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SUMMARY

Transporting epithelial cells like those that line the intestinal tract are specialized for solute
processing and uptake. One defining feature is the brush border, an array of microvilli that serves
to amplify apical membrane surface area and increase functional capacity. During differentiation,
upon exit from stem cell-containing crypts, enterocytes build thousands of microvilli, each
supported by a parallel bundle of actin filaments several microns in length. Given the high
concentration of actin residing in mature brush borders, we sought to determine if enterocytes
were resource (i.e. actin monomer) limited in assembling this domain. To examine this possibility,
we inhibited Arp2/3, the ubiquitous branched actin nucleator, to increase G-actin availability
during brush border assembly. In native intestinal tissues, Arp2/3 inhibition led to increased
microvilli length on the surface of crypt, but not villus enterocytes. In a cell culture model of brush
border assembly, Arp2/3 inhibition accelerated the growth and increased the length of microvilli; it
also led to a redistribution of F-actin from cortical lateral networks into the brush border. Effects
on brush border growth were rescued by treatment with the G-actin sequestering drug, Latrunculin
A. G-actin binding protein, profilin-1, colocalized in the terminal web with G-actin, and
knockdown of this factor compromised brush border growth in a concentration-dependent manner.
Finally, the acceleration in brush border assembly induced by Arp2/3 inhibition was abrogated by
profilin-1 knockdown. Thus, brush border assembly is limited by G-actin availability and
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profilin-1 directs unallocated actin monomers into microvillar core bundles during enterocyte
differentiation.

eTOC BLURB

Faust et al. show that the rate of brush border assembly is limited by G-actin availability and that
profilin-1 directs unallocated G-actin into growing microvilli during enterocyte differentiation.
These findings offer a framework for understanding how epithelial cells cope with the demands of
building elaborate apical specializations.
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INTRODUCTION

The most abundant intestinal epithelial cell type, nutrient-absorbing enterocytes, undergo a
dramatic reorganization of their apical surface as they transition from crypt to villus during
differentiation [1, 2]. During this period, filamentous actin (F-actin) bundle-supported
membrane protrusions known as microvilli are formed and subsequently organized into
highly ordered arrays known as the brush border. Large numbers of microvilli increase
plasma membrane surface area, which optimizes solute transport capacity [3]. A single
microvillus contains 20-30 actin filaments with barbed ends, the preferred sites of monomer
addition, facing the plasma membrane at the distal tips [4, 5]. Biochemical studies on native
brush border fractions revealed that actin filaments within microvilli are bundled by villin
[6], fimbrin [7], and espin [8]. Bundles are tethered laterally to the overlaying plasma
membrane by the actin-based motor, myola [9], as well as ezrin [10]. The pointed ends of
core actin bundle filaments extend into a dense anastomosing meshwork of intermediate
filaments, actin filaments, and spectrin, which together are believed to provide mechanical
support for the apical domain [11, 12].

Although the structural components and ultrastructural architecture of the brush border are
well studied, our understanding of mechanisms that control microvilli assembly during
enterocyte differentiation remains less well defined. The assembly of complex actin
networks is controlled predominately by actin nucleators, which include the branched
network nucleator Arp2/3, and a diverse set of linear nucleators including formin family
proteins and tandem Wiskott-Aldrich Homology 2 (WH2) domain-containing proteins [13,
14]. To date, the only factor with proven nucleation potential shown to impact the growth of
microvilli is Cordon-Bleu (COBL) [15], which localizes to the pointed-ends of core actin
bundles embedded in the terminal web [16-18]. The pointed-end localization of COBL is
consistent with its potential to form actin seeds that subsequently elongate from both ends,
but much faster from the barbed end [15]. COBL knockdown significantly impairs brush
border assembly, whereas overexpression increases the actin content and length of microvilli
in a manner that depends on its actin monomer-binding WH2 domains [18]. Conversely,
molecules that promote actin core assembly specifically at the membrane-associated barbed-
ends include the recently discovered insulin receptor tyrosine kinase substrate (IRTKS) and
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its binding partner epidermal growth factor receptor pathway substrate 8 (EPS8), which both
contribute to the normal elongation of microvilli during brush border assembly [19].
Whether the IRTKS/EPS8 complex is capable of nucleating actin bundle formation de novo,
or if these factors work in concert with a yet to be determined nucleator remains unclear.
Once assembled, microvilli can exhibit robust turnover at steady-state. A number of previous
FRAP studies on undifferentiated epithelial cell culture models show that microvilli exhibit a
dynamic ‘treadmilling’ activity, with new G-actin inserting at microvilli tips, flowing
through the bundle, and exiting at the pointed-ends [20-22]. This is also consistent with
early studies that showed isolated brush borders retain the ability to elongate their actin
bundles /n vitro when soaked in G-actin [4, 23], with the barbed-ends at the distal tips
serving as the preferred site of incorporation for new monomers.

Independent of nucleators and other molecular components that might control the elongation
of microvilli, more recent studies indicate that actin network assembly may be regulated by
G-actin availability, a paradigm we refer to herein as cellular “actin allocation’. In fission
yeast, distinct polymerized actin networks appear to be in competition for a limited pool of
G-actin [24]. Inhibition of Arp2/3-driven branched nucleation in endocytic patches using
CK-666 promotes aberrant assembly of formin-based cables. This process requires cofilin,
suggesting a large-scale remodeling of branched networks into the parallel bundles that
comprise cables. Furthermore, in yeast and cultured fibroblasts, the G-actin-binding protein
profilin acts as an assembly ‘gatekeeper’, directing G-actin into linear arrays nucleated by
formins, while antagonizing Arp2/3-driven branched nucleation [25, 26].

Given the exceedingly high concentration of actin in brush borders, differentiating
enterocytes may also be resource-limited in their ability to assemble microvilli. Classic
studies by Stidwill and Burgess found that enterocytes in the developing chick embryo
significantly upregulate actin expression concomitant with the elongation phase of microvilli
growth [27], further suggesting that brush border assembly places a heavy burden on the
cellular actin pool. We sought to test this concept directly /n vivo, and in vitro using an
epithelial cell culture model that affords control over brush border assembly. Our results
establish actin allocation as a mechanism that controls the timing and extent of brush border
assembly /n vivo, and also implicates profilin as a factor that promotes the growth of
microvilli actin cores in an Arp2/3-independent manner. These findings may also offer a
framework for understanding how other epithelial cell types, such as the mechano-sensory
hair cells of the inner ear, cope with the demands of assembling elaborate apical
specializations.

Arp2/3 inhibition increases microvilli length on crypt epithelial cells in vivo

To determine if G-actin availability limits microvilli growth during enterocyte
differentiation, we used an /n vivo system to examine how CK-666 exposure impacts
microvilli structure. CK-666 is an Arp2/3 inhibitor [28] that has been used in previous
studies to increase G-actin availability for other non-branched actin networks [24]. For these
experiments we perfused 120 uM CK-666 in saline supplemented with efflux pump inhibitor
verapamil, or saline-verapamil alone into the proximal jejunum of age and sex-matched

Curr Biol. Author manuscript; available in PMC 2020 October 21.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Faust et al.

Page 4

mice. In confocal images of perfused tissue sections, brush borders labeled with
fluorophore-conjugated phalloidin appear as an amorphous enrichment of apical signal.
Since the diameter of a microvillus is below the diffraction limit, individual protrusions are
not resolved (Figure 1A). The increase in resolution afforded by Structured Illumination
Microscopy (SIM) (Figure 1B) allowed us to visualize and measure individual microvilli.
Strikingly, when we compared microvilli lengths between mock and CK-666 perfused
samples, we found a significant increase in length at the base, middle and neck regions of
the crypt for CK-666 perfused samples (Figure 1B—C). In contrast, we observed no
significant difference in microvilli length on villus enterocytes (Figure 1D,E). These initial
results suggest that the elongation of microvilli on the surface of cells in the crypt, the site of
brush border assembly, may be limited by G-actin availability.

Arp2/3 inhibition accelerates brush border formation in W4 cells

To understand the mechanistic basis of microvilli elongation induced by CK-666 /n vivo, we
turned to the Ls174T-W4 (W4) human intestinal epithelial cell line as an /n vitro model of
brush border assembly [29]. W4 cells are p53 positive, E-cadherin negative and stably
express STRADa and LKB1. Addition of doxycycline (Dox) to these cultures results in
STRADa activation of LKB1 initiating a polarity program that culminates in brush border
formation within hours [29]. W4 cells have been used by our group and others to reveal
mechanistic details of polarity establishment and brush border formation, and are thought to
mimic differentiating crypt enterocytes [18, 19, 29-33].

We first sought to determine if the microvilli elongation induced by CK-666 /n vivo was
recapitulated in the W4 cell system. To this end, we examined brush border assembly over
an 8-hour period of differentiation. W4 cells were passaged, allowed to adhere for 30
minutes, and were then induced with Dox and 0.01% DMSO or Dox supplemented with 60
UM CK-666 and subsequently processed for microscopy (Figure 2A). Consistent with
previous reports [18, 19, 29], in the absence of Dox only a small fraction of cells present
with brush borders (~10%, Figure 2C). However, after the addition of Dox we observed a
gradual increase in the percent of cells forming brush borders during the 8-hour period,
finally reaching a plateau of ~80% at 6 hours (Figure 2C). In CK-666 treated W4 cells, we
observed significant acceleration of brush border formation (Figure 2B,C). Indeed, after only
3 hours we observed a ~2-fold increase in the percent of brush borders formed in the
presence of CK-666 (33 = 5% mock vs. 65 + 6% CK-666). We also noted significant
increases in the length of microvilli as measured at the 3, 4, and 5-hour time points (Figure
2D). Thus, inhibition of Arp2/3 activity in cultured intestinal epithelial cells promotes brush
border formation in a manner similar to that observed /in vivo.

To test the possibility that CK-666 affected polarity establishment independent of LKB1
signaling, we applied 60 pM CK-666, but omitted Dox, and found no significant difference
from uninduced specimens (Figure 2C). This indicates that Arp2/3 inhibition does not
directly induce competition-based polarity programs [34]. We also observed no difference in
the total number of microvilli per cell following CK-666 treatment (Figure 2E). Western blot
analysis at the 8-hour endpoint also indicated that there was no significant difference in the
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total concentration of B-actin between samples (Figure 2F), suggesting that additional actin
was not expressed during the experimental window.

G-actin sequestration with Latrunculin A rescues normal rates of brush border assembly
in W4 cells treated with CK-666

If the acceleration in brush border formation observed following Arp2/3 inhibition /n vivo
and in W4 cells is due to increased availability of actin monomers, we reasoned that
monomer sequestration with Latrunculin A should return formation rates back to control
level. Application of low levels of Latrunculin A abrogated the CK-666-induced increase in
brush border formation at 3 hours (Figure 3A). Moreover, between 3-5 hours after Dox
induction, microvilli lengths were significantly increased in CK-666 treated samples
compared to mock controls, and this increase was partially rescued by Latrunculin A (Figure
3B). In these experiments, we noted that some W4 cells clearly had a polarized distribution
of F-actin but had microvilli that were so short as to preclude measurement. This resulted in
an overestimation of microvilli lengths in Latrunculin A-treated W4 cells. Based on these
data we conclude that acceleration of brush border assembly in CK-666 treated cells is likely
driven by G-actin released from Arp2/3-based networks.

Release from long-term Latrunculin A treatment accelerates brush border formation in W4

cells

We next sought to determine if increasing G-actin availability by an alternative method to
CK-666 treatment would similarly accelerate brush border formation. To this end, W4 cells
were subjected to long-term G-actin sequestration with Latrunculin A [35]. We then
examined brush border assembly following drug washout, which is expected to transiently
increase G-actin availability. W4 cells were incubated for 12 hours in 25 nM Latrunculin A
and polarized in the presence or absence of 60 UM CK-666 (Figure 4A). W4 cells released
from Latrunculin A exhibited a response similar to that produced by CK-666 treatment
alone; at 3 hours Latrunculin A release accelerated brush border formation (31 + 7% mock
vs. 51 + 7% Latrunculin A; Figure 4B,C). We also observed a slight increase in the percent
of brush borders formed when Latrunculin A release was followed by CK-666 treatment
(Figure 4B,C). Western blotting of cell lysates revealed that long-term Latrunculin A
treatment had no impact on total actin concentration (Figure 4D). Together these data
indicate that brush border formation is normally limited by the availability of G-actin.

F-actin redistributes from lateral cortical networks into the brush border following CK-666

treatment

We hypothesized that the elongation of microvilli and accelerated brush border assembly
following CK-666 treatment occurred at the expense of lateral/cortical F-actin networks,
which are Arp2/3-dependent. To test this concept, we incubated W4 cells in 60 pM CK-666
with Dox to induce differentiation and then quantified phalloidin signal levels (representing
all F-actin) from ROIs encompassing the lateral cortical domain or the brush border (Figure
5). W4 cells treated with CK-666 exhibited a striking redistribution of F-actin signal from
the cortex (Figure 5B) into brush border microvilli (Figure 5C). Thus, following CK-666
inhibition, F-actin accumulation in the brush border occurs at the expense of Arp2/3-
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generated cortical F-actin, suggesting that the apical actin cytoskeleton and cortical lateral
actin networks normally exist in homeostatic balance.

Profilin-1 is required for brush border formation

Recent studies indicate that the G-actin binding protein profilin-1 antagonizes Arp2/3-based
network assembly by directing actin monomers into linear arrays [25, 26]. However, its role
in the growth of brush border microvilli has not been examined. To determine if profilin-1
plays a role in brush border formation or the acceleration of this process in response to
Arp2/3 inhibition, we first examined its distribution in differentiating cells of the crypt. In
proximal jejunum tissue sections, we observed a layer of profilin-1 staining that exhibited
striking colocalization with G-actin in the terminal web (white arrows; Figure 6A). We were
also able to visualize robust enrichment of G-actin in the terminal web of polarized W4 cells
(Figure S1). To examine the functional role of profilin-1, we performed knockdown in W4
cells by shRNA. We generated two W4 cell lines: one exhibiting ~50% depletion (50% KD)
and a second line reporting ~80% depletion (80% KD) as determined by Western blotting
(Figure 6C). We noted that brush border formation appeared to be dependent on the amount
of profilin-1 in W4 enterocytes (Figure 6C—F). At 3 hours the percent of brush borders
formed from 50% and 80% KD cells reported graded decreases relative to scramble control
(14 + 2%, 12 + 5%, and 28 + 6%, respectively, Figure 6F). In 80% KD W4 cells, we
observed two distinct phenotypes. First, the minority of cells had a polarized F-actin signal
with short, stubby microvilli (Figure 6D, panel iii). A second population of cells did not
have polarized enrichment of F-actin, but demonstrated high levels of F-actin signal at the
cortex (Figure 6D, panel iv). These data suggest that profilin-1 is required for brush border
formation and, under normal conditions, suppresses the formation of lateral cortical actin
structures that are generated by Arp2/3.

CK-666-induced acceleration of brush border assembly requires profilin-1

To determine if profilin-1 plays a role in the enhancement of brush border formation induced
by Arp2/3 inhibition, we applied CK-666 to profilin-1 KD cells. Importantly, application of
CK-666 to 80% KD W4 cells no longer accelerated brush border formation as measured at
the 3 hour timepoint (Figure 6F). Microvilli lengths were also significantly reduced for each
condition by nearly 2-fold (Figure 6G). However, at 8 hours, a time point by which brush
border formation is normally complete, 60 uM CK-666 stimulated low levels of brush
border formation in KD cells (Figure 6E). Based on these data, we conclude that profilin-1
plays a critical role in directing actin monomers made available by Arp2/3 inhibition into the
linear actin bundles found in brush border microvilli.

DISCUSSION

Microvilli on the surface of differentiating crypt cells are few in number, disorganized and
short [36]. In contrast, the apical surfaces of differentiated villus enterocytes are saturated
with tightly packed microvilli 1-2 microns in length [5]. To fuel this dramatic increase in the
length and number of protrusions, differentiating cells must: (i) express higher levels of actin
to accommodate the increased demand for subunits, and/or (ii) reallocate G-actin from pre-
existing cytoskeletal structures. Indeed, studies indicate that p-actin is upregulated at both
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the MRNA [37] and protein levels during the crypt-villus transition [38]. In the present
study, we also find clear evidence for the second possibility, i.e. that G-actin availability also
controls the rate of brush border assembly as well as the length of assembled protrusions.

We manipulated G-actin availability by inhibiting one of the ubiquitous master regulators of
actin assembly, Arp2/3. This strategy has been used successfully by others to probe actin
network homeostasis in both fission yeast and fibroblast cells in culture [24, 25]. In
epidermal cells, the Arp2/3 complex plays a major role in generating robust cell-cell
contacts, as mice lacking this nucleator exhibit defective tight junctions [39]. This is
consistent with other studies showing that Arp2/3 contributes to the formation of robust
adherens junctions [40, 41]. Arp2/3 is also found at the lateral margins of cells where it
likely contributes to maintaining the cortical actin meshwork that supports the plasma
membrane [42, 43]. We used CK-666 /17 vivo and in the context of the W4 cell culture model
to inhibit the maintenance of these networks, with the intention of increasing G-actin
availability for microvilli assembly. /n vivo, we find that microvilli on the surface of
undifferentiated crypt cells, the site of brush border assembly, grow significantly longer
following Arp2/3 inhibition (Figure 1). In W4 cells, the same treatment resulted in a striking
acceleration of brush border assembly as well as an increase in microvilli length (Figure 2).
These effects were reversible and could be rescued by sequestering G-actin with Latrunculin
A (Figure 3). Notably, in W4 cells, we found no change in the number of microvilli
assembled, as assessed by counting distal tip EPS8 puncta [19]. Together, these results
suggest that under normal conditions, microvilli length and rate of assembly are limited by
G-actin availability. These data further indicate that the number of microvilli per cell is
controlled by other factors (more below). Previous studies with mice lacking ArpC3
(essential for Arp2/3 activity) revealed defects in membrane trafficking and transcytosis
[44]. Remarkably, ultrastructural images of villus enterocytes from these animals suggested
that microvilli were not impacted by loss of Arp2/3. However, quantification of the apical F-
actin signal in these animals did reveal an increase in KO tissues [44], which would be
consistent with our findings.

In native crypt cells and polarized W4 cells we noted an accumulation of G-actin in the
terminal web region under normal conditions (Figure 6). Proteins seeking to gain access to
the cytoplasm within microvilli and eventually, the barbed-ends of actin core bundles, must
first pass through the terminal web. Thus, the observed pool of G-actin might represent a
‘depot’ for subunits that will eventually incorporate into core bundles. Interestingly, previous
studies on axonal growth cones reported enrichment of G-actin near the cell periphery,
where it contributes to rapid network assembly and protrusion of the leading edge [45]. G-
actin enrichment in the terminal web may fulfill a similar role during brush border assembly.

How G-actin is anchored in the terminal web remains unclear, although our data indicate
that the G-actin binding protein profilin-1 is also found in this region. Brush border
assembly failed in profilin KD cells and CK-666 treatment was unable to rescue this effect
(Figure 6). In combination, these results indicate that actin monomers made available by
Arp2/3 inhibition are directed into the brush border cytoskeleton via a profilin-dependent
mechanism. Consistent with our findings, previous studies from others have shown that
profilin plays a key role in shunting G-actin into Arp2/3-independent networks [25, 26].
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Although the identity of the nucleator(s) responsible for assembling microvilli actin
filaments still remains unclear, past work has implicated the multi-WH2 domain containing
protein COBL in this process [15-18]. In the W4 cell system, COBL KD reduces the
fraction of cells capable of forming brush borders, whereas overexpression leads to
remarkable increases in microvilli length, straightness and F-actin content [18]. Intriguingly,
COBL is also enriched in the terminal web. Thus, one possibility is that profilin/G-actin
interacts with COBL to promote microvilli assembly.

As alluded to above, our CK-666 inhibition studies in W4 cells demonstrate that microvilli
length and the rate of brush border assembly are regulated via a mechanism that is distinct
from that which controls the number of protrusions. How the growth of individual microvilli
is initiated is not well understood, but classic ultrastructural studies revealed that a protein-
rich, electron dense tip complex assembles on outwardly-curved regions of plasma
membrane, and may serve as a nucleation site for nascent core actin bundles [46, 47]. This
electron dense plaque can also be visualized at the tips of microvilli on the surface of
differentiated villus enterocytes [5], suggesting that it might also play a role in the
maintenance of these structures. Interestingly, recent studies have begun to identify factors
that target to the distal tips of these protrusions and hold the potential to modulate actin
assembly. Insulin Receptor Tyrosine Kinase Substrate (IRTKS, also known as BAIAP2L1) is
one example, containing an I1-BAR domain that interacts with outwardly curving plasma
membrane as well as a single WH2 domain that interacts with actin. Previous work from our
group shows that IRTKS promotes the elongation of microvilli to their normal length [19],
although its role in growth initiation has yet to be investigated. Future studies must focus on
understanding the earliest events in brush border assembly and how these early events may
be modulated by actin allocation and other mechanisms that control the location, timing, rate
and extent of microvilli growth.

STAR METHODS
LEAD CONTACT AND MATERIALS AVAILABILITY

Requests for reagents and resources should be directed to, and will be fulfilled by, the Lead
Contact, Matthew J. Tyska (Matthew.Tyska@Vanderbilt.Edu). This study did not generate
new unique reagents.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice—C57BL/6J mice (Mm, Jackson Labs) were given ad /ibitum access to food and water
and housed on a 12-12 hour light-dark cycle. Age (6-8 weeks old) and sex-matched mice
were used for each experiment.

Cell culture—Ls174T-W4 (W4, female Hs colon epithelial cells) cells were cultured
according to the protocol developed by Baas et al. [29]. Briefly, cells were routinely
maintained in DMEM supplemented with 2 mM L-glutamine, 100 pg/mL G-418 (RPI,
G64000), 10 pg/mL blasticidin (Invivogen, ant-bl), 20 pg/mL phleomycin (Invivogen, ant-
ph), and 10% tetracycline-free fetal bovine serum (Atlanta Biological, S10350).
Doxycycline (10 pg/mL, RPI, D43020) was added to induce brush border formation [29].
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Cultures were stored in an incubator that maintained a humidified atmosphere of 5% CO, in
air at 37 °C.

METHOD DETAILS

In vivo CK-666 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 pM; CK666 (Millipore, 182515) was used at
120 pM. 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*/Mg?* for 12 hours at 4 °C. After fixation, segments were
washed with PBS and cut into pieces. Pieces were swirled in drops of OCT embedment
medium (Sakura, 4583) and oriented in OCT-filled 0.8 mL centrifuge tubes to facilitate
cutting through the crypt-villus axis. Samples were rapidly frozen and subsequently
sectioned on a Leica cryotome operating at —18 °C. Sections (5 pm) were collected on high-
stringency cover glass (Thor Labs, CG15CH) that was amino-silanized in-house.

Immunofluorescence and microscopy—W4 cells were fixed with 1.6% formaldehyde
in 100 mM PBS for 15 minutes at room temperature, and permeabilized with 0.1% Triton
X-100, 1.6% formaldehyde in ICB (5 mM MgCl,, 2 mM EGTA, 10 mM KClI, and 20 mM
HEPES, pH 6.8) for 15 minutes at room temperature. The cells were blocked with 1%
bovine serum albumin in ICB for 15 minutes and labeled with fluorophore-conjugated
Phalloidin (Thermo Scientific, A12380). After washing with ICB, cover glass was mounted
on drops of Prolong Gold (P36930) and stored in the dark for 12 hours prior to imaging. For
DNAse-I and antiprofilin-1 labeling, cells were fixed in 2% formaldehyde in 100 mM PBS
for 12 hours and permeabilized with ice-cold acetone for 5 minutes. Alexa Fluor-488
conjugated DNase-1 was used according to the manufacturer’s recommendation (Thermo
Scientific, D12371). Images were collected on a Nikon Al laser scanning confocal
microscope and deconvolved using Nikon Elements 5.0. Structured illumination microscopy
(SIM) was conducted on an N-SIM housed in Vanderbilt’s Cell Imaging Shared Resource.

In vitro drug treatments—W4 cells were allowed to adhere to plasma treated cover glass
for 30 minutes and 10 pg/mL doxycycline and drug were applied. CK-666 (Calbiochem,
182515) was reconstituted as a 60 mM stock in cell culture tested dimethylsulfoxide
(DMSO; Sigma Aldrich) and used at 60 pM. Latrunculin A (Invitrogen, L12370) was made
1 mM in DMSO and used at concentrations indicated in figures.

Brush border formation assay—Brush borders were induced for the indicated time

points and immunofluorescent labeling was performed as described above. Cells were
scored as brush border positive only if the cell contained a dense array of microvilli either
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exclusively at one end of the cell or at the apex of the cell as described previously [18, 19,
29]. Cells within a 40x field were scored and no fewer than 3 fields were selected randomly
from 3 independent experiments.

Western blotting and antibodies—Wa4 cells were grown to ~80% confluence and
removed from culture flasks with a Cell Lifter (Corning, 3008). Cells were pelleted at low
speed at 4°C and subsequently lysed with ice-cold RIPA buffer supplemented with the
cOmplete protease inhibitor cocktail (Roche, 04 693 124 001) for 5 minutes. Lysates were
clarified by centrifugation at 15,000 g and supernatant was refluxed in 4x sample buffer (Bio
Rad, 1610747). Lysate was boiled for 5 minutes before running 10 pg of total protein on
NuPage gels (Thermo Scientific, NP0321). Protein was transferred onto nitrocellulose
according to the manufacturer’s recommendation (Thermo Scientific). Membrane was
blocked with 5% non-fat milk, 0.01% Tween-20 for 1 hour at room temperature and
incubated overnight in primary antibody. Anti-p-actin (Sigma Aldrich, A5316), anti-pan-
actin (Cytoskeleton Inc., AANO1) anti-profilin-1 (Sigma Aldrich, P7624), anti-a-tubulin
(Santa Cruz Biotechnology, B-5-1-2) and anti-GAPDH (Cell Signaling Inc., 14C10) were
used according to manufacturer’s guidelines. IRDye 800cw (LI-CORE, 926-32211, 926—
32210) goat anti-rabbit or goat anti-mouse secondary antibodies were used at a 1:2,000
dilution for 1 hour. Blots were scanned on an Odyssey reader in Automatic mode.

shRNA knockdown—Glycerol stocks of bacteria containing pLKO.1 shRNA expression
vectors (Sigma Aldrich, TRCN0000062803 and TRCN0000062805) were used to generate
lentiviral particles. sShRNA plasmid was mixed with packaging and envelop plasmids and
transfected into HEK293T cells as described elsewhere [19]. Supernatant containing
lentivirus was concentrated with Lenti-X concentrator (Takara Biosciences, 631231) 48
hours after transfection. To generate stable cell lines, lentivirus was applied to cells in the
presence of 8 ug/mL polybrene (Sigma Aldrich, H9268) and selected with 10 pg/mL
puromycin (Invivogen, ant-pr) daily for 14 days. After selection with puromycin, we
obtained stable cell lines that were routinely = 50% KD for profilin-1 as determined by
Western blot densitometry. This cell line is referred to in the manuscript as ‘50% KD’. To
bring cellular concentrations of profilin-1 to <20% control concentrations, we further
transduced TRCN0000062803 particles on top of the TRCN0000062805 stable background
48 hours prior to experimentation (referred to as ‘80% KD).

QUANTIFICATION AND STATISTICAL ANALYSIS

All image analysis and signal intensities measurements from image data were performed
using FIJI or Nikon Elements software. Unless indicated otherwise, data shown represent
median + standard deviation from at least 3 independent experiments. Analysis of variance
was used for multiple comparisons followed by Tukey’s post-hoc test using GraphPad Prism
8.1.2 software. Data were considered significantly different at p < 0.05. Statistical tests

Microvilli length measurements—To avoid orientation artifacts associated with
microvilli length measurements in tissue, we used F-actin signal in optical sections that
included only in-plane microvilli. Length was manually measured in Fiji [48] using the
measure function. Microvilli lengths represent cell averages from 10-20 randomly sampled
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protrusions. In tissue experiments, measurements were repeated six times and 3-6 crypts per
experiment were scored. For length measurements in W4 cells, 10 microvilli were sampled
evenly spaced throughout the brush border. Even sampling resulted in normally distributed
length measurements, which were averaged on a cell-by-cell basis.

DATA AND CODE AVAILABILITY

No large-scale datasets or new code were generated in this study.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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HIGHLIGHTS
Inhibition of Arp2/3 accelerates growth of microvilli /n vivoand in vitro
Inhibition of Arp2/3 redistributes F-actin from the cortex into microvilli
Profilin-1 is required for normal brush border assembly

Acceleration of microvilli growth upon inhibition of Arp2/3 requires
profilin-1
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Figure 1: Arp2/3 inhibition increases microvilli length in crypt, but not villus, enterocytes in vivo.
(A) Confocal image shows a diffraction-limited view of fluorophore-conjugated phalloidin

(white) in a crypt from a mock specimen. Individual microvilli are not resolved in the
diffraction-limited projection. Dotted lines indicate partitioning of the crypt for data analysis
purposes. (B) SIM images show maximum intensity projections of mock (left) and 120 uM
CK-666 treated (right) jejunum crypts. Lower panels show representative high magnification
views of single optical sections used for data quantification. Manual traces are shown as a
visual aid for length measurements. (C) Box and whisker plots of microvilli length in
different regions of the crypt from mock and CK-666 treated animals; base, mid and neck
correspond to labels in A. Boxes show 25™ percentile, median, and 75™ percentile of the
data distribution, whereas whiskers mark maximum and minimum values. Between 139-309
cell averages per condition were analyzed from 6 independent experiments; number of data
points is given under each boxplot. ANOVA followed by Tukey’s post hoc test was used to
determine significance (****p <0.0001). Significance asterisks represent a comparison to
control sample. (D) SIM images show maximum intensity projections of mock (upper) and
CK-666 treated (lower) villus enterocytes. (E) Box and whisker plots show villus microvilli
length distributions from mock and 120 pM CK-666 treated samples; number of data points
is given under each boxplot.
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Figure 2: Arp2/3 inhibition accelerates brush border formation and increases microvilli length.
(A) Timing and detail of the experimental approach. (B) Low magnification confocal images

of mock and 60 uM CK-666 treated W4 cells after 3 hours in doxycycline. Fluorescence
intensities are heat-mapped to facilitate visualization; warmer colors correspond to higher
intensities. Boxes in each image highlight cells shown in magnified views to the right. (C)
Quantification of the percent of brush borders formed over 8 hours; 163-883 cells were
scored per time point for each condition. (D) Box and whisker plots show microvilli length
distributions from mock and 60 pM CK-666 treated cells after 3-5 hours of doxycycline
treatment; number of data points is given under each boxplot. ANOVA followed by Tukey
post hoc test, ****p < 0.0001. Asterisks represent a comparison to mock samples. (E) Box
and whisker plots show the number of microvilli per cell that form between 3-5 hours in
doxycycline; number of data points is given under each boxplot. No significant differences
were observed. (F) Representative western blot showing GAPDH (loading control) and -
actin levels in mock and CK-666 treated samples after 8 hours in doxycycline. Percentage
relative to mock was generated from 3 independent experiments.

Curr Biol. Author manuscript; available in PMC 2020 October 21.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Faust et al.

Page 17

80+ ke

60 % p=0.41
40 ET] =0.99

0 1777 1228 1865 1241 955 1204 1;33
AP \P‘ L pRP| oL o o
o 6 V2V \ 2
\5 .1 “ *\} “\«0‘\‘&\4 “\4

@° 6 e" ©
0*5 *.G *b *56 *‘56

J b33

530 420 440 450 430
_I_Tﬁﬁ'ﬁ'—

T R
,,Qm Ve

Brush border formation (%) >
?

w

Length (um)

0~
W vﬁ" W
o* s"
o \k"" o®

Figure 3: Latrunculin A rescues normal rates of brush border assembly in W4 cells treated with
CK-666.

(A) Box and whisker plots show the percent of brush borders formed in mock control cells,
cells treated with 60 uM CK-666 alone, or cells treated with 60 UM CK-666 in combination
with different concentrations of Latrunculin A, after 3 hours in doxycycline; number of
measurements is given under each boxplot. ANOVA followed by Tukey post hoc test, ****p
< 0.0001. (B) Box and whisker plots show microvilli length distributions in mock samples,
60 uM CK-666 treated cells, and cells treated with CK-666 in combination with increasing
concentrations of Latrunculin A, after 3 hours in doxycycline; number of measurements is
given under each boxplot. ANOVA followed by Tukey post hoc test, **p < 0.0025, ****p <
0.0001. Asterisks represent significance relative to mock samples.
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Figure 4: Brush border formation is accelerated following release from long-term Latrunculin A
treatement.

(A) Timing and detail of the experimental approach. (B) Maximum intensity projections of
confocal images of phalloidin-stained W4 cells used for quantifying percentage of brush
border formation after 3 hours of doxycycline induction. For Latrunculin A release
experiments, 25 nM Latrunculin A (LatA) was used. CK-666 was used at 60 pM; number of
measurements is given under each boxplot. Fluorescent phalloidin intensity is heat-mapped
such that warm colors represent high intensity and cool colors represent low intensity. White
dots are positioned adjacent to W4 cells that are brush border-positive. (C) Box and whiskers
plots show the percent of brush borders formed in mock control samples, cells treated with
CK-666, cells released from long-term LatA treatment, and cells released from LatA into
CK-666; number of data points is given under each boxplot. ANOVA followed by Tukey
post hoc test, ****p < 0.0001. Asterisks represent significance relative to control samples.
(D) Representative western blot showing a-tubulin (loading control) and total actin levels in
mock and long-term LatA-treated samples. Percentage relative to mock was generated from
3 independent experiments.
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Figure 5: Arp2/3 inhibition increases brush border F-actin levels at the expense of basolateral

cortical actin networks.

(A) Confocal images of phalloidin-stained mock and CK-666-treated W4 cells after 3 hours
in doxycycline. (B) Distribution of phalloidin intensities in mock and CK-666-treated W4
cells, measured from ROIs drawn to surround the basolateral margin (i.e. cortex) of the cell;
number of data points is given under each boxplot. ANOVA followed by Tukey post hoc
test, **p < 0.0025. (C) Distribution of phalloidin intensities in mock and CK-666-treated
W4 cells, measured from ROIls drawn to surround the brush border (BB); number of data
points is given under each boxplot. ANOVA followed by Tukey post hoc test, **p < 0.0001.
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Figure 6: Profilin-1 is required for normal brush border formation.
(A) Confocal image of a single crypt from proximal jejunum showing localization of

DNase-I (green), profilin-1 (magenta), and F-actin (cyan); white arrows in Zoom panels
highlight terminal web enrichment of G-actin signal (DNase-I) and Profilin-1. (B) Timing
and detail of the experimental approach. (C) Representative western blot showing a-tubulin
(loading control), total actin and profilin-1 levels for different cell lines used in these
experiments. The percentages shown were calculated from 3 independent experiments,
normalized to a-tubulin levels, and calculated relative to scramble. (D) Low magnification
fields of mock and profilin-1 80% KD cells after 3 hours of doxycycline induction. The
boxed areas correspond to the higher magnification regions of interest shown to the right.

Curr Biol. Author manuscript; available in PMC 2020 October 21.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Faust et al.

Page 21

(E) Percent brush border formation for scramble and profilin-1 KD cells in the presence or
absence of CK-666; between 309-1362 cells were manually scored per time point for each
condition. (F) Box and whisker plots show the percent of brush borders formed for each
experimental condition after 3 hours in doxycycline; number of measurements is given
under each boxplot. ANOVA followed by Tukey post hoc test, ****p < 0.0001. (G) Box and
whisker plots show microvilli length distributions for each experimental condition. ANOVA
followed by Tukey post hoc test, ****p < 0.0001. Asterisks represent significance relative to
control samples. See also Figure S1.
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Key Resources Table

REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

anti-B-actin Sigma Aldrich A5316
anti-pan-actin Cytoskeleton Inc. AANO1
anti-a-tubulin Santa Cruz Biotechnology | B-5-1-2
anti-GAPDH Cell Signaling Inc. 14C10
anti-profilin-1 Sigma Aldrich P7624
anti-G-actin DSHB JLA20

Donkey anti-mouse 800 IRdye LI-COR Biosciences 926-32212
Donkey anti-rabbit 800 IRdye LI-COR Biosciences 926-32213

Goat anti-rabbit Alexa Fluor 488 Thermo Fisher Scientific A-11008

Goat anti-rabbit Alexa Fluor 568 Thermo Fisher Scientific A-11011
Chemicals

CK-666 Calbiochem 182515
Verapamil Sigma Aldrich V1711202
Latrunculin A Thermo Fisher Scientific L12370
Blasticidin Invivogen Ant-bl
Phleomycin Invivogen Ant-ph
Doxycycline RPI D43020

G418 RPI G64000
Isoflurane Piramal Healthcare 66794-017-25
TET-free FBS Atlanta Biological S10350
FUGENE 6 Promega E2691
Polybrene Sigma Aldrich TR-1003-G
Probes

Alexa Fluor 488 Phalloidin Thermo Fisher Scientific A12379

Alexa Fluor 568 Phalloidin Thermo Fisher Scientific A12380
Deoxyribonuclease I, Alexa Fluor 488 conjugate | Thermo Fisher Scientific D12371
Experimental Models: Cell Lines

LS174T-W4 | Dr. Hans Clevers | [29]
Experimental Models: Organisms/Strains

Mus Musculus (C57BL/6J) | Jackson Laboratory | 000664
Recombinant DNA

pLKO.1 (profilin-1 KD) Sigma Aldrich TRCNO0000062803
pLKO.1 (profilin-1 KD) Sigma Aldrich TRCN0000062805
pLKO.1 (scramble) Dr. David Sabatini Addgene #1864
psPAX2 packaging plasmid Dr. Didier Trono Addgene #12260
pMD2.G Dr. Didier Trono Addgene #12259
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REAGENT or RESOURCE SOURCE IDENTIFIER
Software and Algorithms
FLJI https:/fiji.sc N/A
NIS AR Elements Analysis Nikon N/A
Prism 8.1.2 www.graphpad.com N/A
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