate filament 

network [226]. Due to these multifaceted roles that the intestinal epithelium must 

perform, cellular junctions are critical points that must maintain selective permeability for 

ions [210] while simultaneously holding a sheet of continuously migrating cells together  

[227]. A defect in junctional stability results in a tissue that is vulnerable to pathogen 

invasion [228] and potentially structurally unstable and unable to support the migration 

required for intestinal homeostasis. Importantly, cell-cell junctions are known to be 

mecho-regulated  [229]. Tension is generated by class 2 myosins in an actomyosin 

contractile ring that is coupled to the adherens junction. This tension is required for 

junctions to mature during development, and previous work has demonstrated that 

modulating myosin activity is sufficient for generating changes in junctional stability and 

permeability  [83, [110, [202, [230].  

Class 2 myosins comprise a family of actin-based motor proteins that provide the 

contractile force necessary for a variety of biological processes, including cytokinesis, 

cell migration, and adhesion. In a variety of model organisms, including drosophila, c. 

elegans, and vertebrates, myosin-2 is implicated in a wide range of critical 

morphogenesis events that occur during development.  In drosophila, non-muscle 

myosin-2 (NM2, encoded by zipper) plays an important role in wing disk development  

[231]and convergent extension  [232]. In vertebrates, the three paralogs of NM2 are 
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known to have developmental roles and play a role in a variety of human diseases [65, 

[73]. NM2 paralogs are known to play a critical role in the formation and stability of cell-

cell junctions, as well as the three-dimensional organization of a variety of epithelial 

tissues  [108, [109, [232]. Additionally, myosin light chain kinase (MLCK), a key 

regulator of M2 activity, has been implicated in a variety of gastrointestinal ailments, 

including irritable bowel disease [230, [233]. 

Non-muscle myosin-2C (NM2C) is the most recently described member of the 

myosin-2 family. NM2C has remarkably specific expression, particularly in comparison 

to non-muscle myosin-2A (NM2A) and non-muscle myosin-2B (NM2B), which are 

expressed ubiquitously in higher-order mammals [1]. In contrast, NM2C is expressed 

primarily in the intestinal epithelium and the sensory epithelium of the inner ear [166]. In 

the inner ear, NM2C and NM2A were found to be asymmetrically distributed between 

cell types, and disruption of NM2 activity resulted in defects in cellular patterning, 

suggesting that NM2A and NM2C play various roles in cochlear development, particular 

in convergent extension of the sensory epithelium in embryogenesis, and the 

establishment of cell-cell boundaries [84]. Early work on NM2C established that it forms 

a sarcomeric array at cell junctions in both the small intestine and the inner ear [83]. 

Using the myosin-2 inhibitor blebbistatin, they determined that under homeostatic 

conditions, this junctional band of NM2C is under tension [83]. Indeed, this is confirmed 

by more recent work that demonstrated that the villus epithelium is always under 

tension at cell-cell junctions  [131]. Recently, we demonstrated that NM2C is localized to 

the terminal web of enterocytes and implicated NM2C in the control of microvillar length 

via contractility-dependent actin turnover [234]. Using super-resolution microscopy, we 
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revealed that the plate of terminal web myosin is continuous with the circumferential 

population of NM2C that has been previously studied.   

In this paper, we report that knockout of NM2C results in abnormal intestinal 

morphology, a phenotype that increases in severity as the animals age. This finding is 

of particular interest, as mutations in NM2C have been found to cause progressive 

hearing loss, and it has been noted in the past that sensory loss is often comorbid with 

gastrointestinal symptoms  [235, [236], but the sensory loss is more likely to capture the 

attention of patients and clinicians. We find that NM2C KO mice display ruffled ZO-1 

signal via immunofluorescence, suggesting malformed cell-cell junctions. Consistent 

with loss of junctional integrity and a loss of barrier function, NM2C KO animals display 

tuft cell and goblet cell hyperplasia. Interestingly, intestinal organoids generated from 

NM2C KO animals also display tuft cell hyperplasia. These intestinal organoids display 

abnormal morphology when compared to wild-type (WT). We performed high-resolution 

live imaging of KO and WT organoids and found that cells in the “villus domain” of 

NM2C KO organoids display aberrant actin dynamics. These data demonstrate that 

NM2C plays a unique role in maintaining intestinal morphology, possibly due to its role 

in maintaining tension across cells in the epithelial sheet. Additionally, these studies 

reveal that villus shape is not inherently stable, and we propose that it must be actively 

maintained as cells undergo crypt-villus migration.   
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RESULTS 

NM2C KO mice display abnormal gross intestinal morphology. 

We used NM2C KO mice that had been previously generated and briefly described in 

Ma et al. 2010. Despite previous work stating these mice has no “gross morphological 

changes”  [81, [128], we found that homozygous NM2C KO mice trend towards being 

smaller than their wild-type C57/B6J (WT) counterparts, and differences in weight 

become more significant as the animals age (Figure 4-2A and 4-2B). Haemotoxylin and 

eosin staining of NM2C KO and WT small intestinal swiss rolls reveal that NM2C KO 

animals have abnormal villus morphology, including “forked” villi (Figure 4-2F and 4-

2G). Additionally, KO animals have significantly larger villi compared to WT animals 

(Figure 4-2E), fewer villi per mm of intestine (Figure 4-2C), and deeper crypts (Figure 4-

2D), which contain Ki67+ cells, indicating they are proliferative (Figure 4-1A). 

Figure 4-1  Crypts of WT and KO mice are positive for proliferative marker, Ki67. 
A, Comparative images of FFPE tissue stained for villin (yellow), Ki67 (magenta) and 
DAPI (green).  Far-right, zooms of crypts from WT tissue and KO tissue, respectively. 
Ki67 is present in all crypts, indicating that they are proliferative.  
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 In paraffin sections of WT tissue, NM2C localizes strongly to the terminal web of villus 

Figure 4-2: NM2C KO mice display abnormal gross intestinal morphology. A, 
representative image of 2-month-old WT and KO mice. B, Quantification of weight of 
KO vs WT mice at 2 months and 4 months. All other quantifications are done using 
tissue from 2-month-old animals, unless explicitly stated. C, Quantification of villi per 
mm of intestine, as measured on H&E stained swiss rolls.  D, Quantification of crypt 
depth in WT and KO animals, measured from H&E swiss rolls. E, Quantification of villus 
area, measured from H&E stained swiss rolls. F, representative zooms of H&E stained 
swiss roll of entire WT intestine, demonstrating homogenous morphology as expected in 
the small intestine. G, representative zooms H&E stained swiss roll of entire KO 
intestine, demonstrating unusually shaped villi. H, FFPE tissue stained for NM2C and 
villin to mark the brush border. As expected, NM2C lays underneath the villin signal in 
WT tissue, and is completely absent in KO tissue. Scale bars are 25µm, KO villi scaled 
in order to fit entire villus in single image. I, FFPE tissue stained for NM2A and villin to 
mark the brush border. NM2A primarily localizes to the basolateral surfaces in WT 
tissue, and redistributes to the terminal web in NM2C KO tissue. Scale bars are 25µm, 
KO villi scaled in order to fit entire villus in single image. Unpaired t-test with Welch’s 
correction (B) or unpaired t-test (C,D,E) used to determine significance. * = p=0.0109, 
**=p=0.0079 , ***=p=0.0002,, ****= p<.0001 
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enterocytes (Figure 4-2H. first column), whereas NM2A, which has been implicated in 

crypt morphogenesis [128], is enriched in the lateral membranes and basolateral 

domain of villus enterocytes (Figure 4-2I, first column), as well as demonstrating strong 

localization in crypt cells. Terminal web labeling of NM2C is completely lost in KO mice, 

further confirming the loss of expression (Figure 4-2H, second column).  Due to the high 

levels of similarity in sequence and function of NM2A and NM2C, we sought to examine 

if NM2A compensates for the loss of NM2C in the terminal web. As expected, in KO 

animals, NM2A appears to compensate for the loss of 2C in the terminal web, but 

interestingly, it no longer displays a strong localization to the lateral surfaces (Figure 4-

1I, second column). This suggests that the presence of a force-generating motor in the 

terminal web is the priority for the cell, and when presented with a limited supply of 

myosin, the cell will place these motors at the apical surface rather than the lateral 

contacts.  

Whole-mount imaging reveals the extent of three-dimensional morphology 

changes.  

Upon observation of abnormal villus shape in paraffin-embedded sections, we sought to 

ensure that these perceived shape changes were not due to sectioning artifacts. For 

this, we turned to whole-mount imaging of the intestinal epithelium. Whole-mount 

imaging provides three-dimensional data that is otherwise lost in sectioning while also 

allowing for immunofluorescent staining that would not be possible using scanning 

electron microscopy (SEM), which also allows for visualization of the intestine in its 

native three-dimensional state.  

We sought to determine if the abnormal villus shape observed in paraffin sections from 

8-week-old animals was due to an initial developmental defect. We chose to use P10 
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animals as an initial early time point, as these animals should have completed crypt 

morphogenesis [128]. Interestingly, no major differences in shape could be seen when 

P10 WT and KO intestines were evaluated (Figure 4-3A). Indeed, previous work by 

Sumigray et al. also examined this KO mouse line, but only during early post-natal 

stages, where no differences were noted between WT and KO animals. However, we 

found that by 8 weeks, differences could clearly be observed between WT and KO 

intestine, included shortened villi with abnormal levels of folding (Figure 4-3A). Indeed, 

in 4-month-old animals, it was also observed that KO animals had exceptionally wide, 

shortened villi when compared to WT age-matched animals (Figure 4-3A). These data 

suggest that NM2C KO mice develop normally and exhibit morphological changes as a 

function of age.  
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Figure 4-3 :Whole mount imaging reveals extent of three-dimensional morphology 
changes. A, comparative maximum intensity projection images of WT and KO whole 
mount tissue from post-natal day 10, 8 weeks (2 months) and 4 months. All scale bars 
are 150µm. KO villi continue to enlarge after time points at which WT villi maintain a 
consistent size. B, representative 10x (first column) and 25x (second column) maximum 
intensity projections of WT and KO whole mount tissue. 10x images demonstrate the 
variety of KO villus morphology, while 25x images demonstrate changes in the scale 
and morphology of a single villus. C, ,Top, depth-coded F-actin signal from WT tissue 
projected in the XY-plane, bottom, depth-coded f-actin signal rotated and viewed as a 
volume rendering using Nikon Elements. D, ,Top, depth coded F-actin signal from KO 
tissue projected in the XY-plane, bottom, depth code f-actin signal rotated and viewed 
as a volume rendering using Nikon Elements. Note that depth coding is different 
between C and D. 

 

In low magnification images, it is evident that KO villi display a greater degree of 

heterogeneity compared to WT villi (Figure 4-3B, first column). In addition, there are 

fewer KO villi per field of view, which confirms the phenotype noted in H&E sections. 

Interestingly, in higher magnification images, it is apparent that the KO villi appear 

somewhat blunted and wide, in addition to being extraordinarily pitted compared to 

those of WT animals (Figure 4-3B, second column). Indeed, depth-coded maximum 

intensity projections emphasize that the KO villi are shorter than those of the WT 

(Figure 4-3C vs. 4-3D, top row). Furthermore, the KO villi display a variety of odd 

shapes, including the triangular orientation seen in Figure 4-3D. Rotated volume 

renderings emphasize the homogenous nature of WT villi, whereas the KO villi display a  

variety of geometries and orientations (Figure 4-3C vs. 4-3D, bottom row). Thus, we 

conclude that loss of NM2C alters the ability of the intestinal epithelium to maintain its 

complex shape during aging, leading to defects in villus shape.  
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NM2C forms a continuous layer across the apical surface.  

Previously, we demonstrated that NM2C is enriched in the terminal web of 

enterocytes, which spans the medial apical surface of the cell. Additionally, we 

confirmed that NM2C is a component of the junctional actomyosin contractile belt, which 

had been observed previously [83]. Here, we sought to confirm, using whole-mount 

imaging, that the NM2C population found in the junctional actomyosin belt was in the 

same plane as the medial population. We found that the junctional population of NM2C 

appears to be continuous with the terminal web population (Figure 4-4A). Indeed, in 

cases where epithelial cells had begun to separate from the sheet, we observed that the 

NM2C signal was present in a single sheet, even once the cells appeared entirely 

separated from their neighbors (Figure 4-4B). Thus, from these data and those already 

in the literature, we conclude that the entire apical population of NM2C is continuous, 

which would result in continuous tension being propagated across the cell surface, and 

indeed, across the entire epithelial sheet.   

We sought additional information about the physical location of NM2C compared 

to other junctional proteins, such as ZO-1. Here, we use whole-mount imaging and 

oversampling on a point scanning confocal to precisely localize both NM2C and ZO-1. 

Indeed, junctional NM2C and ZO-1 colocalize slightly (Figure 4-4C, top), with more 

NM2C localized below the ZO-1 signal (Figure 4-4C, bottom), indicating the NM2C is 

physically located such that it may be able to directly control the amount of tension on 

the tight junction (Figure 4-4D). 
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Loss of NM2C disrupts apical ultrastructure. 

The terminal web population of NM2C has been previously implicated in the 

control of microvillar length; thus, we chose to investigate if loss of NM2C impacts apical 

ultrastructure using transmission electron microscopy (TEM). TEM sections of WT and 

KO were acquired parallel to the microvillar axis in order to allow for evaluation of 

microvillar length and terminal web architecture (Figure 4-5A and 4-5B). Here, we define 

a microvillus as the portion of the actin bundle wrapped in membrane (Figure 4-5C). 

Strikingly, microvilli in NM2C KO brush borders were significantly shorter than those in 

the WT (Figure 4-5E, 0.7740 ± 0.26 vs. 0.9899 ± .17). Furthermore, KO microvilli length 

varied much more than WT microvilli, with KO microvilli having a range of 1.25 vs. .66 in 

WT brush borders (Figure 4-5E). Next, we examined the length of actin rootlets, which 

are the portion of the microvillar actin bundle that extends into the terminal web and is 

not wrapped in membrane (Figure 5-4C). Interestingly, KO brush borders had 

significantly longer actin rootlets than those of WT animals (Figure 4-5D, 0.2678 ± 0.083 

vs. 0.2114 ± 0.062). Overall, KO brush borders were composed of shorter actin bundles 

Figure 4-4: NM2C forms a continuous layer. A, first row, maximum intensity projection 
of whole mount imaging of villus surface from NM2C-GFP mouse, second row, when 
rotated in a volume rendering (top), NM2C signal appears to be continuous across the 
epithelial surface of the villus. An YZ slice of this image reveals the bright junctional 
puncta are in line with the medial NM2C population, indicating that they likely interact and 
influence each other.  B, Disassociated enterocytes from NM2C-GFP mouse, 
demonstrating how entire NM2C signal stays in a sheet even once the cells have 
physically separated from each other, and no longer have junctional contacts with 
neighboring cells. C, maximum intensity projection (top) of NM2C-GFP (green) whole 
mount tissue stained with a ZO-1 antibody (magenta), YZ slice (bottom) displays location 
of NM2C and ZO-1 in Z, where classic ZO-1 spot wells appear to be sitting on a “cup” of 
junctional NM2C signal. D, cartoon schematic of NM2C that reaches across the terminal 
web and ties in the junctions right below the tight junction. Large arrows indicate basal 
forces, small arrows indicate  lateral forces.  
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than WT brush borders (Figure 4-5F, 0.9790 ± 0.21 vs. 1.146 ± 0.18), again, with KO 

actin bundles have a much larger range of lengths (Figure 4-5F, 1.151 vs. 0.634). 

 To further analyze the ultrastructural defects, present in NM2C KO brush 

borders, we used a nearest neighbor distance calculation on en face TEM sections 

(Figure 4-5H and 4-5I) to obtain the intermicrovillar distance in KO and WT animals. KO 

brush borders exhibited a slightly larger intermicrovillar distance on average (Figure 4-

5G, 132.6 ± 8.3 vs. 130.8 ± 5.3, p = 0.0091). Furthermore, similar to the length 

measurements performed on parallel sections, KO brush borders had a much larger 

range of intermicrovillar distances (Figure 4-5G, 55.91 vs. 24.97 in WT animals). To 

further examine the impact of the increased range of intermicrovillar distances, we 

calculated fast Fourier transforms (FFT) of these images, as previously described [155, 

[237]. As expected, the FFT generated from WT brush borders exhibit a hexagonal 

pattern with six prominent first-order spots, indicating that WT microvillar are organized 

in hexagonal arrays, as expected (Figure 4-5H, last row). However, FFT generated from 

KO brush borders exhibit less distinct first-order spots, although they are still present 

(Figure 4-5I, last row). These data indicate that loss of NM2C disrupts the packing of 

enterocyte brush borders. Indeed, loss of NM2C results in a lack of homogenous brush 

border ultrastructure, with KO brush borders exhibiting extreme amounts of variability in 

microvillar packing, actin bundle length, and the portion of the actin bundle that is 

wrapped in membrane.  
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Absence of NM2C alters cell shape and tissue integrity.  

Frozen sections cut to 5µm thickness were stained with phalloidin to visualize F-

actin. Using high-resolution confocal microscopy, we observed that enterocytes in the 

KO tissue displayed abnormal cellular morphology, including pointed apical domains 

and compressed and elongated lateral profiles (Figure 4-6A).  Using full crypt-villus axis 

images of WT and KO tissue, we measured lateral cell area (Figure 4-6B) and aspect 

ratio (length/width) (Figure 4-6C).  Importantly, cells that were measured were judged to 

be parallel to the imaging plane, to minimize the effects of any sectioning artifact. 

Previous data has shown that cell area and aspect ratio change along the crypt-villus 

axis  [131]; thus, these measurements were only compared to cells located on a specific 

third of the villus. Even with this specification, cells in KO sections were significantly 

larger than the WT counterparts; this was consistent across all regions of a villus 

(Figure 4-6B). Additionally, KO cells had a significantly higher aspect ratio than matched 

WT cells, indicated that KO cells tended to be elongated and compressed on all parts of 

the villus (Figure 4-6C), although the difference between WT and KO cells was 

somewhat diminished at the top of the villus (p = 0.0193).  

Figure 4-5: Loss of NM2C perturbs ultrastructure. A, representative TEM of WT 
microvilli in parallel. B, representative TEM of KO microvilli in parallel. C, cartoon 
schematic of how quantifications correspond to parts of the brush border. D, 
quantification of rootlet length. E, quantification of microvillar length. F, quantification 
of total actin bundle length. G, quantification of intermicrovillar distance. . H, 
representative TEM of WT microvilli en face (first and second row), FFT of WT 
microvilli (last row), note that the first order spots are six distinct spots in a hexagonal 
pattern, indicating hexagonal packing. I, representative TEM of KO microvilli en face 
(first and second row), FFT of KO microvilli, note that the first order spots are less 
distinct indicating a possible packing defect. Unpaired t-test with Welch’s correction 
used to calculate significance. **=p=0.0091 , ***=p=0.0002 , ****= p<.0001 
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Figure 4-6: Loss of NM2C results in changes to cell shape and tissue integrity.. 
A, maximum intensity projections of parallel frozen sections, demonstrating the 
different in cell size and shape in WT and KO samples. B, Quantification of lateral 
area of cells on the villus, measured in thirds known to correspond with changes in 
cell size. C, Quantification of aspect ratio (length/width) of cells on the villus, 
measured in thirds known to correspond with changes in cell size. D, maximum 
intensity projection of WT villus surface, stained for ZO-1. Zoom demonstrates the 
relative straightness of cell boundaries. E, maximum intensity projection of KO villus 
surface, stained for ZO-1. Zoom demonstrates the irregular features of cell 
boundaries.  The following quantifications were obtained from maximum intensity 
projections using thresholded ZO-1 signal to create a binary of the boundary of the 
cells, and measurements were done automatically in Nikon Elements. F, 
quantification of shape factor, which indicates how rough the outline of a cell is. A 
shape factor of 1 would indicate a completely smooth cell. G, quantification of 
circularity, a value of 1 would indicate a perfectly circular cell. H, quantification of 
apical area. I, quantification of apical area. J, quantification of cell perimeter. K, 
maximum intensity projection of whole mount WT villus that was allowed to sit in 
solution for 10 days prior to imaging. L, maximum intensity projection of whole mount 
KO villus that was allowed to sit in solution for 10 days prior to imaging. Note the 
cracking that is beginning to happen in the KO sample. Unpaired t-test with Welch’s 
correction used to calculate significance. *=p=0.0193, ****= p<.0001 

 

To further investigate cellular morphology in KO animals, we turned again to 

whole-mount imaging. Here, we use an antibody targeted to ZO-1 to mark the margins 

of the cell (Figure 4-6D). Interestingly, we observed that ZO-1 signal in KO animals has 

a ruffled appearance, similar to a phenotype that is observed in other epithelial sheets 

when tension is misregulated or lacking (Figure 4-6E). We thresholded images using 

the ZO-1 signal and performed automatic measurements on the resulting binary objects 

using Nikon Elements. Here, shape factor is used as a measurement of an objects 

roughness: this is defined as  
4×π×Area

convex hull perimeter2 
  with a value closest to 1 indicating 

minimal roughness. Indeed, the shape factor measurement confirms that cells in KO 

tissue present with a rougher shape than those in the WT (Figure 4-6F, 0.77 ± 0.14 vs. 

0.84 ± 0.09). Additionally, we found that KO cells were less circular than their WT 

counterparts (Figure 4-6G, 0.64 ± 0.15 vs. 0.75 ± 0.10), where a circularity 
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measurement of 1 would imply a perfectly circular object. Similar to the variation in 

lateral area, KO tissue displayed cells with, on average, a larger apical area than WT 

tissue (Figure 4-6H, 60.28 ± 31.73 vs. 53.76 ± 19.70), although KO tissue samples did 

demonstrate more variability in apical area than WT samples (Figure 4-6H, range of 249 

vs. 178 ). Additionally, KO tissue contained cells that were more elongated (Figure 4-6I, 

1.74 ± 0.55 vs. 1.61 ± 0.38) with larger perimeters compared to WT cells (Figure 4-6J, 

32.10 ± 13.58 vs. 29.29 ± 7.89). 

A small disadvantage of using whole-mount tissue is due to the storage 

conditions of the sample (in solution vs. frozen or paraffin-embedded); the usable 

lifespan of the tissue, once it is fixed, is somewhat limited when compared to more 

traditional tissue preparation methods. Typically, fixed whole-mount tissue has a usable 

lifespan of ~2 weeks post-fixation; after this point, the tissue is more liable to be 

mechanically damaged when handled. Curiously, we found that KO tissue was more 

delicate than tissue collected from WT animals. In Figure 4-6K and Figure 4-6L, we 

present a WT and a KO tissue sample that were fixed within 15 minutes of each other 

and allowed to remain in solution for 10 days. While the WT sample still appears 

completely intact (Figure 4-6K), the epithelial cells of the KO have begun to separate 

from each other, with the sample displaying large cracks (Figure 4-6L). This phenotype 

was consistent with KO samples that had been stored for greater than a week. Taken 

together, these data indicate that KO animals suffer from a loss of junctional integrity 

and that loss of NM2C alters cell morphology in addition to tissue morphology and brush 

border ultrastructure. 
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Aberrant growth and junctional defects are epithelial cell-autonomous. 

To further understand the phenotype of the NM2C KO mouse, we turned to 

intestinal organoids. Our intent with these organoid cultures was to eliminate possible 

interaction with the mucosal immune system and investigate if those phenotypes 

observed in NM2C KO tissue could be recapitulated in a cell-autonomous manner, as 

intestinal organoids have few methods of compensation, unlike native tissue.  

Beginning with low magnification phase microscopy, we observed that KO 

organoids (Figure 4-7B) grew to a much larger size than WT counterparts (Figure 4-7A), 

and frequently, KO organoids presented with aberrant morphology, such as split crypts. 

We then performed high magnification immunofluorescence imaging of fixed and live 

WT and KO organoids using spinning disk confocal microscopy. Typically, intestinal 

organoids present a luminal villus-like domain, in which enterocytes demonstrate a 

cobblestone-like brush border, with variable actin expression between cells (Figure 4-

7C). However, even with the variation in actin expression in WT organoids, clear cell 

boundaries can still be distinguished using an F-actin marker such as phalloidin (Figure 

4-7C, zoom). Interestingly, this stereotypical actin morphology was lost in organoids 

generated from KO mice (Figure 4-7D). No clear cell boundaries were able to be 

distinguished in the actin channel, and KO brush borders appeared extremely 

disorganized (Figure 4-7D, zoom). 
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To further characterize gross morphological differences between WT and KO 

organoids, we utilized the three-dimensional thresholding available in Nikon Elements. 

F-actin signal was used for thresholding. After an accurate object threshold was 

created, morphological measurements were obtained using the automatic 

measurements available within the software. Indeed, these measurements confirmed 

our visible observation that KO organoids tended to be larger than WT organoids of 

equivalent age. KO organoids displayed a significantly larger surface area than WT 

(Figure 4-7G, 8.71 ± 8.49 mm2 vs. 5.30 ± 3.296 mm2 ,p= 0.0327), as well as a 

significantly larger volume (Figure 4-7H, 6.6 x 106 ± 5.4 x 106 µm3 vs. 4.0 x 106 ± 2.2 x 

106 µm3 ,p= 0.0134).  

Given the lack of clear cell boundaries in the actin channel, we next investigated 

the junctions of WT and KO organoids. Immunofluorescence staining with an antibody 

Figure 4-7: KO phenotypes are present in organoids and epithelial cell 
autonomous. A, representative image taken on a phase microscope of WT organoids 
in culture, taken 3 days after they were passaged. B, representative image taken on a 
phase microscope of KO organoids in culture, taken 3 days after they were passaged. 
C, still frame from live cell movie of WT organoid expressing eGFP-LifeAct. Zoom 
demonstrates that clear cell boundaries can be seen in the LifeAct channel. D, 
microscope of KO organoids in culture, taken 3 days after they were passaged. C, still 
frame from live cell movie of KO organoid expressing eGFP-LifeAct. No clear cell 
boundaries can be observed in the zoom. E, maximum intensity projection of WT 
organoid stained with ZO-1 to visual cell junctions. Zoom demonstrates the 
smoothness of WT junctions. F, maximum intensity projection of KO organoid stained 
with ZO-1 to visual cell junctions. Zoom emphasizes aberrant cell shapes. The 
following quantifications were obtained from three-dimensional thresholding of F-actin 
signal to create a 3D threshold, measurements were done automatically in Nikon 
Elements. G, quantification of the 3D surface area, H, quantification of organoid 
volume. The following quantifications were obtained from maximum intensity 
projections using thresholded ZO-1 signal to create a binary of the boundary of the 
cells, and measurements were done automatically in Nikon Elements. I, quantification 
of roughness, 1 would indicate a smooth cell. J, quantification of apical area. J, 
quantification of equivalent diameter. K, quantification of cell perimeter.. Unpaired t-
test with Welch’s correction used to calculate significance. * values noted in text,  
****= p<.0001 
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targeted against ZO-1 reveals that, similar to the native tissue, KO organoids have 

remarkably ruffled cell junctions (Figure 4-7F vs. WT in Figure 4-7E). Indeed, given the 

similarity of the phenotype, we chose to perform analysis of cell shape in the same 

manner as the native tissue samples (Figure 4-6). Primarily, we measured cells on the 

villus-like lumen region, as the extreme curvature of cells in the crypt made it difficult to 

threshold accurately. However, we did observe that cells in the crypt region did not 

visually appear different between KO and WT organoids. Here, a roughness 

measurement was performed using the automated measurements available in Nikon 

Elements: a value of 1 would indicate a smooth cell. We found that KO cells were 

significantly rougher than WT cells (Figure 4-7I, 0.83 ± 0.08 vs. 0.94 ± 0.03). KO cells 

presented with an area that was double that of WT cells (Figure 4-7J, 75.74 ± 64.49 

µm2 vs. 33.92 ± 24.96 µm2), and KO cells had remarkably more variability in their apical 

area (Figure 4-7J, a range of 529.7 µm2 vs. 141.3 µm2). Additionally, a value of 

“Equivalent Diameter” was measured, which computes the diameter of a circle with the 

same area as the measured object. Indeed, KO cells had a larger equivalent diameter 

than those in a WT sample (Figure 4-7K, 9.12 ± 3.66 µm vs. 6.14 ± 2.35 µm). Finally, 

we found that cells in KO organoids had a perimeter nearly double that of cells in WT 

organoids (Figure 4-7L, 41.31 ± 17.89 µm vs. 22.70 ± 8.51 µm). Collectively, these data 

indicate that the morphological defects observed in vivo are epithelial cell-autonomous 

and occur solely due to the loss of NM2C rather than developmental or immune 

compensation.  

Loss of NM2C induces tuft cell hyperplasia in a cell-autonomous manner. 

Interestingly, in low magnification images of KO tissue, we observed bright spots of the 

F-actin signal (Figure 4-3, bright puncta of actin signal). Upon performing high-
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resolution imaging of these samples, we found that these bright regions of signal 

appeared to be actin “tufts”, large microvillar-like structures with extensive actin rootlets 

extending into the cell body. Such actin tufts are hallmarks of tuft cells, a rare cell type 

that typically makes up approximately 1% of all cells in the intestinal epithelium. Tuft 

cells are thought to be chemosensory cells and are known to interact with the mucosal 

immune system to play a role in type 2 immunity. To confirm that these “tufty” cells were 

bonafide tuft cells, we stained WT and KO samples with an antibody targeted to 

doublecortin-like kinase 1 (DCLK1), a protein only expressed in tuft cells in the intestine 

(Figure 4-8A and 4-8B). Indeed, all cells that presented with an actin tuft were also 

positive for DCLK1. Using DCLK1 as a marker, we measured the number of tuft cells 

per villus using IMARIS. We found that KO villi had nearly 5x the number of tuft cells as 

WT villi (Figure 4-8C, 51 ± 16 tuft cells/villus vs. 11 ± 5 tuft cells/villus). To further 

investigate how the loss of NM2C might cause tuft cell hypertrophy, we stained NM2C 

KO organoids for DCLK1 and compared the number of tuft cells per organoid to WT 

organoids (Figure 4-8D and 4-8E). Interestingly, we found that tuft cell hypertrophy was 

present in KO organoids (Figure 4-8F, 8 ± 6 tuft cells/organoid vs. 4 ± 3 tuft 

cells/organoid). This result is of particular interest because tuft cell hypertrophy has 

classically been connected to a mucosal immune response after damage or infection. 

However, organoids lack an immune system, indicating that the generation of excess 

tuft cells is autonomous to epithelial cells lacking NM2C and not dependent on immune 

signaling for differentiation cues.  
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Figure 4-8: KO of NM2C results in tuft cell hyperplasia in vivo and in organoid 
cultures. A, representative 10x maximum intensity projection image of WT tissue, 
stained with phalloidin to visualize F-actin, and an antibody targeted to intestinal tuft cell 
marker DCLK1. B, representative 10x maximum intensity projection image of KO tissue, 
stained with phalloidin to visualize F-actin, and an antibody targeted to intestinal tuft cell 
marker DCLK1. C, quantification of the number of tuft cells per villus, done with IMARIS. 
D, maximum intensity projection of WT organoid stained for DCLK1 and F-actin. E, 
maximum intensity projection of KO organoid stained for DCLK1 and F-actin. F, 
quantification of the number of tuft cells per villus. Note that the violin appears cut off 
because some organoids had zero tuft cells. Unpaired t-test with Welch’s correction was 
used to determine significance. **, p=0.0013, ****, p<.0001    

DISCUSSION 

In a previous study by our group, we reported that NM2C is the terminal web myosin 2 

described in early descriptions of intestinal brush border [3, [238]. We demonstrated 

that NM2C works to control the length of microvilli via contractility-dependent actin 

turnover. In this current study, we report that NM2C KO mice demonstrate gross 

morphological changes and that NM2C is required to constrain cell and tissue 

morphology as animals age. These findings provide a new role for myosin-2 in 

enterocytes and indicate that an ability to propagate tension is a prerequisite for normal 

intestinal morphology, connecting several decades' worth of data that have 

demonstrated that changes in myosin light chain kinase (MLCK) are associated with 

various gastrointestinal disease [239].  

Role of known NM2C mutations in disease  

NM2C is the most understudied of the non-myosin 2 paralogs expressed in mammals. 

Likely, this is due to NM2C’s extremely specific localization, whereas NM2A and NM2B 

are expressed ubiquitously. Despite the relatively little published work on NM2C, a 

variety of mutations with clinical manifestations have been identified. Mutations in 

MYH14, the gene that encodes the heavy chain of NM2C, have resulted in autosomal 

dominant nonsyndromic deafness-4A (DFNA4), distal hereditary motor neuropathy 
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(dHMN), and recto-perineal fistulas [86, [88, [89, [93, [94, [167, [169]. Notably, nearly all 

documented mutations in NM2C result in symptoms that present later in life or worsen 

with age. This is of particular interest, as we found that NM2C KO mice did not have any 

noticeable phenotype in neonatal stages, and morphological defects only presented in 

adult animals. This may explain published results from other groups that found no gross 

morphological defects—those previous results only contain data from animals ranging 

from P4-P13.5  [81, [128]. Interestingly, one group generated NM2C KO mice in a 

CBA/CaJ background and found that those animals only exhibited hearing loss after five 

months [92]. 

Maintenance of villus shape 

It has been well-established that villi are capable of changing their morphology; this is a 

homeostatic response in the case of fasting and feeding periods, and also a response 

that can occur as a result of infection or chronic diseases, such as Crohn’s and Coeliac 

disease [120, [121, [240]. However, there has been little discussion of the mechanism 

by which villi maintain their flattened cylindrical shape in homeostatic conditions. Our 

results here demonstrate that in the absence of NM2C, villi are capable of taking a wide 

variety of shapes, independent of excess inflammation that is seen in chronic 

gastrointestinal diseases. This indicates that in typical conditions, NM2C plays a role in 

constraining villus morphology and restricting the intestinal epithelium to its stereotyped 

shape.  

Tension in the intestinal epithelium 

Continuous regenerative renewal is critical for the health of the intestinal tract. Thus, 

migration of the epithelial sheet is key to maintain homeostasis. It has been previously 

demonstrated that apical myosin 2 present in cell-cell junctions is under tension along 
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the villus length [131]. Here, we identify that a force producing cytoskeletal element, 

NM2C plays an important role in constraining intestinal morphology and ultrastructure. 

We found that lack of NM2C results in a larger apical area and ruffled ZO-1 signal. 

Taken together, this indicates that less tension is present at the cell-cell contacts. 

Previous studies have found that ruffled ZO-1 signal can occur in cases of both 

increased and decreased tension [241, [242]. However, expansion of the apical area is 

typically associated with a lack of myosin activity; thus, we believe that there is less 

tension present in the epithelium of NM2C KO animals. This is of particular interest, as it 

has been well established that tension across cell-cell contacts plays an essential role in 

regulating barrier function [210, [223, [239]. Additionally, in order for an epithelial sheet 

to migrate, cell-cell contacts must be well-maintained while withstanding the forces 

required for migration. Cell-cell contacts play a key role in regulating the structural 

integrity of a tissue. This is true in both homeostasis and instances of inflammation or 

infection where tissue remodeling is required [227]. Indeed, it has been demonstrated 

that apical cell-cell junctions transmit contractile actomyosin force [243]. Particularly, 

cell-cell junctions retain a linear appearance as migration occurs. In drosophila 

embryos, upon stress to the junctions, myosin will relocate from a medial array to 

junctional sites in order to protect junctions from rupture, and this myosin-generated 

tension is thought to ensure the linearity of junctions during migration [8]. In addition to 

migration, intestinal cells are subject to a variety of exogenous mechanical forces [244]. 

For decades, researchers have been encouraged to investigate further the role of 

exogenous and endogenous forces within the intestinal epithelium, but relatively little 

work has been done in this area.  
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 A variety of open questions on the role of non-muscle myosins in the 

gastrointestinal tract remain. Indeed, understanding why the compensation by NM2A, 

which relocates to the terminal web in NM2C KO animals, is not sufficient for 

constraining cell and tissue morphology would be key to understanding what kind of 

force needs to be applied to the intestinal epithelium. In addition, further investigation 

into the precise organization of the NM2C minifilaments present at the level of the 

terminal web would allow for a more precise understanding of how force propagates 

across the apical surface. Given the various changes in villus morphology observed in 

chronic illnesses affecting the upper GI tract, it would be of potential interest to localize 

NM2C in various patient populations to understand if this motor is up or downregulated 

in disease. Potentially, understanding of NM2C in disease could lead to new therapeutic 

targets and a better overall understanding of disease progression.  
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CHAPTER 5  
 

FUTURE DIRECTIONS 

 

Role of cofilin in regulating BB length 

ADF/Cofilin is a ubiquitous actin regulatory protein that is widely implicated for its 

severing activity [17, [245]. With a known affinity for actin in the ADP-bound state, cofilin 

binds to structural weaknesses in the actin filament and facilitates severing at the 

pointed end, which promotes pointed end depolymerization [4] (Figure 5-1). Cofilin 

severing events also lead to new barbed ends being exposed, which can result in rapid 

increases in local actin assembly (Figure 5-1). A cycle of phosphorylation and 

dephosphorylation is responsible for regulating the activity of cofilin; however, the 

relative activity of regulatory factors that cap barbed ends or acceleration filament 

disassembly is equally important in determining if cofilin activation results in net 

increases or decreases of local actin filament density.  It has also been demonstrated 

that cofilin activity can be biomechanically regulated, in particular, that increasing actin 

filament strain tends to promote cofilin activity [207]. Torsional stress on actin filament 

networks has also been implicated in increased cofilin activity. 

 The term “contractility-dependent actin turnover” was first coined following a 

study in neuronal growth cones, which demonstrated that the turnover of actin at the 

leading edge was dependent on M2 activity [201]. This study also found that M2 

contractile activity produces actin bundle strain. Given the potential for actin filament 

strain to increase cofilin severing, this group followed up on their initial study by 

investigating the role of cofilin activity and how it relates to NM2C activation in neurite 
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Figure 5-1: Cofilin influences actin dynamics in a 
variety of ways. Cartoon schematic demonstrating the 
roles of cofilin. Adapted from Ohashi 2015 [4]. 

growth [205]. This study found that M2 contractility serves as a catalyst for cofilin 

activity, which results in increased actin network turnover. Indeed, inhibition of M2 

resulted in decreased cofilin dynamics. From this study, the authors proposed four 

distinct mechanisms by which M2 activity could affect cofilin activity. (1) myosin 

contractility could strain filaments and bundles, which would promote filament severing 

by localizing elastic energy at boundaries between bare and cofilin-decorated 

segments. (2) myosin-binding could displace cofilin from decorated filament segments, 

which would create decorated/undecorated boundaries, which are favorable sites for 

severing. (3) cofilin could mechanically destabilize filaments by inducing buckling. (4) 

M2 tethering alone could enhance severing [205].  
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 Our previous 

results, shown in 

Chapter III, indicate that 

NM2 contractile activity 

controls the length of 

microvilli, particularly our 

result that inhibition of 

NM2 results in elongated 

microvilli parallels those 

results seen in the growth 

cone, where NM2 

inhibition results in 

elongated actin 

bundles. Given the 

results in growth cones 

that demonstrate the 

mechanical activity of 

M2 can enhance 

cofilin-dependent 

actin bundle turnover, 

investigating the 

potential role of cofilin in the brush border would provide further insight into how NM2 

regulates brush border length. Data from the Human Protein Atlas shows the cofilin is 

Figure 5-2: Potential role of cofilin in the brush border. A, 
data from the Human Protein Atlas showing Cofilin 1 
localization in the small intestine. i. zoom of A, arrows point to 
brush border signal. B, schematic of cofilin, its regulatory 
proteins, and known inhibitors. Red indicates the inactive state 
and green the active state. C, representative maximum intensity 
projection images of the effects of various concentration of 
LIMKi 3 treatment on W4 cells. D, representative maximum 
intensity projection images of the effects of various 
concentration of sennoside A treatment on W4 cells. 
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expressed in the small intestine [74, [75] (Figure 5-2A). While cofilin expression is rather 

ubiquitous through the cell, there is a noticeable intensity in signal intensity in the BB 

(Figure 5-2Ai). Thus, we chose to investigate pharmacological perturbations of cofilin in 

W4 cells, similar to those experiments done in Chapter III.  Cofilin is phosphorylated on 

Ser3 and is considered inactive in its phosphorylated state and active in its 

dephosphorylated state [4] (Figure 5-1B). The slingshot (SSH) family of proteins 

catalyzes the removal of the phosphate group from Ser3, while LIM-kinases (LIMKs) 

and testicular protein kinases (TESKs) are responsible for the phosphorylation of cofilin 

(Figure 5-2B) [246]. Sennoside A, a compound derived from rhubarb, was recently 

found to increase cofilin phosphorylation in vitro and in vivo by inhibiting SSH (Figure 5-

2B)  [247](. Similarly, LIMKi 3 has been described as an inhibitor of LIMK1/2 (Figure 5-

2B) [248]. It is important to note that LIMKs are implicated in the regulation of a variety 

of cytoskeletal elements, including actin polymerization mediated by the Rho family of 

proteins [249].  

 Here, we treated doxycycline-induced W4 cells with either LIMKi 3 or Sennoside 

A for 24hrs, as previous studies done with these compounds all used relatively long-

time scales (12-44hrs). In order to determine if there was any noticeable effect on the 

brush border, we experimented with a variety of compound concentrations and imaged 

fixed cells at each concentration. In the LIMKi 3 condition, we used 20 µM and 40 µM. 

Interestingly, in these preliminary experiments, we observed the presence of BB 

positive and BB negative cells (Figure 5-1C). At 40 µM, BB negative cells had a very 

dim F-actin signal, as determined by phalloidin staining (Figure 5-1C). Interestingly, the 

cells treated with 40 µM LIMKi 3 that remained BB positive were also substantially 
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larger than usual W4 cells. These preliminary results seem to suggest that increased 

cofilin activity might result in fewer cells presenting with a BB (hence the BB negative 

populations) and increased cell size due to positive intracellular pressure combined with 

a lacking actin cytoskeleton, as in the case of the BB positive cells. 

 Interestingly, the sennoside A treated cells presented with a variety of 

phenotypes dependent on the compound concentration. At 10 µM, cells displayed 

markedly elongated microvilli, similar to those seen in blebbistatin treated cells in Figure 

3-6 (Figure 5-1D). Cells treated with 5 µM or 20 µM did not appear to have microvilli that 

are elongated to the same extent as the 10 µM treatment condition (Figure 5-1D). 

Interestingly, cells treated with 40 µM of sennoside A appeared to lose their brush 

borders completely (Figure 5-1D). It has been proposed that high concentrations of 

activated cofilin promote the nucleation of new actin filaments—perhaps, in the absence 

of activated cofilin that would occur at high sennoside A concentration, a critical 

mechanism of BB maintenance is disrupted. 

 However, it is important to emphasize that these interpretations are preliminary 

results, and as such, do not have any sort of statistical power needed to be more 

concrete conclusions. The role of cofilin is likely multifaceted and carefully regulated 

within BB expressing cell types.  Indeed, the appearance of potential phenotypes 

indicates that further experimentation is necessary and that understanding the role of 

cofilin in the BB represents an important future direction to be explored.   

Loss of NM2C may impact cell migration 

 During our investigation of the NM2C KO mouse, we wanted to investigate if the 

rate of cell migration was altered in these animals due to the changes in villus 
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morphology and the compressed lateral cell profiles. Recently, crypt-villus migration has 

been described using a model of collective cell migration that is driven by basolateral 

Arp2/3 actin protrusions oriented in the direction of migration, which resemble feet that 

are in contact with the basement membrane [217]. These new findings were in contrast 

to a decades’ old assumption that crypt-villus migration was driven solely by mitotic 

pressure from dividing cells in the crypts. In this study, the authors used a 5-ethynyl-2’-
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deoxyuridine (EdU) pulse-chase assay. EdU is injected into mice intraperitoneally (IP) 

and labels newly synthesized DNA, after which you apply a “click” chemistry reaction to 

detect the new thymidine analog [250]. For our investigation of cell migration in NM2C 

KO mice, we collaborated with the Williams lab at Vanderbilt to perform a 5-bromo-2’-

deoxyuridine (BrdU) pulse-chase assay. Similar to EdU, BrdU is introduced using an IP 

injection. BrdU is incorporated in de novo-synthesized DNA as a substitute for thymine 

Figure 5-3: Preliminary data suggests cell migration is impaired with loss of 
NM2C. A, cartoon scematic of BrdU experimental timeline. B, representative images of 
WT and KO tissue from animals sacrificed 24hrs and 48hrs after BrdU injection. BrdU 
positive cells labeled in green, purple is background fluorescence. Scale bar is 50µm 
and applies to all images. C, quantification of the distance the leading BrdU positive cell 
is from villus base. Student’s t-test used for significance, **** indicateds p > .0001 



125 
 

and thus permanently labels actively proliferating and daughter cells until it is diluted out 

after many rounds of cell division [250]. The BrdU signal is then detected using anti-

BrdU antibodies. However, detection of the BrdU that has been inserted into the 

genomic DNA required harsh digesting or denaturing treatment of the tissue (trypsin, 

HCl, heat, and or DNase are commonly used). This, unfortunately, often results in tissue 

damage or incompatibility for staining with other antibodies.  

For this set of experiments, we injected WT and KO mice with BrdU and 

sacrificed the animals at either 24 or 48hrs (Figure 5-3A). The entire length of the gut 

was rolled into a swiss roll and then processed for paraffin embedding and 

immunohistochemistry (Figure 5-3A). For a preliminary assessment of collective cell 

migration in KO animals, 2 animals from each group were sacrificed at 24hrs, and 1 

animal from each group was sacrificed at 48hrs. BrdU or EdU experiments typically 

require large cohorts in order to have enough statistical power for obtaining significant 

results. In these preliminary studies, we stained for BrdU and used an anti-mouse 568 

secondary to non-specifically label the villi (Figure 5-3B). Indeed, we found that in both 

the animals sacrificed at 24hrs and those sacrificed at 48hrs, the KO animals presented 

with BrdU positive cells closer to the crypt-villus transition zone (Figure 5-3C). This 

suggests that NM2C KO animals have some impairment in cell migration, and further 

investigation is warranted. There are a few features of the KO animals that obscure the 

typical BrdU measurement of labeled cells. The KO animals have significantly larger 

villi, which respectively results in KO animals having few villi per mm of intestine (Figure 

4-1).  Additionally, KO villi have a morphology that is markedly different from that of WT 

animals. These changes in the gross morphology of the KO intestine make measuring 
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the distance a cell is from the crypt-villus transition a potentially questionable readout. It 

may be more accurate to normalize the distance from crypt-villus transition to villus 

length. Indeed, the ideal experiment would be to observe collective cell migration in vivo 

using multiphoton microscopy and endogenously tagged fluorescent animals. However, 

developing the animal models and assay for such an experiment was out of the scope 

of this thesis.  

Assessing the role of myosin-2 inhibition/activation in vivo  

A variety of epithelial cell culture models display a brush border on their apical 

surface. The majority of these are derived from either kidney or colonic epithelial cells, 

with cancerous origins. While these cell culture models are incredibly useful for 

performing structure-function analysis and gaining insight into the role of a protein such 

as NM2C in an organ such as the intestine, which undergoes continuous regenerative 

renewal, important nuances may exist in vivo that cannot be recapitulated in culture. 

Previously, our lab has developed an assay for assessing the effects of cytoskeleton 

targeting pharmacologic compounds on the brush border in vivo [251]. In this assay, 

mice are put under anesthesia, and a small incision is made in the abdomen (Figure 5-

4A). A loop of the intestine is then gently pulled out through the incision, and the 

jejunum is located (Figure 5-4A). The jejunum must be pulled away from the animal; in 

doing so, portions of the blood vessels that supply the small intestine might need to be 

severed and cauterized. Two small incisions, just large enough for a pipet tip, are cut in 

the jejunum, about two inches away from each other (Figure 5-4A). The compound of 

interest is then perfused through the section of intestine every 10 minutes for 4 hours 

(Figure 5-4A). In the following experiment, the compound of interest was manually 
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Figure 5-4: In vivo perfusion of Blebbistatin. A, experimental setup for in vivo drug 
perfusion. B, Super-resolution maximum intensity projections of DMSO treated control 
and blebbistatin treated sample. C, Representative SEM images of tuft-like cell 
structures found in blebbistatin treated tissue. 
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perfused using a p200 pipet; however, this could be adapted to use a perfusion 

machine. After 4 hours, the animals were sacrificed, and the tissue that was exposed to 

the drug was harvested and processed for frozen sections and electron microscopy.  

Here, we perfused 80µM of blebbistatin through the intestine of one animal and 

perfused an identical volume of DMSO through the intestine of another animal as the 

vehicle control. Interestingly, in frozen sections, intestine that has been treated with 

blebbistatin presented with a very heterogenous brush border, where microvilli varied in 

length within a single image field, as opposed to the DMSO control, where the brush 

border appeared to be approximately the same length, as would be expected (Figure 5-

4B). Interestingly, we observed a similar phenotype in TEMs of NM2C KO brush 

border—some sections would have very short “nubby” microvilli, whereas other sections 

would have longer microvilli. Also of interest, in SEM of animals treated with the in vivo 

Blebbistatin assay, villi had frequent “tufts” of microvilli, which appeared to be the area 

of approximately one cell, with microvilli that were substantially longer than the 

surrounding cells (Figure 5-4C). Only one such tuft was observed in DMSO control 

samples. It is unclear if these “tufty” cells simply have elongated microvilli or if they are 

true tuft cells. If they were true tuft cells, this would be an extremely interesting finding, 

as these animals were only treated with drug for 4hrs, which is not a long enough time 

scale for new tuft cells to differentiate in the crypts and migrate out to the villus where 

they can easily be visualized with SEM. This would open the possibility of enterocytes 

or another intestine epithelial cell transdifferentiating into a tuft cell-like state, which in 

itself would be a fascinating finding. This would also indicate that there is some inherent 

function of myosin and its force-producing abilities that play a role in controlling cell fate 
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within the small intestine. This in vivo perfusion experiment would need to be repeated a 

handful of times to make any concrete conclusions but provides a relatively simple way 

to disturb myosin dynamics in vivo and visualize the effects on the brush border and 

intestinal morphology. 

Role of NM2C in tuft cells 

 Interestingly, we found that the NM2C KO mouse displayed tuft cell hyperplasia. 

While this could be due to a lack of junctional integrity causing an upregulation in 

immune response, we also observed tuft cell hyperplasia in organoids generated from 

NM2C KO mice. This organoid phenotype would indicate that the tuft cell hyperplasia is 

occurring independent of the broader mucosal immune system and is instead epithelial 

cell-autonomous and directly related to the loss of NM2C. After observing this tuft cell 

hyperplasia in KO animals, we went back into the NM2C-GFP mouse model to 

investigate the native expression of NM2C in tuft cells. Due to their rarity within the 

intestinal epithelium, little is understood about how specific protein expression in tuft 

cells compares to enterocytes or other intestinal epithelial cells. In particular, there is 

currently no published work investigating if tuft cells have a terminal web. Tuft cells are 

known for their extended actin rootlets, which would almost certainly leave little physical 

space for the complex meshwork that is the terminal web of enterocytes.  

 Here, we use the tuft cell marker DCLK1 to mark tuft cells in NM2C-GFP small 

intestine (Figure 5-5A). The tuft cells were confirmed to have an actin tuft and extended 

rootlet using phalloidin to mark F-actin. Interestingly, in tuft cells, there is essentially no 

NM2C in the medial portion of the cell and only a very faint band of NM2C signal at the 

actomyosin junctional belt (Figure 5-5B). It might be that another NM2 paralog, such as 
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NM2A or NM2B, is the dominant paralog in the tuft cell junction belt. However, it 

certainly does appear that tuft cells do not have an M2-rich terminal web.  



131 
 

 



132 
 

Investigating molecular organization of NM2C in the terminal web 

One of the persistent unanswered questions from the study detail in Chapter III is 

the molecular organization of NM2C in the terminal web. NM2 paralogs are known for 

forming ordered arrays of myosin “stacks” in other models, including migrating cells and 

cardiomyocytes. These ordered myosin arrays tell us important information about force 

distribution within a cell. However, in the case of the medial array of terminal web 

NM2C, there was no immediately obvious ordered structure, although it was possible to 

find regions that appeared somewhat ordered.  

There are several strategies that could be used to investigate the molecular 

Figure 5-5: Tuft cells lack medial NM2C expression. A, in mount whole tissue from 
endogenous NM2C-GFP tagged mice, DCLK1 clearly marks cells with a bright, F-actin 
tuft. B, two examples of NM2C signal in tuft cells, maximum intensity projection images 
taken with spinning disk confocal. C. Super-resolution maximum intensity projection 
images of two tuft cells, indicated with white arrows.  Within the highlighted tuft cells, 
there is a obvious lack of NM2C intensity. D, Tuft cells have a lower NM2C to F-actin 
ratio. E, Line scan from single plane of the image shown in C, demonstrating that NM2C 
decreases to levels below that of enterocytes as F-actin signal increases within a tuft 
cell. 

Figure 5-6: Determining orientation of NM2C filaments in the terminal web. A, diagram of 
strategies for labels both ends of NM2C. B, cartoon of the appearance of a dual-labeled 
minifilament (top), and how the signal would appear under the microscope (bottom). 
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organization of terminal web NM2C, as diagramed in Figure 5-6A. (1) an NM2C 

construct for transfection with a GFP on the N-terminus and a HaloTag/mCherry on the 

C-terminus (or vice versa). This construct would allow for understanding the orientation 

of NM2C minifilaments within cultured cells. However, cultured cells are not subject to 

the same levels of curvature that exist in the native small intestine, so the force 

distribution in cultured cells may not be equivalent to what it is in vivo. (2) label the N-

terminus of NM2C minifilaments within native NM2C-GFP tissue with an N-terminally 

targeted NM2C antibody, an RLC antibody, or similar antibody that could accurately 

label the motor head of terminal web NM2C. Unlike the NM2A-GFP mouse and the 

NM2B-GFP mouse, which both have the fluorescent probe inserted onto the N-terminal 

end of the respective myosin heavy chain, the NM2C-GFP mouse has the fluorescent 

probe on the C-terminal end, such that it labels the middle of the NM2C minifilaments. 

Given that these animals were all generated by the Adelstein group at the NIH, it is 

unclear what is the reason for the C-terminal tag in the NM2C animals. This does 

present a technical challenge since most myosin antibodies are targeted towards 

sequences in the C-terminus, so a light chain targeted antibody may be more suitable. If 

successful, minifilaments should be dual-labeled, with the middle of the filament 

fluorescing in one color, and the ends fluorescing  in another color (Figure 5-6B) 

Role of NM2C in other organ systems 

One of the unique characteristics of NM2C is that it has very tissue-specific 

expression, unlike the other two NM2 paralogs, which are expressed in almost every 

cell type, although the ratio varies (Figure 5-7). Interestingly, during the start of this 

dissertation work, we transfected LLC-PKL1-CL4 (CL4), a porcine kidney cell line 

commonly used in the lab to investigate BB development and dynamics, with NM2C. In 
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this cell line, NM2C was rarely localized to the apical surface and instead was found 

decorating the actin stress fibers at the bottom of the cell. However, NM2A would 

readily localize to the apical surface of CL4 cells. While it is unclear if the kidney has a 

terminal web that is as intricate as that of the small intestine, there does seem to be a 

specific role for NM2C that does not depend on if a cell type has a brush border. 

Indeed, these observations are supported by published work that specified that NM2A 
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localized to the apical membrane, while NM2C could be found at both the apical and 

basolateral surfaces.  

The other two regions that are known to have high NM2C expression are the 

cochlea, where NM2C has been implicated in convergent extension, and the pituitary 

gland and glial cells of the brain (Figure 5-7) [6]. Certain neuropathies have been 

associated with a mutation in NM2C, suggesting that WT NM2C has a specific role 

within the brain [91, [94, [252, [253]. Exploring the roles of NM2C in other organs will 

allow for greater insight as to why NM2C has such specific expression and if it plays any 

unique roles that cannot be compensated for by NM2A or NM2B  

Conclusions 

These data and hypotheses within this dissertation represent a continuation of 

nearly two centuries of research on myosin, which began in 1868 with Wilhelm Kühne, 

with NM2C being the most recently discovered myosin motor. The work here answers a 

decades’ old question about the identity and role of an early identified BB myosin-2. 

Here, we have established that NM2C is localized to the terminal web of intestinal 

enterocytes, where it works to control the length of apical microvilli via contractility-

dependent actin turnover (Chapter III).  Additionally, we found that NM2C plays a 

unique role in constraining villus and cell morphology as organisms age and that this 

cannot be effectively compensated by the redistribution of NM2A to the terminal web 

(Chapter IV). We also found that NM2C KO mice display an exceptional amount of tuft 

Figure 5-7: NM2C displays tissue specific localization.  From Ma and Adelstein 2014, 
Bioarchitecture [6]. Whole mount images of mice embryos demonstrating localization of 
NM2A, NM2B and NM2C. 
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cell hyperplasia (Chapter IV), which is of particular interest as tuft cells appear to 

natively express less NM2C. The future directions and experiments detailed in this 

chapter will be critical to gaining further understanding of the biological function of 

NM2C and understand the role of propagating force across a complex epithelial sheet, 

such as the small intestine.  
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