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ABSTRACT

Epithelial brush borders are large arrays of microvilli that enable efficient solute uptake from
luminal spaces. In the context of the intestinal tract, brush border microvilli drive functions that
are critical for physiological homeostasis, including nutrient uptake and host defense. However,
cytoskeletal 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 highly crosslinked filamentous meshwork referred to as the “terminal web”.
Although classic EM studies revealed complex ultrastructure, the composition, organization, and
function of the terminal web remains unclear. Here, we identify non-muscle myosin-2C (NM2C)
as a major component of the brush border 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 in this network are separated by ~210 nm, dimensions that are comparable to the expected
size of filaments formed by NM2C. In primary intestinal organoid cultures, the terminal web
NM2C network is highly dynamic and exhibits continuous remodeling. Using pharmacological
and genetic perturbations to disrupt NM2C activity in cultured intestinal epithelial cells, we found
that this motor controls the length of growing microvilli by regulating actin turnover in a manner
that requires a fully active motor domain. Our 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.
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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 (1). 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 (2,3). 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 (4-7), with the barbed-ends oriented at the
distal tips, and the pointed-ends anchored in a dense, filamentous network known as the terminal
web (8-10). 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 structural components, such as PACSIN-2, plastin-1, or actin bundling proteins
(villin, espin and plastin-1) exhibit significant perturbations to the terminal web (11-13). 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 (14—17).
Early deep-etch electron microscopy (EM) studies also identified “8 nm filaments”, which
appeared to crosslink microvillar actin bundle rootlets (18). 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 (9,19).
This was further supported by immunofluorescence labeling studies that made use of a pan-myosin

antibody raised against myosin-2 epitopes (20). However, the identity of the myosin, and the
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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 (21). 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 assembly of contractile units, respectively (22-24). 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
(25,26).

Non-muscle class 2 myosins (NM2A encoded by MYH9, NM2B encoded by MYH10, and
NM2C encoded by MYHI4) are ubiquitously expressed and have been implicated in diverse
contractile activities including cytokinesis, cell motility, and the control of cell morphology (22).
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 (22,27). NM2 paralogs have distinct kinetic properties, which allow these motors
to perform specific and distinct functions within the cell (28,29). In the context of in vitro sliding
filament assays, tail-less NM2C heavy meromyosin (HMM) fragments move actin filaments at
~0.05 pm/s, slower than both NM2B (~0.08 pm/s) and NM2A (~0.29 um/s) (30). 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 (29).

A previous proteomic study by our laboratory revealed that brush border fractions isolated
from mouse small intestine contain all three NM2 paralogs, although NM2C is by far the most
abundant (31). NM2C remains the most poorly understood paralog with regard to biophysical
properties and physiological function. NM2C exhibits specific expression to pituitary gland and
glial cells, as well as inner ear sensory, intestinal, and kidney epithelia (32). Mutations in MYH 14

have been linked to hearing loss, peripheral neuropathies, and developmental defects in the lower
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gastrointestinal tract (33—41). The parallel perturbation of both inner ear and intestinal epithelial
systems by mutations in MYH 4 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 (42,43). Indeed, 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 (44). 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 (29,44). Treatment of NM2C-
EGFP mouse epithelial tissues with myosin-2 inhibitor blebbistatin (which prevents force
generation) increased the inter-puncta distance, indicating that under normal conditions the
circumferential NM2 band is under tension (44). Careful inspection of images in this previous
study also revealed that NM2C signal is not confined to the circumferential junctional array, as
dimmer puncta also appear to span the cell medially, throughout the entire sub-apical 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 sub-
apical terminal web. Although these puncta demonstrate ~two-fold lower levels of NM2C
enrichment relative to those found in circumferential array, based on their 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.
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RESULTS

NM2C is enriched in the brush border terminal web in vivo

Previous studies established that NM2C localizes to peripheral cell-cell junctions in inner ear and
intestinal tissues in mice (32,44). To investigate the sub-cellular distribution of NM2C in intestinal
epithelial cells in more detail, we took advantage of mice that express an EGFP-tagged form of
NM2C from the endogenous locus (44). In this model, EGFP is fused in frame to the C-terminus
of the NM2C heavy chain. Confocal imaging of frozen intestinal tissue sections derived from these
mice allowed us to visualize the strong apical signal of NM2C along the full length of villi (Figure
1A). Lower levels of NM2C were also observed on the apical surface of immature epithelial cells
in the stem-cell containing crypt compartments (Figure 1A, merge). To gain additional resolution
at the sub-cellular scale, tissue sections from NM2C-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 1B,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 1C, white arrows). This was further confirmed with quantitative linescan analysis of
NM2C-EGFP fluorescence intensities along individual microvilli visualized in SIM images
(Figure 1D). En face images of NM2C-EGFP tissue samples revealed that terminal web NM2C
signal was strikingly punctate; the differential enrichment of NM2C in medial vs. junctional puncta
was also apparent in these images (Figure 1E). Intensity analysis revealed that medial puncta in
the terminal web were ~half the intensity of junctional puncta (Figure 1F). Moreover, nearest
neighbor distance calculations showed that medial and junctional puncta are minimally separated
by approximately the same distance, ~210 nm (Figure 1G). 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.
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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 2A, Movie
1). 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 2A zooms 1 and 2, Movie 1). We also performed photokinetic studies to examine
the turnover rates of NM2C-EGFP puncta in the medial vs. junctional populations (Figure 2B-E).
Fluorescence recovery after photobleaching (FRAP) analysis revealed that, despite the two-fold
difference in puncta intensity (Figure 1F), the recovery rates for these two populations were
remarkably similar (Figure 2D). Thus, medial NM2C-EGFP puncta exhibit spacing and turnover
kinetics that are similar to junctional puncta. Given that the circumferential junctional belt of NM2
is an established contractile array (44), 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 (45,46), Ls174T-W4 (W4) cells mimic partially
differentiated intestinal epithelial cell and thus, provide a model for studying actively growing
microvilli (13,47). This cell line is derived from human colonic epithelium and can be induced via
doxycycline treatment to acquire apical-basolateral polarity and assemble a brush border (46,48).
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
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localization at the base of microvilli, in a band that resembled the terminal web observed in native
tissue samples (Supp. Figure 1A). Importantly, an NM2C construct with a C-terminal HaloTag
also demonstrated similar terminal web enrichment in W4 cells (Supp. Figure 1B). Thus, both
native and over-expressed NM2C localization in W4 cells are comparable to that observed in
native intestinal tissue.

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 (23,49-51). While calyculin
A does not specifically target NM2C activity, our previous proteomic results (31,44) and antibody
staining experiments in this study (Supp. Figure 1) indicate that this isoform is the dominant
variant in the terminal web. Strikingly, treatment with 4 nM calyculin A resulted in marked
shortening of microvilli over the course of 60 min (2.8 £ 0.6 pm control vs. 1.8 + 0.5 pm calyculin
A, Figure 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 3D, Movie 2). In some cases, W4 cells appeared to lose nearly all surface microvilli
following calyculin A treatment (Figure 3C). 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 3F). 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 motor (52,53). 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
3G-H, Movie 3). 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.

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
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the NM2 motor domain in a non-force producing state (54,55). After treating polarized W4 cells
with 20 uM blebbistatin, we noted that microvilli became significantly less dynamic (Movie 4)
and subsequently exhibited a marked elongation, in some cases doubling their length (2.8 + 0.6
pum control vs. 5.2 + 1.3 pm blebbistatin treated) over the 60 min experimental time course (Figure
4A-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 4F, Movie 4). 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 4C). 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 (49,51,54,55). 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 (Movie 5). 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 uM blebbistatin. These 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 (Movie 5). 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 uM 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 (Movie 4). A

previous study from our group established that the parallel actin bundles that support microvilli
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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 (56). 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 (56). 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 (57-59). To examine the possibility that NM2C
mechanical activity promotes the 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 uM 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 4F, Movie 6).
However, in W4 cells treated with 20 uM blebbistatin, bleached ROIs remained almost completely
static and showed little to no recovery, even after up to 10 minutes (Figure 4F, Movie 7). 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.

NM2C motor domain activity is required for limiting microvillar length

All myosin motor domains contain highly conserved residues that participate directly in actin and
ATP binding, as well as ATP hydrolysis and force production (21,27). Previous studies established
that mutations to these residues disrupt myosin activity in predictable ways (60—64). To determine
which facets of motor activity are 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)(60,62). We also targeted R784, which was identified as a
critical residue in the NM2C crystal structure (65). R784 rests at the interface of the 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 (65). 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 (66—68).

Typically, we would employ a KD/rescue strategy to first eliminate endogenous NM2C expression
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and then re-express NM2C mutant variants to assess their function. However, NM2C KD was not
well tolerated by W4 cells (data not shown) as stable NM2C KD cells lines using lentiviral
transduction of shRNAs were 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 pm control vs 2.6 um
Halo-NM2C; Figure 5A,B,G). As a point of comparison, we also overexpressed EGFP-NM2A,
which exerted an even more potent length reduction effect (3.6 pm control vs 2.3 um in NM2A;
Figure 5C,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 5D-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.
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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.
We found the treadmilling dynamics, which are characteristic of nascent growing microvilli (56),
are almost completely abolished upon treatment with the NM2 inhibitor, blebbistatin. 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 sub-apical terminal web. Because microvillar length 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 TEM images of microvillar rootlets (9). These iconic images revealed that the
space between core bundle rootlets is spanned by small filaments with dimensions comparable to
thick filaments found in muscle. Based on these early observations, Mooseker and Tilney
postulated that adjacent microvilli were physically linked by a filament forming myosin, in a
manner analogous to the organization of muscle sarcomeres (see Fig. 14 in ref 9). 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 (69-73). 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 (29). In this configuration, NM2 motor groups are capable of generating opposing forces of
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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 both the circumferential junctional band (as previously described, 44), as well
as the medial terminal web (Figure 1). Given that NM2C in the mouse model employed here is
tagged on its C-terminus with EGFP (44), 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 1), 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 is 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 (44,74,75), these points might additionally argue that medial/terminal web NM2C is also
capable of exerting force on the rootlets of microvillar actin core bundles. We also note here that
the inter-puncta 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 (29). 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)(44). 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 drug treatment studies with two activators (calyculin A and 4-HAP) and one inhibitor
(blebbistatin) of NM2 activity 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. Of the three drug treatments applied in this study, only 4-HAP appears to exert some
specificity toward NM2C; calyculin A and blebbistatin both exert effects on all NM2 isoforms
(49,54). However, previous proteomic characterization of brush borders isolated from mouse small

intestine indicate that NM2C is by far the most abundant isoform in this system (~3-fold greater
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than NM2A, ~12-fold greater than NM2B; 31). Moreover, our localization studies performed in
W4 cells demonstrate that NM2C specifically enriches in the terminal web, whereas NM2A
exhibits a non-polarized distribution over the entire cell cortex (Supp. Figure 1A vs. 1C). Taken
together with our over-expression studies that establish NM2C is capable of shortening microvilli
when present at high levels (Figure 5B,H), we conclude that the effects of drug treatments reported
here primarily reflect an impact on NM2C activity in the terminal web.

The general concept 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 (76). 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 Ca?" depletion (77), and in the
recycling of filaments that is required for normal contractile ring constriction during cytokinesis
(78,79). Thus, the NM2C-dependent microvillar length control mechanism we identify here
represents a new facet of a broadly conserved class of function for filament-forming NM2

1soforms.

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 (56,80). 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, steady-state length of the
structure can remain constant. To shorten a treadmilling bundle, assembly rate must decrease, or
disassembly rate must increase (or some combination of the two). Based on 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 live imaging
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observations showing that the robust turnover dynamics of W4 microvillar actin bundles is
attenuated following blebbistatin treatment (Figure 4F).

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 (81).
Interestingly, NM2C does exhibit kinetic properties (a moderate duty ratio and potentially strain-
sensitive catalytic cycle) that would allow it to strain actin filaments (29). 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 which revealed that NM2
contractility can enhance the localization and severing activity of severing protein, cofilin (82).
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 (83—85). Although there is 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.

Additional roles for NM2C in polarized epithelia

In addition to promoting the turnover of actin filaments that comprise 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 4A-C, Movie 4). Thus, by binding directly
to core actin bundles, NM2 might play a role in apicobasal polarity reinforcement and constraining
of the size of the apical domain (86). 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 (87,88).
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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 (32).

Deeper insight on how NM2C contributes to epithelial physiology will come from careful
analysis of in vivo loss-of-function models. Although a mouse model null for MYH 4 expression
was previously described, the authors reported no overt physiological phenotypes (89). 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 (44).
Thus, an apparent lack of 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
(28,29).
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MATERIALS AND METHODS

Frozen Tissue Preparation

Segments of small intestine where removed and flushed with cold PBS supplemented with 1.2 mM
CaCly and 1 mM MgCls, and the fixed with 2% PFA/PBS for 15 minutes. After initial fixation, the
intestinal tube was cut along its length and fixed for an additional 2 hrs in 2% PFA/PBS at room
temperature with gentle agitation. Samples were washed with PBS three times and sub-dissected
before being floated lumen-side down in 30% sucrose with 1% sodium azide/TBS at 4° C
overnight. Samples were then streaked through OCT embedding medium before being oriented in
a block filled with fresh OCT and snap-frozen in dry ice-cooled acetone. Samples were then
sectioned (10 pum thick for confocal imaging or 2 pm thick for SIM imaging) and mounted on

slides for phalloidin staining.

Cell Culture

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 pg/ml), G418 (1 mg/ml), and phleomycin (20 png/ml); cells were grown at
37°C and 5% CO:x as our group and others have previously described. This cell line was generous

gift from Dr. Hans Clevers (Utrecht University, Netherlands).

Cloning and Constructs

pEGFP-NM2C was obtained from Addgene (plasmid #10843). mNEON-green-B-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
All transfections were performed using Lipofectamine2000 (#11668019; Invitrogen) according to

manufacturer’s instructions and W4 cells were allowed to recover overnight. Following recovery,
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W4 cells were seeded onto plates or coverslips, and incubated overnight in the absence or presence
of 1 ng/ml doxycycline to induce polarity, and then prepared for immunofluorescence or live cell

imaging.

Drug Treatments

For fix and stain experiments, W4 cells were split onto glass coverslips, and incubated for 12 hours
in the presence of 1 pg/ml doxycycline to induce apicobasal polarity and brush border formation.
Induced W4 cells were then incubated with either 20 uM Blebbistatin (B592500; Toronto
Research Chemicals), 4 nM Calyculin A (PHZ1044; Invitrogen) or | 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.

Cell and Tissue Staining

For SIM or laser scanning confocal imaging, W4 cells were plated onto glass coverslips, and
allowed to adhere overnight in the presence of 1 pg/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 Phallodin (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). Frozen tissues sections were washed in PBS three times and stained with
Alexa Fluor 568 Phallodin (A12380; Invitrogen) for 2 hrs at 37°C. Samples were then washed with
PBS three times and mounted in ProLong Gold Antifade Mounting Media (P36930; Invitrogen).
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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, 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).

Light Microscopy and Image Processing

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 pg/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 37° C PBS. PBS was
replaced with standard cell culture media and cells were allowed to equilibrate to new media for
15 min at 37° 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 um in width and 3-15 pm in length)
using a 405 nm laser at 30% power with a 10 ps dwell time. During imaging, cells were maintained
with humidity at 37° C with 5% CO- 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 um to 0.18 um to allow for deconvolution (Nikon

Elements Automatic or Richardson-Lucy algorithms). Images were contrast enhanced, cropped,
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and aligned using ImageJ software (NIH) or Nikon Elements. Two-dimensional images were
generally viewed as a maximum intensity projection (MaxIP); three-dimensional depth-coding

was performed using ImageJ software (NIH).

Quantification and Statistical Analysis

All image analysis was performed using F1JI or Nikon Elements software, and all quantitative data
are from at least three independent experiments. 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
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 fit to a single Gaussian
using nonlinear regression analysis (Prism v.7, GraphPad). For quantification of percentage of
cells with brush border, cells were scored as ‘brush border positive’ if they displayed polarized F-
actin accumulation as visualized using a 40X 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 FI1JI. 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. Percent brush border and microvillar length
data were analyzed with a D’ Agostino and Pearson omnibus normality test to determine normal
distribution. Normally distributed data were statistically analyzed to determine significance using
the ordinary one-way ANOVA with Dunnett’s multiple comparisons to compare means between
data sets. Statistical analyses performed are stated in the figure legends. All graphs were generated,

and statistical analyses performed using Prism (v.7, GraphPad).
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FIGURE LEGENDS

Figure 1: 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.

Figure 2: 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
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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; 112 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.

Figure 3: 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 I 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.

Figure 4: 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 uM DMSO vehicle control, (B) 10 min exposure to 20 uM blebbistatin, or (C) 60

min exposure to 20 uM blebbistatin; signals are inverted to facilitate visualization of dim
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structures. (D) Quantification of microvillar length from Ls174T-W4 cells fixed after 10 min, 30
min, and 60 min in 20 uM 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 B-actin in the absence (top row) or presence of 20 uM

blebbistatin (bottom row) for 15 minutes prior to imaging.

Figure 5: 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.

Figure 6: 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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Figure 3
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Figure 6
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