Enterocyte loss of polarity and gut wound healing rely
upon the F-actin—severing function of villin
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Efficient wound healing is required to maintain the integrity of
the intestinal epithelial barrier because of its constant exposure
to a large variety of environmental stresses. This process implies
a partial cell depolarization and the acquisition of a motile
phenotype that involves rearrangements of the actin cytoskele-
ton. Here we address how polarized enterocytes harboring actin-
rich apical microvilli undergo extensive cell remodeling to drive
injury repair. Using live imaging technologies, we demonstrate
that enterocytes in vitro and in vivo rapidly depolarize their
microvilli at the wound edge. Through its F-actin-severing activity,
the microvillar actin-binding protein villin drives both apical micro-
villi disassembly in vitro and in vivo and promotes lamellipodial
extension. Photoactivation experiments indicate that microvillar
actin is mobilized at the lamellipodium, allowing optimal migra-
tion. Finally, efficient repair of colonic mechanical injuries requires
villin severing of F-actin, emphasizing the importance of villin
function in intestinal homeostasis. Thus, villin severs F-actin
to ensure microvillus depolarization and enterocyte remodeling
upon injury. This work highlights the importance of specialized
apical pole disassembly for the repolarization of epithelial cells
initiating migration.
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pithelia constitute the interface between an organ or organ-

ism and its environment. This interface ensures a selective
barrier that allows the necessary exchanges with the external
milieu while guaranteeing protection from external threats. This
barrier is made possible by the apico-basal polarization of cells,
which involves the tight sealing of neighboring cells via cell-cell
junctions. The digestive epithelium consists of a monostratified
layer of differentiated epithelial cells. The vast majority of
differentiated intestinal cells are columnar enterocytes, which
represent the archetype of cellular apico-basal polarity. The
enterocyte apex is covered by numerous microvilli, which are
microscopic membrane protrusions structured by a network of
uniformly polarized actin filaments organized by actin-binding
proteins. Their membrane, highly enriched in hydrolases, chan-
nels and peptide transporters, endows the cells with an immense
digestive and absorptive capacity. Thus, the presence of micro-
villi morphologically and functionally defines the apical pole of
intestinal epithelial cells.

The intestinal epithelium continuously faces assaults induced
by dietary products, bile salts, xenobiotics, and pharmaceuticals,
which can result in wounding of the epithelium. For efficient
epithelial healing, the migration of cells adjacent to the wound
allows the rapid reconstitution of epithelial integrity. The mi-
gration of the adjacent intact monolayer rapidly restores the
barrier function of the epithelium in a process termed “restitu-
tion” (1-3), which involves the collective movement of cells that
remain in contact with their neighbors during migration. During
this process an important cellular reorganization occurs whereby
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cells acquire a front/rear polarity and actin-rich migratory structures
while preserving cell—cell junctions and epithelial integrity (4-6).
The actin cytoskeleton largely participates in cell architecture
and is particularly involved in the junctional and apical organi-
zation of epithelial cells (7, 8) and in the establishment and dy-
namics of the locomotion machinery (9). Thus, the local archi-
tecture of the actin cytoskeleton and its remodeling constitute
major parameters that require tight regulation to allow the cell
morphological changes that enable the epithelial reorganization
necessary for cell migration.

The external cues and signaling molecules that trigger the cell
remodeling associated with restitution are relatively well known
(e.g., Rho, Rac, and Trefoil factors); however, the molecular
effectors require further characterization (10-15). Because of
the highly characteristic apico-basal polarity of enterocytes and
their highly differentiated state, the intestinal epithelium is
particularly well suited to the study of epithelial remodeling and
the underlying actin cytoskeletal reorganization required for
wound repair. Among the molecular candidates, villin is an actin-
binding protein that concentrates in microvilli and is expressed
predominantly in the digestive tract. This protein bundles, caps,
and severs actin filaments in vitro in a calcium-dependent
manner (16-18). Its severing activity is favored in vitro by the
phosphorylation of several tyrosine residues (19). Villin has
a prominent function in colonic wound repair and mouse survival
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in a model of experimentally induced colitis (20); however, the
cellular mechanisms underlying villin function in these processes
remain unclear and controversial. An antiapoptotic role ensuring
epithelial protection against lesions has been proposed (21).
Alternatively, villin may favor the actin and cell plasticity, which
are required during mucosal healing (20). Indeed villin localizes
at the lamellipodium of migrating cells and also enhances migra-
tion in numerous cell lines (22-25). Moreover, the actin severing
mediated by villin has been shown to enhance the actin-based
motility of beads in vitro and of bacteria in infected cells (26).

Villin is present exclusively in epithelial cells with extensively
developed microvilli and is, therefore, likely to have a specific
function associated with this specialized organelle. In this study,
we investigated the changes in cell shape during intestinal epi-
thelial restitution and directly tested the impact of villin’s sev-
ering function in epithelial resealing in vivo. We take advantage
of an extensively characterized villin mutant affected only in its
severing property (26), together with live imaging of cells in
culture and in vivo to investigate enterocyte remodeling during
wound healing.

Results

Villin Accelerates Colonic Wound Healing Independently of Apoptosis
and Proliferation. Villin has been proposed to be involved in
cellular plasticity and survival after the induction of colonic
lesions by dextran sulfate sodium salt (20, 21). However, the high
level of apoptosis in this system hinders a precise analysis of
epithelial restitution. To clarify unambiguously whether villin
participates in gut wound healing independently of any anti-
apoptotic role, we mechanically injured mouse colonic mucosa to
minimize potential biological side effects of more classical
chemical injuries. We used size 3-French biopsy forceps to create
a discrete, round injury in the distal mouse colon (27, 28) and
used an endoscopic system dedicated to small animals to eval-
uate the mucosal repair process at days 3 and 7 postinjury with
careful quantitative measurements of the injured area. WT mice
consistently showed a substantial reduction in the ulcerated area
at day 3 (Fig. 1B). By day 7, the colon surface appeared regular,
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and the original lesion was almost indistinguishable (Fig. 14). In
contrast, colonic repair in villin-null mice was slightly delayed at
day 3 (Fig. 1B), and at day 7 the strikingly irregular and de-
pressed appearance of the tissue indicated incomplete mucosal
healing (Fig. 14). Quantification confirmed slower healing in
villin-null mice with a significantly slower reduction in the sur-
face area of the injury than seen in WT animals (69 + 7 vs. 54 +
10 at day 3, and 56 + 9 vs. 17 + 3 at day 7; P < 0.05 at day 7,
Wilcoxon rank sum test) (Fig. 1B). Thus, efficient colonic wound
healing requires villin in vivo. Studies of the repair process were
carried out on colonic paraffin sections corresponding to injuries
previously identified by colonoscopy at day 4, when significant
differences arise between WT and villin-null animals. To in-
vestigate the effects of villin on cell proliferation and apoptosis
during mucosal healing, we evaluated these processes using im-
munohistochemistry (Fig. 1C). Costaining for E-cadherin and
the ki-67 proliferation marker did not reveal any major differ-
ence in terms of cell proliferation. Furthermore, the number of
cells colabeled with E-cadherin and cleaved caspase 3 was not
greater in WT animals than in villin-null mice. Thus, villin’s role
in cell proliferation or apoptosis was not responsible for the
delayed wound healing in villin-knockout mice.

Generation and Characterization of Monomeric Cherry-Villin Trans-
genic Mouse Models. To decipher the molecular mechanism by
which villin fulfills its function, we decided to study the contri-
bution of its F-actin—severing function during wound healing by
expressing fluorescently tagged villin WT or mutated proteins in
mouse enterocytes. Inducible transgenic targeting vectors con-
taining floxed monomeric Cherry-villin WT (mCherry-villinWT)
or a previously described mCherry-villin selectively mutated
for its F-actin—severing property (mCherry-villinAsev) (26)
under a chicken B-actin hybrid (CAG) ubiquitous promoter
were constructed (Fig. S1). Using Speedy Mouse technology,
we generated mouse models carrying a single copy of the
transgene inserted in the hypoxanthine-guanine phosphor-
ibosyltransferase (HPRT') locus. By successive crosses with mice
expressing a tamoxifen-inducible Cre recombinase expressed

Fig. 1. Efficient colonic wound healing requires
villin. (A) Serial endoscopic snapshots showing the
site of biopsy-induced injury in mouse colon of the
indicated genotypes at day 0 and 7 after wounding.
Images are representative of at least four animals
per genotype. Dashed lines delineate the wounded
area. (B) Plot of the average changes in the
wounded area over time for mice of the indicated
genotype, normalized to the original lesion size at
day 0. Values are for WT and villin™ mice, re-
spectively. Day 3: 54 + 10 vs. 69 + 7%; day 7: 17 + 3
vs. 56 + 9%. WT: n = 6; villin™" : n = 4. Wilcoxon;
*P < 0.05, NS, nonsignificant (P > 0.05). (C) Histo-
logical sections from WT and villin™~ mice, at day
4 postinjury stained for cleaved caspase 3 (Upper
Left, red) or ki67 (Lower Left, red) and E-cadherin
(Upper and Lower Right, green). DAPI stains nuclei
(blue). Red asterisks highlight the injured area.
(Scale bar: 100 um.)

PNAS | Published online March 21, 2013 | E1381

wv
=
o
[
w
<
=
[

CELL BIOLOGY


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1218446110/-/DCSupplemental/pnas.201218446SI.pdf?targetid=nameddest=SF1

under the control of the villin promoter (referred to as “villin:
creERT2”) (29) in a villin-null background (20), we generated
villin-null mice carrying either mCherry-villinWT and villin:
creERT2 transgenes (tgvillinWT) or mCherry-villinAsev and
villin:creERT?2 transgenes (tgvillinAsev) to study the function of
villin and its severing mutant in the absence of endogenous villin.
After tamoxifen induction, villin protein expression analyzed by
Western blot on total cell extracts from jejunal and colonic tis-
sues revealed a single band of ~120 kDa, with comparable levels
found for both tgvillinWT and tgvillinAsev mice (Fig. S24). This
molecular mass corresponds to villin (92.5 kDa) fused to the
mCherry protein (~30 kDa). We noticed a slight decrease in
transgenic villin levels compared with endogenous villin expres-
sion (Fig. S24). To evaluate the cellular distribution of both
transgenic proteins, we analyzed the mCherry fluorescence on
frozen histological sections. We found a homogeneous signal
along the villus axis in the small intestine and in the colonic
epithelium (Fig. 24). This distribution is similar to the distribu-
tion of endogenous villin (30). At higher magnification, we
observed a strong apical concentration of the mCherry-fused
proteins on the enterocytes colocalizing with the intense apical
F-actin signal at the brush border, as expected for villin expres-
sion (Fig. S2 B and C, Upper). Thus, we conclude that the two
mouse models recapitulate the expression and localization of the
endogenous villin protein.

Efficient Wound Healing in the Mouse Colon Requires F-Actin Severing
by Villin. To assess in vivo the functionality of the transgenic
proteins, we performed basolateral infusion of carbachol on
isolated intestinal segments. This procedure is known to increase
intracellular calcium and to induce the loss of microvillus F-actin
in a villin-dependent manner (20). After carbachol treatment,
the remaining apical F-actin corresponds to the terminal web
and junctional actin belt region of the enterocyte, which has lost
its normal brush border. After the carbachol infusion procedure,
we analyzed the F-actin distribution in enterocytes using phal-
loidin staining of histological sections. As previously described
(20), the broad apical F-actin labeling typical of normal enter-
ocytes was essentially lost on carbachol-treated WT animals,
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indicating disruption of the brush border (Fig. 2B). Quantifica-
tion of the width of apical F-actin staining demonstrated strongly
reduced staining in treated animals (2.28 + 0.08 pm vs. 0.54 +
0.07 pm, P < 0.001, ¢ test) (Fig. 2D). In contrast, the broad apical
F-actin labeling was preserved on treated villin-knockout
animals (2.34 + 0.07 pm vs. 2.20 + 0.10 pm, P > 0.5, ¢ test) (Fig. 2
B and D). Importantly, carbachol exposure of tgvillinWT in-
testinal segments led to a striking reduction in the width of apical
F-actin staining (2.10 + 0.09 pm vs. 0.68 + 0.05 um, P < 0.001, ¢
test), restoring the WT behavior (Fig. 2 C and D). Thus, the
mCherry-villinWT protein is functional in vivo and is able to
rescue the loss of endogenous villin. Conversely, carbachol-
treated tgvillinAsev mice did not demonstrate any alteration in
apical phalloidin staining of enterocytes (2.08 + 0.08 pm vs. 1.92
+0.15 pm, P > 0.5, ¢ test) (Fig. 2 C and D). These results validate
the functionality of the transgenic proteins in the newly gener-
ated mouse models and demonstrate that villin mediates car-
bachol-induced microvillar F-actin disassembly through its
severing property in vivo.

Having generated the proper tools to determine whether the
actin-severing property of villin is important for colonic tissue
healing, we then monitored in vivo the injury repair process in
tgvillinAsev and tgvillinWT mice. In tgvillinWT animals, most of
the original wound was repaired by day 7 (Fig. 34), mimicking
the WT mouse phenotype. On the contrary, injuries induced on
tgvillinAsev mice failed to heal properly at days 3 (Fig. 3B) and 7
(Fig. 34). We confirmed these observations by comparing the
injured surface area over time in tgvillinAsev and tgvillinWT
mice (74 = 8vs. 57 +£ 6% at day 3 and 62 + 5vs. 17 + 7% at day 7,
P < 0.05 for day 7, Wilcoxon rank sum test) (Fig. 3B). Together,
these results demonstrate the critical role of villin-mediated F-
actin severing during colonic injury repair independently of an
antiapoptotic function in vivo. Given the known impact of villin
on cell migration, we subsequently decided to analyze the mi-
gratory properties of epithelial cells in detail.

Villin's Severing Activity Is Required for Efficient Wound Healing of
LLC-PK1 Cells. To analyze the dynamics of the healing process at
the cellular level, we turned to wound-healing models in cell

small intestine colon small intestine
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Fig. 2. Transgenic villin proteins are functional,
and villin severing activity is required for brush
border disassembly upon carbachol treatment in
vivo. (A) Histological frozen sections from jejunum
(Left) or colon (Right) of tgvillinWT or tgvillinAsev
mice showing villin-mCherry fluorescence (red).
DAPI labels nuclei (blue). (Scale bar: 100 um.) (B and
C) Histological frozen sections from untreated or
carbachol-treated (+carb) small intestines stained
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for F-actin by phalloidin (green). DAPI labels nuclei
(blue). White brackets indicate the width of the
F-actin concentration at the apex of the enterocytes.
(B) Sections from WT or villin™~ mice. (C) Sections
from tgvillinWT or tgvillinAsev mice. mCherry-villin
fluorescence is shown (red). (Scale bar: 10 pm.) (D)
Histogram depicting the width of the apical F-
actin concentration of WT, villin™", tgvillinWT, or
tgvillinAsev mice untreated or treated with carba-
chol. Width values (in pm) are WT, 2.28 + 0.08;
WT-+carb: 0.54 + 0.07; villin™", 2.35 + 0.09; villin""+carb,
2.20 + 0.10; tgvillinwT, 2.10 + 0.09; tgvillinWT+carb,
0.68 + 0.05; tgvillinAsev, 2.08 + 0.08; tgvillinAsev+
carb, 1.92 + 0.15. Numbers of measurements are WT:
untreated; n = 15; WT+carb: n =15; villin™~ untreated:
n = 8; villin""+carb: n =16; tgvillinWT: n = 11;
tgvillinWT+carb: n =44; tgvillinAsev, n = 15; tgvillinAsev+
carb: n =45, ***P < 0.001; NS, nonsignificant (P > 0.05
t test).
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Fig. 3. Efficient colonic wound healing requires
villin through its severing activity. (A) Serial endo-
scopic snapshots showing the site of biopsy-induced
injury in mouse colon of the indicated genotypes at
day 0 and 7 after wounding. Images are represen-

culture to overcome limitations intrinsic to in vivo systems. We
required a cell-culture model that would closely recapitulate
the apico-basal polarization and differentiation of enterocytes
in vivo. We chose the nontransformed porcine epithelial LLC-
PK1 cell line derived from kidney proximal tubules, which
classically is used to study microvillus biology and which also
expresses villin. We generated a stable cell line expressing an
actin-enhanced yellow fluorescent protein (EYFP) construct using
a clonal approach, resulting in nearly 100% homogeneity. De-
pletion of endogenous villin was performed using two separate
shRNAs, both of which resulted in a depletion of nearly 80% in
confluent cells (Fig. S34). We then chose one shRNA to pursue
our experiments and express the mCherry-villin constructs. After
transfection, mCherry-villinWT or mCherry-villinAsev FACS-
sorted cells showed comparable expression levels as seen by
Western blot, further confirming endogenous villin depletion
(Fig. S3C). We then characterized the cellular distribution of
the transfected proteins and detected an important colocaliza-
tion of the mCherry-fused proteins and EYFP-actin in the apical
microvilli of confluent unwounded LLC-PK1 sorted cells (Fig.
S4). In addition, expression of both villin constructs resulted
in a similar marked increase in microvillus size compared with
nontransfected cells depleted for endogenous villin (Fig. S4).
Thus, as previously reported (27), the mCherry-villin proteins
retain their correct subcellular localization and their morphoge-
netic effects in LLC-PK1 cells.

To evaluate the previously reported role of villin during cell
migration and to validate our cell-culture system, we used small
silicon inserts dedicated to 2D wound-healing assays, allowing
robust quantification under different experimental conditions.
Time-lapse multiposition microscopy revealed a modest but
statistically significant decrease in the relative area colonized by
the monolayer of villin-depleted LLC-PK1 cells at 10 h nor-
malized to cells expressing the empty vector (72 + 5 and 71 + 5%
for shRNA1 and shRNA2, respectively; P < 0.001 for each,
t test), indicating inefficient migration in the absence of villin
(Fig. S3B). WT villin re-expression significantly enhanced nor-
malized cell migration (100 + 4.5 vs. 60 + 3% for villin-depleted
cells re-expressing villinWT and villin depleted cells, respectively;
P < 0.001, ¢ test), thus, functionally rescuing the depletion of en-
dogenous villin (Fig. S3D). In contrast, the migratory properties of
cells re-expressing the villin-severing mutant were not significantly
different from those of villin-depleted cells (70 + 5 vs. 60 + 3%;
P > 005, ¢ test) (Fig. S3D). These results confirm that villin
improves the efficiency of wound closure in vitro and further
demonstrate the importance of its F-actin-severing property.

Ubelmann et al.

tative of at least four animals per genotype. Dashed
lines delineate the wounded area. (B) Plot of the
average changes in the wounded area changes over
time for mice of the indicated genotype, normalized
to the original lesion size at day 0. Values are for
tgvillinWT and tgvillinAsev, respectively; day 3: 57 +
6 vs. 74 + 8%; day 7: 17 + 8 vs. 62 + 5%. Number of
animals analyzed: WT: n = 4; tgvillinAsev, n =5. *P <
0.05. ns, nonsignificant (P > 0.05); Wilcoxon.

days

Villin's Severing Activity Participates in the Microvillus Disassembly
Required for Efficient Cell Migration. Most epithelial cells are able
to migrate in the absence of villin. Thus, villin must have a specific
function in highly differentiated cells with developed microvilli.
To obtain further insights at the subcellular level into villin
regulation of cell reorganization during migration, we analyzed
the wound-healing process by time-lapse imaging using high-
resolution spinning-disk confocal microscopy. Cell migration was
induced by scratch assays of cell monolayers of the previously
described cell lines. In agreement with past results (22), lamel-
lipodia displayed a marked concentration of mCherry-villin,
which overlapped with the narrow intense actin-EYFP signal.
Villin devoid of its F-actin—severing property also showed
lamellipodial recruitment. In cells re-expressing WT mCherry-
villin, major apical pole remodeling was consistently observed,
concomitantly with lamellipodial extension. Indeed, a rapid dis-
assembly of EYFP-actin- and mCherry-villinWT-positive mi-
crovilli could be observed on the x,y plane of the migrating cells
and was confirmed by x,z reconstruction (Fig. 4 4 and B). The x,z
representation also allowed us to quantify the relative apical
fluorescence intensities during cell migration. Accordingly, we
noticed a rapid conspicuous decrease in the relative intensities of
actin and villin apical fluorescence (Fig. 4C). Thus, microvilli are
disassembled rapidly upon cell migration in the presence of vil-
lin. In contrast, in most of the migrating villinAsev-positive LLC-
PK1 cells, the apical microvilli were stable and showed no ap-
parent disassembly (Fig. 4 A and B). Consequently, the decrease
in the relative intensity of apical fluorescence was significantly
lower than in the previous condition (Fig. 4C). To confirm this
phenotype, the presence or absence of apical microvilli revealed
by the mCherry-villin proteins was quantified on cells fixed at 30
min after wounding. A majority of migrating cells re-expressing
WT villin were devoid of microvilli whereas this number was
significantly reduced in cells expressing villinAsev (62.5 vs. 43.4%
for villinWT and villinAsev, respectively; P < 0.001) (Fig. 4D).
Together, these results clearly demonstrate that villin is required
to sever microvillar actin filaments efficiently, resulting in dis-
assembly of the brush border at the onset of cell migration.

Microvillar Actin Is Integrated Rapidly at the Lamellipodia upon
Migration. The enhancement of epithelial cell migration in-
duced by villin’s severing activity correlates with the disassembly
of apical microvilli. Therefore, it is possible that the lack of
apical pole disassembly in the severing mutant may hinder the
repolarization of the cells toward a migratory phenotype. In
agreement with this idea, a precise quantification of the scratch
wound assays demonstrated a significant decrease in the rate of
lamellipodia formation in villinAsev-expressing cells compared
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arrows point to the dorsal face of the migrating cell. (Scale bar: 10 um.) (C) Plots depicting the intensity of villin and actin fluorescence over time at the dorsal
face of the cells transfected for mCherry-villinWT or villinAsev quantified from images acquired by spinning-disk time-lapse microscopy. Number of cells
analyzed: villinWT, n =10; villinAsev, n =19. (D) Histogram representing the penetrance of the phenotype illustrated by the presence or absence of apical
microvilli positive for mCherry-villin on migrating cells transfected for mCherry-villinWT or villinAsev at 30 min postinjury on fixed cells. Values are 62.5 + 1.7
and 43.4 + 1.7% for villinWT and villinAsev, respectively. ***P < 0.001, t test. Number of cells analyzed: villinWT, n =121; villinAsev, n = 95. (E) Relative number
of lamellipodia formation per field over time in villinWT- or villinAsev-expressing cells. Values are normalized to the number of lamellipodia at 20 min

postinjury determined in villinWT-expressing cells. Values are averaged from three experiments.

with villinWT cells at the onset of migration (Fig. 4F). We next
questioned whether the microvillar actin was required for
lamellipodia formation by being recruited directly and rapidly
into migratory structures. We followed the intracellular dynamics
of microvillar actin in migrating cells using a photoactivatable
GFP (PAGFP)-actin construct (31), in confluent LLC-PK1 cells
depleted for endogenous villin and expressing either villinWT or
villinAsev. Actin molecules were locally photoactivated specifi-
cally at the apex of leading LLC-PK1 cells (Fig. 54) after
monolayer scratching. A rapid and consequent recruitment of
PAGFP-actin could be observed at the lamellipodium of cells
expressing WT villin (Fig. 5B). In contrast, the recruitment of
photoactivated PAGFP molecules was strongly decreased in cells
expressing villinAsev (Fig. 5B). Accordingly, quantifications of
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the ratio of photoactivated actin molecules recruited to the
lamellipodia revealed a prompt redistribution of microvillar
actin toward the lamellipodia of cells expressing WT villin,
whereas recruitment was significantly reduced in cells expressing
villinAsev (17 + 7 vs. 4 + 0.8% at 6 min after photoactivation;
P < 0.05, ¢ test) (Fig. 5C). To exclude a bias caused by a possible
difference in the actin exchange and/or assembly at the lamel-
lipodium of cells expressing villinWT or villinAsev, we photo-
activated PAGFP-actin molecules in the lamellum, in a region
positioned slightly away from the lamellipodial leading edge, and
monitored integration at the lamellipodium. Importantly, quan-
tifications did not show that villin severing of F-actin influenced
the rate of lamellar actin integration at the lamellipodium (Fig.
5D). Because of the fast actin treadmilling in microvilli (32, 33),
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(C). Plot of the proportion of apically photoactivated
actin incorporated in the lamellipodia over time.
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the PAGFP-actin is not expected to remain stable at the apex
of the cells even in the absence of villin’s severing activity. We
nevertheless could detect a slight but not significant increase in
PAGFP-actin stability in cells expressing villinAsev (Fig. 5E). Thus,
these results show that actin molecules resulting from microvillus
disassembly mediated by villin’s F-actin—severing property are
integrated rapidly at the nascent lamellipodium, without modi-
fication of the lamellipodium actin polymerization rate.

Villin Is Essential for Microvillus Disassembly upon Cell Migration in
Vivo. Using a wound-healing model in cell culture, we could
describe dynamically and quantify an important apical domain
remodeling induced by villin’s severing property at the onset of
cell migration. To assess the relevance of this newly demon-
strated function of villin in a more physiological situation, we
wondered whether similar rapid cell reorganization occurs dur-
ing intestinal wound healing in vivo. However, the extent of the
biopsy-induced injury (Figs. 1 and 3) and the subsequent time
scale of the healing process prevented the use of this technique
to evaluate such prompt and precise cell response. Instead we
chose to induce more accurate chemical lesions by the bile acid
sodium deoxycholate (DOC), which produces sharp lesions re-
stricted to the epithelial cells on the upper part of the intestinal
villi (34, 35), as observed on histological paraffin sections of the
injured tissue (Fig. 64, Upper). E-cadherin immunostaining,
which delineates basolateral boundaries of the cells, revealed
that the enterocytes immediately adjacent to the wound con-
served a columnar shape. These cells also retained the exclusion
of E-cadherin from the apical domain, as expected for a polar-
ized epithelium. Importantly, the digestive enzyme sucrase-
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isomaltase maintained a strict apical subcellular distribution
on these cells. Thus, apico-basal polarity is preserved on the
enterocytes immediately after injury to adjacent cells. Bile acid-
induced injuries were similar on the epithelia of WT and villin-
null mice (Fig. 64, Upper). Subsequently, DOC was washed out
to allow epithelium restitution. After 30 min, dramatic cell re-
organization of the enterocytes adjacent to the wound could be
detected in WT mice, revealing a progressive flattening of the
epithelial cells as seen with the E-cadherin staining (Fig. 64,
Lower). E-cadherin was no longer excluded from the apex, sug-
gesting an alteration of apico-basal polarity (Fig. 64, Lower) and
microvillus disassembly as confirmed by the loss of the intense
apical phalloidin staining of the brush border in WT cells close to
the wounded area (Fig. S54). In contrast, in villin-null mice,
most of the cells in contact with the injury conserved an intense
sucrase-isomaltase apical staining, indicating that the efficiency
of microvillus disassembly was strongly impaired (Fig. 64). To
quantify this phenotype, the proportion of cells at the wound
margin bearing apical sucrase-isomaltase and ezrin, two micro-
villus markers, was evaluated in WT, villin-null, tgvillinWT, and
tgvillinAsev mice after DOC injury. Strikingly, most of the WT
and tgvillinWT cells had lost their apical localization of sucrase-
isomaltase (77 = 1 and 79 + 2%, respectively) and ezrin (75 + 2
and 73 + 3%, respectively), indicating extensive microvillus dis-
assembly (Fig. 6 A and B). In contrast, in villin-null and tgvil-
linAsev mice, only a few cells in contact with the injury had lost
the intense apical staining for sucrase-isomaltase (27 + 4 and 21
+ 3%, respectively) and ezrin (16 + 4 and 28 + 3%, respectively),
indicating that the efficiency of microvillus disassembly was
strongly impaired (Fig. 6 A and B). These in vivo observations
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fully corroborate the cell remodeling reported upon cell mi-
gration in culture (Fig. 4). To exclude the possibility that the
observed cell reorganizations are caused by an eventual apo-
ptotic program, we performed cleaved caspase 3 staining and
detected very few apoptotic enterocytes adjacent to the wound,
independently of the two genotypes (Fig. S5 B and C). Thus, we
can conclude that villin is essential for the disassembly of mi-
crovilli and for apical-domain remodeling elicited by wound
healing in vivo, via its actin-severing property.

Discussion

In this study we definitively demonstrate that villin, a microvillar
actin-binding protein, participates directly in apical pole remod-
eling of migrating cells and promotes colonic and intestinal epi-
thelial wound closure in vivo. We show that villin severs F-actin
within microvilli to initiate their disassembly at the onset of cell
migration. We provide direct evidence that villin-mediated sev-
ering of F-actin induces the rapid integration of microvillar actin
into lamellipodia and stimulates cellular motility. We demonstrate
the physiological and biological function of villin in microvillus-
expressing cells such as the enterocytes of the gut, an organ subject
to injuries that would be deleterious without a rapid and effective
mucosal healing process.

Villin Plays a Direct Role in Promoting Enterocyte Migration upon
Wound Healing. Past studies have described a protective role for
villin during tissue injury in the mouse colon, although divergent
hypotheses have been drawn (20, 21). In fact, the experimental
procedure that was applied precluded determining whether villin
influences the extent of tissue injury or instead the process of
tissue repair. To circumvent potential cell homeostatic respon-
ses to chemical methods of injury, we produced localized in-
stantaneous mechanical lesions of the mouse colonic mucosa.
Temporal observation of the original injury by endoscopy
allowed a robust quantification of tissue recovery and confirmed
rapid healing in presence of villin. Importantly, using this me-
chanical method, we could not detect any differences in cell
survival or proliferation caused by the absence of villin and so
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Fig. 6. Villin is essential for brush border disassem-
bly upon cell migration in vivo. (A) Histological par-
affin sections of small intestine of WT or villin™~
mice luminally treated with DOC just after washout
(Upper) or 30 min after washout (Lower) stained for
E-cadherin (Ecadh, red) and sucrase-isomaltase (SI,
green). DAPI labels nuclei (blue). Vertical dashed
lines highlight the injured area; basal dashed lines
delineate the lamina propria; arrows indicate the
injury-adjacent enterocytes. (Scale bar: 10 um.) (B)
Histograms depicting the presence or the absence of
apical staining of sucrase-isomaltase or ezrin quan-
tified 30 min after washout on histological paraffin
sections of small intestine of WT, villin™~, tgvillinwT,
or tgvillinAsev mice treated with DOC. Values are
WT, 23 + 1%; villin™", 77 + 4%; tgvillinWT, 21 + 2%;
and tgvillinAsev, 79 + 3% for apical sucrase-iso-
maltase and WT, 25 + 2%; villin™"; 84 + 4%; tgvil-
linWT, 27 + 3%; and tgvillinAsev, 72 + 3% for apical
ezrin. For sucrase-isomaltase: WT, n = 84 cells ana-
lyzed from eight animals; villin™=, n = 147 cells an-
alyzed from 12 animals; tgvillinWT, n = 29 cells
analyzed from three animals; tgvillinAsev, n = 41

= no apical ezrin
= apical ezrin

é\ é\ Ql\l § o‘? cells analyzed from three animals. For e/zrin: WT,
.\g § \g < n = 45 cells analyzed from six animals; vil™~, n = 26
T 3 S N § cells analyzed from three animals; tgvillinWT, n =

) S O N 22 cells analyzed from three animals; tgvillinAsev,
w3

n = 35 cells analyzed from three animals.

could exclude a role for these processes. In cooperation with
proliferation, cell migration plays a major role during wound
healing in the digestive tract as well as in other organs (2, 4,
28, 36). Ectopic expression of villin has been shown to in-
crease the migration efficiency of several epithelial cell lines.
The careful in vivo analyses reported here definitely prove that
migratory defects indeed are responsible for the inefficient gut
wound repair in the absence of villin, independently of its
antiapoptotic function.

Villin-Severing Activity Is Responsible for Improved Epithelial Restitution.
Using a single-copy, targeted insertion transgenic approach, we
were able to express in villin-knockout mice a specific severing
mutant of villin and, as a control, its WT version which com-
pletely rescued the knockout phenotype. Mechanical wounding
experiments performed on these mouse models proved that villin
function in mucosal healing relies entirely on its severing prop-
erty. Villin’s severing activity has previously been shown to en-
hance actin-based motility of functionalized beads in vitro and of
bacteria in infected cells (26). In this report, we show that the
loss of villin’s severing activity also results in inefficient migration
of epithelial cell monolayers by performing wound-healing assays
on polarized LLC-PK1 cells depleted for endogenous villin or re-
expressing the villin severing mutant. How is villin‘s severing
activity activated in migrating cells? Following injury, an imme-
diate elevation of intracellular Ca** in wound-adjacent cells has
been reported in several systems in vitro and in vivo (37, 38). In
addition, the regulation of cell migration by villin appears to
require its phosphorylation (22, 23). Interestingly, both elevated
calcium and phosphorylation of villin activate its severing activity
(16, 19, 39, 40). Thus, biochemical signaling pathways associated
with wound responses and cell migration likely are able to reg-
ulate villin’s severing property. How then does villin’s severing
activity regulate cell motility? Villin localizes to the lamellipo-
dium and favors its protrusion, as shown in this study, pre-
sumably by enhancing actin dynamics as inferred from in vitro
actin-based motility assays (22, 26). Thus, villin could directly
influence the motility machinery of epithelial cells. Although we
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could not detect an increase in lamellipodial actin dynamics in
the presence of villin, the severing activity of villin may partici-
pate indirectly in cell movement by mobilizing actin monomers
stored as filaments in other subcellular structures.

Villin's Severing Activity Induces Microvillus Disassembly and Enterocyte
Depolarization. We provide dynamic proof of sudden microvillus
disassembly, demonstrated by the loss of structural and func-
tional proteins, at the onset of cell migration in LLC-PK1 cells.
Of high importance, we were able to confirm that the afore-
mentioned apical remodeling occurs similarly in vivo. Our results
in vivo and in cell culture furthermore demonstrate that villin’s
severing of F-actin is required to induce such apical pole
remodeling. In fact, we report that the phenotype is substantially
stronger in vivo than in LLC-PK1 cells, probably because of the
difference between a complete knockout of the villin gene in
mice compared with a knockdown in LLC-PK1 cells. Other ac-
tin-depolymerizing proteins such as actin depolymerizing factor
(ADF)/cofilin have been proposed to participate in the disas-
sembly of microvilli from kidney proximal tubules following is-
chemia/reperfusion stress in vivo (41, 42). ADF/cofilin, however,
is not present in the brush border of intact kidney or intestinal
epithelial cells (42-44). ADF/cofilin could act in concert with
villin, but only as a second step, after the initiation of the process
by the microvillus-resident villin. Thus, our results and these past
observations strongly argue that initial intestinal microvillus
disassembly is triggered by villin’s severing of microvillar actin
filaments. Therefore, villin is a direct molecular effector of
enterocyte apical pole remodeling in vivo in a migratory context.
Moreover, the impairment of microvillus disassembly in the
presence of a villin affected in its severing property is associated
with a reduction in the number of cells developing lamellipodia,
i.e., cells that have efficiently repolarized toward a migratory
organization. Thus, enterocytes require severing of microvillus
F-actin by villin to initiate their repolarization efficiently.

Microvillus Disassembly and Efficient Enterocyte Migration. Apical
pole reorganization is not specific to migrating intestinal epi-
thelial cells (45-47). Rather, it occurs widely in different organs
and seems intrinsic to the migratory phenotype of polarized
epithelial cells that undergo extensive reorganization to become
motile without perturbing the integrity of the monolayer (48).
Why would apical pole depolarization be important for enter-
ocyte migration? Several biological and biophysical points can be
raised. First, the precise regulation of plasma membrane tension
is critical for efficient migration. Indeed, artificially increasing
the membrane tension impairs the efficiency of lamellipodial
migration (49). On polarized epithelial cells, membrane tension
is higher on the apical than on the basolateral pole (50). This
discrepancy is caused by the domains of distinct lipid composi-
tion generated by the physical separation of tight junctions and
likely is reinforced further by the presence of numerous mem-
brane protrusions: the microvilli (51, 52). Their disassembly may
alleviate membrane tension and thereby favor migration. Second,
microvilli use important quantities of diverse cellular components.
For instance, apical microvilli occupy a great amount of plasma
membrane. Rapid cell-surface changes such as lamellipodial pro-
trusions require net membrane addition, because plasma mem-
brane is basically inextensible (53). We can speculate that the
disassembly of microvilli releases important quantities of plasma
membrane, in a manner similar to that recently described for
caveolae (54). Analogously, microvilli concentrate high amounts
of actin. We estimated that the brush border concentrates more
than 50% of the total phalloidin signal in the mouse enterocyte
(52 = 5%; n = 6). Its disruption would release numerous short
filaments that would depolymerize and increase the availability of
free actin monomers (55). In support of this idea, we observed,
following microvillus disassembly, prompt recruitment of micro-
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villar actin to the lamellipodium of cells expressing villin. Con-
versely, the recruitment was reduced and slower in cells expressing
the villin mutant affected in actin severing. Therefore, it is likely
that villin stimulates cell migration indirectly by supplying actin
monomers. Indeed, two published observations argue in favor of
this scenario. The cytoplasmic concentration of actin monomers
largely determines the magnitude of lamellipodial extension (56).
Furthermore, ADF/cofilin can support lamellipodial extension
indirectly by supplying an abundant pool of actin monomers (57).
Thus, villin probably has a comparable impact on lamellipodial
dynamics and cell migration. However, its specific localization and
regulated activation restrict its function to a highly specialized
domain, the apical microvilli, where it is the only described
severing protein, and to situations of stress.

In conclusion, this work illustrates the importance of the dis-
assembly of highly specialized apical poles for the effective re-
polarization of epithelial cells initiating migration upon injury. It
shows how enterocytes have developed specific molecular ma-
chinery, based on the severing of actin filaments by villin, to
provoke a rapid and efficient disassembly of microvilli and to
stimulate cell migration. This work highlights the importance of
direct cytoskeletal effectors that mediate the loss of apico-basal
polarity during wound healing.

Materials and Methods

Mice Generation. Villin-mCherry constructs (WT or Asev) were inserted in
a pENTRY vector (Addgene) previously modified to include the ubiquitous
cytomegalovirus immediate-early enhancer CAG promoter driving a lox-
chloramphenicol acetyltransferase-lox construct. The transgene then was
transferred by the Gateway technology into a destination vector pDEST-
HPRT (Nucleis) carrying two homologous arms of the HPRT gene. Transgenic
animals carrying a single copy of one or the other transgenes inserted at the
HPRT locus were obtained using the Speedy Mouse technology (58).
Resulting chimeric males were bred with C57BL/6 females, and the F1 agouti
off-springs were backcrossed with C57BL/6 animals. Plasmid recombination
was induced by chronic tamoxifen injections. Briefly, mice, including con-
trols, were injected i.p. with tamoxifen (50 pg/g of animal body weight) on 2
consecutive d/wk for a total of 4 wk.

Image Analysis. All images were processed and pseudocolored using Image)
(National Institutes of Health). Measurements and analyses were per-
formed using the same software. Images comparing different geno-
types or experimental conditions were acquired and postprocessed with
identical parameters.

Sampling and Preparation of the Tissues for Histological Analyses. Short pieces
of intestinal or colonic samples were washed with PBS. To prepare tissue for
paraffin sectioning, tissues were fixed in 4% paraformaldehyde or in Carnoy
solution (60% ethanol, 30% chloroform, and 10% acetic acid) for 2 h at room
temperature or overnight at 4 °C. The samples then were ethanol dehy-
drated and embedded in paraffin. For frozen sections, tissues were fixed for
2 hin PFA 4% and incubated overnight in a 30% glucose solution diluted in
PBS or were snap frozen in 2-methylbutane precooled by liquid nitrogen.
They then were embedded in optimal cutting temperature medium (OCT)
and frozen at —80 °C.

Immunohistochemistry. Histological sections of 5 or 8 um were prepared from
paraffin- or OCT-embedded tissues, depending on the experiment. Paraffin
was removed from paraffin sections using xylene. Sections then were hy-
drated with ethanol solutions of decreasing concentrations. The epitopes
were unmasked by boiling for 20 min in Antigen Unmasking Solution
(Vector Laboratories). For frozen sections, OCT was removed by PBS washes.
OCT-embedded snap-frozen tissues were postfixed in 4% PFA for 20 min.
Sections were incubated for 45 min at room temperature in blocking buffer
(3% FCS in PBS) and then overnight at 4 °C with primary antibody (Table S1)
diluted in 3% FCS. After several washes, secondary fluorescent antibody was
added for 90 min. For some experiments, Alexa Fluor 488 phalloidin was
used (Life Technologies). Representative images from immunostaining were
acquired using an Apotome system with a 10x or 63x water Plan-Apo-
chromat lens (Carl Zeiss) or CM60 epifluorescence microscope (Leica) or an
inverted confocal spinning-disk Eclipse Ti Roper/Nikon microscope, all cou-
pled to a Coolsnap HQ2 camera (Photometrics).
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In Vivo Experiments. Animal experiments were carried out under the au-
thority of the Curie Institute veterinarian, under permission granted to the
Robine laboratory (number 75-433, Préfecture de Police - Direction des
Services Vétérinaires de Paris). Experiments in transgenic mice were carried
out on sex-matched mice of similar age. For living-animal experiments, an-
esthesia was performed by injection of a ketamine/xylazine mix (100 mg/mL
each) diluted in 150 mM NaCl. Mice were killed at the end of experiments by
cervical dislocation.

Carbachol Treatment. After mouse anesthesia, a jejunum loop was isolated in
situ, taking care not to injure the local vasculature. The loop was placed
carefully in a Petri dish containing 10 pM carbachol (Sigma Chemical Co.)
solution diluted in PBS plus Ca®* (10 mM) for 20 min to achieve a basolateral
infusion of the drug. After mice were killed, small samples of treated tissue
were washed and snap frozen in precooled 2-methylbutane. The experiment
was repeated in at least three different animals per genotype. For a more
detailed protocol, see ref. 20.

Procedure for Biopsy-Induced Injury and Mouse Endoscopy. A straight-type
rigid miniature endoscope Coloview mouse endoscopic system (Karl-Storz)
linked to an Archos 48 tablet (Archos) for video acquisition was used to vi-
sualize mouse colon. After mouse anesthesia, the endoscope probe was in-
troduced to the mid-descending colon. Then a flexible 3-French biopsy
forceps was inserted and was used to remove an area of the entire mucosa
and submucosa, avoiding penetration of the muscularis propria. Particular
care was taken to generate lesions of comparable size. Tissue healing was
monitored by endoscopy at days 3 and 7 postinjury. The tissue-healing process
was quantified by measuring the wounded area using ImageJ on extracted
images. The images were chosen carefully to show similar viewpoints in terms
of endoscopy camera orientation and distance from the injury. For tissue
analysis, the injured area was localized with the endoscopic probe on killed
mice. The corresponding colon segment then was sampled and processed
for immunohistochemistry. The number of mice analyzed is stated in the
figure legends.

Bile Salt-Induced Injuries. After mouse anesthesia, a small incision was made
to allow access to the small intestine. Two knots were made using surgical
suture thread to isolate a small intestinal segment. Particular caution was
taken to avoid any damage to local vasculature. The intestinal loop then was
filled with a DOC solution diluted in PBS at 20 mM for 5 min. After several
washes with PBS, the segment was filled with DMEM supplemented with
20% FCS. Suture thread then was removed. The intestinal loop was replaced
carefully inside the mouse, and cell restitution was allowed for 30 min. Then
the treated tissue was washed vigorously in PBS, fixed in Carnoy solution, and
subsequently processed for immunohistochemistry. The number of mice
analyzed is stated in the figure legends.

Cell Culture and Transfection. LLC-PK1 cells (CCL 101; American Type Culture
Collection) were given by M. Arpin (UMR144, Institut Curie, Paris), and grown
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in DMEM (Invitrogen) containing 10% (vol/vol) FCS. LLC-PK1 cells were
transiently transfected by electroporation. The stable LLC-PK1 cell line
expressing actin-EYFP was obtained through a clonal approach using cloning
rings after selection by G418 (Invitrogen). This cell line subsequently was
used to obtain cell lines depleted for endogenous villin and enriched in
mCherry-villinWT- or mCherry-villinAsev-expressing cells by fluorescence-
activated cytometry cell sorting (FacsVantage Diva; BD Biosciences). Lenti-
viral particles were obtained by transfection of HEK293T cells with lentiviral
vector in addition to plasmids encoding vesicular stomatitis Indiana virus
(pVSVG) and grouped antigens (pGAG) by Polyethylenimine (PolyPlus) in
a biosafety level 3 compliant laboratory. Medium containing viral particles
was collected 48 h after transfection and were filtrated using 0.44 pm sterile
filters. Then 1 mL of medium containing viral particles was added to 25 x 10*
LLC-PK1 cells seeded in six-well plates. Twenty-four hours after infection cells
were vigorously washed and selected using Puromycin (Life Technologies).
G418 was used at 500 pg/mL. Puromycin was used at 1 pg/mL.

Photoactivation Experiments. LLC-PK1 cells depleted for endogenous villin
(shRNA2) were cotransfected with PA-GFP-actin and mCherry-villinWT or
mCherry-villinAsev plasmids. After cell recovery, they were seeded at con-
fluence (1 x 10° cells) in glass-bottomed dishes and were grown overnight.
The scratching assay then was performed as described earlier. Experiments
were carried out using the 40x/1,3 OIL DICII PL APO objective of an inverted
Laser Scanning Confocal LSM710NLO (Carl Zeiss) coupled with a Mai Tai
biphotonic laser (Spectra Physics-Newport Corp). Using the ZEN software
(Carl Zeiss), we selected a small region in the dorsal face of the cell. Caution
was taken to select regions of similar size in the different cells analyzed.
A laser single pulse at 810-nm wavelength (2 x 405 nm) was burst in the
region of interest to photoactivate PA-GFP. Time-lapse acquisition was
performed using the confocal mode with stacks of 1-um z interval. Images
stacks were denoised identically (59).
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