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Abstract

Collective cell migration during wound healing has been extensively studied in the epidermis.
However, it remains unknown whether the urothelium repairs wounds in a manner similar to
the epidermis. By in vivo two-photon excitation microscopy of transgenic mice that express
fluorescent biosensors, we studied the collective cell migration of the urothelium in
comparison with that of the epidermis. /n vivo time-lapse imaging revealed that, even in the
absence of a wound, urothelial cells continuously moved and sometimes glided as a sheet
over the underlying lamina propria. Upon abrasion of the epithelium, the migration speed of
each epidermal cell was inversely correlated with the distance to the wound edge. Repetitive
activation waves of extracellular signal-regulated kinase (ERK) were generated at and
propagated away from the wound edge. In stark contrast, urothelial cells glided as a large
sheet over the lamina propria without any ERK activation waves. Accordingly, the
MAPK/ERK kinase inhibitor PD0325901 decreased the migration velocity of the epidermis
but not the urothelium. Interestingly, the tyrosine kinase inhibitor dasatinib inhibited
migration of the urothelium as well as the epidermis, suggesting that the gliding migration of
the urothelium is an active, not a passive, migration. In conclusion, the urothelium glides over
the lamina propria to fill wounds in an ERK-independent manner, whereas the epidermis

crawls to cover wounds in an ERK-dependent manner.
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Introduction

Collective cell migration is observed in many physiological and pathological processes such
as development, epithelial wound healing, and cancer cell invasion'". In epithelial wound
healing, monolayer or stratified layers of the epithelial cells migrate as a group and close the
tissue defect over the underlying lamina propria*®. Various physical and chemical cues induce
front-to-rear polarity of cells at the free edge of a wound, referred to as leader cells, and their
migration toward the free space® 6. The leader cells transmit the polarity to the follower cells
through mechanical coupling mediated by cell-cell junctions, and organize a movement in
groups’. Moreover, diffusible molecules such as Ca>*, H,O2, ATP, and growth factors also
contribute by transmitting signals to the follower cells during the collective cell migration®.

The molecular basis underlying the coordinated epithelial cell migration during wound
healing has been extensively studied in vitro by using epithelial cell lines, including MDCK
cells. For example, the Rho-family GTPases and extracellular signal-regulated kinase (ERK)
have been shown to play roles in this migration process in MDCK cells’ !°. The classical
scratch method to generate a wound in the monolayer MDCK cell sheet not only opens the
space but also damages the cells, generating reactive oxygen species (ROS). It has been
proposed that ROS at the wound edge are required for the activation of ERK and cell
migration'!.

A new window into the study of the wound healing process has been opened by
biosensors based on Férster resonance energy transfer (FRET)!'?"14, For instance, activation of
Rho-family GTPases in the leader cells has been demonstrated by the time-lapse FRET
imaging of wounded MDCK cell monolayers'> 'S, More recently, we have discovered that
repetitive waves of ERK activation were propagated away from the wound edge not only in
MDCK cells but also in the ear skin of mice'” . Tidal waves of ERK activation were
previously found to be propagated from the wound edge by immunohistochemistry!'® !;
however, the repetitive waves of ERK activation from the wound edge!” or spontaneous
wavelets in the regions apart from the wound edge could only be visualized by time-lapse
imaging of ERK activity with FRET biosensors'®. Importantly, cells migrate against the

direction of the ERK activation wave both in the mouse epidermis and in the MDCK
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monolayer sheet!®,

A substantial part of our knowledge about wound healing in vivo comes from studies of
epidermal wound healing, and the basic mechanism underlying wound healing is assumed to
be conserved among different animals and tissues> '°. Meanwhile, while there have been

20-24 it remains elusive whether

several studies on the wound healing of the urothelium
urothelial wounds are repaired in the same way as epidermal wounds. Recently, we performed
in vivo imaging of the mouse urothelium by two-photon excitation microscopy (TPEM)%.
During the course of the study, we noticed that the urothelium sometimes glides over the
underlying lamina propria, and this observation urged us to examine the collective migration
of the urothelium during wound healing. Here, we demonstrate that the collective migration

of the urothelium is significantly different from that of the epidermis, not only in regard to the

mode of migration but also in terms of the requirement for ERK activity.

Materials and Methods
Ethical Approval
The animal protocols were reviewed and approved by the Animal Care and Use Committee of

Kyoto University Graduate School of Medicine (Nos. 12064, 13074, 14079, and 15064).

Animals

Transgenic mice expressing ERK FRET biosensors have been described previously?®. ERK
FRET biosensors, EKAREV-nuclear export signal (NES) and EKAREV-nuclear localization
signal (NLS), are localized in the cytoplasm and the nucleus, respectively?*. EKAREV-NES
and EKAREV-NLS that were backcrossed more than five generations to C57BL/6N Jcl
(CLEA Japan, Tokyo, Japan) were used for analysis. The Fucci mice, which express mAG-
hGeminin (1/110) and mKO2-hCdt1 (30/120), were obtained from the Laboratory for Animal
Resources and Genetic Engineering, RIKEN Center for Developmental Biology?’. Mice were
housed in a specific pathogen-free facility in temperature-controlled rooms with a 14-h
light/10-h dark cycle and received a routine chow diet and water ad libitum. For intravital

imaging of the skin and the bladder, 12- to 25-week-old mice were used. At the end of the
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experiments, mice were euthanized by anesthetic overdose.

Two-photon excitation microscopy (TPEM)

We used an FV1000MPE-BX61WI upright microscope (Olympus, Tokyo, Japan) equipped
with a 25%/1.05 water-immersion objective lens (XLPLN 25XWMP; Olympus), and an
InSight DeepSee Ultrafast laser (0.95 W at 900 nm; Spectra Physics, Mountain View, CA).
The excitation wavelength for cyan fluorescent protein (CFP) was 840 nm. An IR-cut filter,
BAG685RIF-3 (Olympus), two dichroic mirrors, DM505 and DM570 (Olympus), and four
emission filters, FF01-425/30 (Semrock, Rochester, NY) for the second harmonic generation
(SHG), BA460-500 (Olympus) for CFP, BA520-560 (Olympus) for yellow fluorescent protein
(YFP), and 645/60 (Chroma Technology, Bellows Falls, VT) for Qtracker 655 (Life
Technologies, Carlsbad, CA), were used. Qtracker 655 is intravenously administered with
other reagents to confirm drug delivery to target organs. For Fucci mouse imaging, we used
an IR-cut filter, RDM690 (Olympus), two dichroic mirrors, DM505 and DM570, and three
emission filters, FF01-472/30 (Semrock) for SHG images, BA495-540 (Olympus) for mAG,
and BA575-630 (Olympus) for mKO?2. The microscope was equipped with a two-channel
GaAsP detector unit and two built-in photomultiplier tubes. FluoView software (Olympus)
was used to control the microscope and to acquire images, which were saved in the multilayer

16-bit tagged image file format.

Intravital imaging of mouse tissues

Intravital imaging of the bladder was performed as described previously®. Briefly, female
mice were anesthetized by inhalation of 1-1.5% isoflurane (Abbott Laboratories, North
Chicago, IL) and placed in the supine position on an electric heat pad maintained at 37 °C. A
24-gauge ethylene tetrafluoroethylene catheter (Terumo, Tokyo, Japan) connected to a 50 mL
bottle of normal saline (Otsuka Pharmaceutical Factory, Tokushima, Japan) was inserted
transurethrally into the bladder. The intravesical pressure was controlled by the bottle’s height
and kept at 15-20 cm H2O for 30 min. Then the catheter, which caused mechanical irritation

and intensified the rhythmic muscle contraction of the bladder, was removed for stable long-
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term imaging. The bladder was pulled out of the abdominal cavity and the bladder wall was
immobilized on a custom-made vacuum-stabilized imaging window (Olympus). For multi-
dimensional imaging of the urothelium and the underlying lamina propria, z-stack images
were acquired using a 2.4 digital zoom at 0.5 um intervals and at a scan speed of 8 us/pixel.
CFP, Qtracker 655 and SHG were imaged to show cells, blood vessels and collagen fibers,
respectively. Time-lapse images were acquired every 5 or 6 min using a 1.2-2.4 digital zoom
at a scan speed of 4 us/pixel.

For the wound healing analysis of the urothelium, a square 100 um on each side was set
under the two-photo excitation microscope. After increasing the laser power to 80—100%, the
area was repeatedly scanned until the CFP fluorescence signal became undetectable even with
the highest sensitivity of the GaAsP detector.

Intravital imaging of the ear skin was performed as described previously!’. Hairs were
removed from an ear by using depilation cream 24 h before experiments. An ear of an
anesthetized mouse was sandwiched between a cover glass and a thermal conductive silicon
gum sheet. For multi-dimensional imaging of the epidermis and underlying lamina propria, z-
stack images were acquired using a 3.0 digital zoom at 0.5 pm intervals and at a scan speed of
8 us/pixel. Time-lapse images were acquired every 10 or 12 min. An epithelial wound was
created at the ear skin with a 29 gauge needle (Terumo) 2 h before imaging.

PD0325901 (5 mg/kg), a mitogen-activated protein kinase/ERK kinase (MEK) inhibitor
(EMD Millipore, Billerica, MA), was dissolved in 0.2 mL PBS supplemented with 4 pL.
Qtracker 655 and injected via the tail vein at a dose of 5 mg/kg. Dasatinib, a tyrosine kinase
inhibitor (AdooQ BioScience, Irvine, CA), was dissolved in 0.15 mL propylene glycol

supplemented with 4 pL Qtracker 655 and injected via the tail vein at a dose of 10 mg/kg.

Image processing

Microscopic images were analyzed as described previously with MetaMorph software
(version 7.10.1.161; Molecular Devices, Sunnyvale, CA)*®. In brief, YFP fluorescence images
obtained by the excitation of CFP were used as FRET images. The FRET level is evaluated by

the FRET/CFP ratio and represented as an intensity-modulated display (IMD) or golden
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pseudocolor images. In the IMD mode, 8 colors from red to blue represent the FRET/CFP
ratio, and the 32 grades of intensity represent the signal intensity in each pixel of the CFP
image. The warm and cold colors were assigned to high and low FRET levels, respectively.
The FRET/CFP ratio of each cell was quantified as follows. For the biosensor located in the
nucleus, a region of interest (ROI) was created to include each nucleus. For the biosensor
located in the cytoplasm, nuclear signals was first subtracted by the H-basin filter of
MetaMorph. By using auto-threshold, a ROI was set onto the cytoplasm. Then, the region was
expanded 3 pixels outward. The average fluorescence intensity of the ROI was used to
calculate the FRET/CFP ratio of each cell.

Cell cycle analysis was performed with Fucci mice according to the method reported
previously!”. The Fucci biosensor system consisted of two fluorescence reporters, the mKO2-
hCdtl (30/120) G1 marker and mAG-hGeminin (1/110) S/G2M marker, which emanate
orange and green colors, respectively. For the identification of the nuclei of S/G2/M cells,
images of mKO2-hCdt1 (30/120) were subtracted from images of mAG-hGeminin (1/110).
The resulting images were processed with the segmentation function of the multi-dimensional
motion analysis module of MetaMorph. The parameters used for the segmentation were:
segmentation method, adaptive threshold; XY diameter, 4-20; local intensity above
background, 100. The nuclei of GO/G1 cells were identified in a similar manner.

To track cell migration, the FRET images were analyzed by using the Fiji TrackMate
plugin®®-3°. The tracking data were further processed by the Chemotaxis & Migration Tool

(version 1.01; ibidi GmbH, Martinsried, Germany).

Statistical analysis

All statistical analyses were performed using Prism5 software (version 6; GraphPad Software,
La Jolla, CA). A paired Student's #-test was used to evaluate statistically significant
differences. P values < 0.05 were considered statistically significant and are shown in the

figures.

Results
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Time-lapse imaging of the urothelium, the epidermis, and the underlying lamina
propria

Both skin and bladder are covered by stratified epithelium. We first show the remarkable
difference between these two epithelia in the mobility over the underlying lamina propria. For
this observation, we used two transgenic mouse lines expressing a nuclear FRET biosensor
for ERK, EKAREV-NLS (nuclear localization signal), or a cytoplasmic FRET biosensor for
ERK, EKAREV-NES (nuclear export signal)®>2°. Both the epidermis and the urothelium are
supported by dense collagen fibers in the lamina propria (Figure 1A-D). A peculiar anatomical
feature of the bladder is the presence of suburothelial capillary plexus and interstitial cells
beneath the urothelium (Figure 1B and D). During the 2 h observation of mice expressing
EKAREV-NLS, the nuclei of epidermal basal cells did not move significantly (Figure 1E left
and 1F left, Supplemental Video S1). In stark contrast, the nuclei of urothelial cells were
frequently moving (Figure 1E right and IF right, Supplemental Video S1). Consequently, the
displacement during the 1 h imaging was larger in the urothelium than the epidermis (Figure
1G). Notably, we occasionally observed that the urothelial cell sheet glided over the
suburothelial capillary plexus (Figure 1H, Supplemental Video S2). These observations may
suggest that the adhesion to the underlying lamina propria appears markedly weaker in the
urothelium than the epidermis. Of note, we did not find significant difference in the mobility

between the basal layer cells and the umbrella cells.

Difference in the mode of collective cell migration during wound healing between the
epidermis and the urothelium

The seemingly loose adhesion of the urothelium to the underlying lamina propria prompted us
to examine the mode of collective cell migration. For this examination, we observed the
epidermis and the urothelium during wound healing by TPEM. In the skin, a microscopic
injury of 150-300 um diameter was generated with a fine needle, followed by time-lapse
imaging (Figure 2A, Supplementary Video S3). Cells were tracked by the TrackMate add-in
program in Fiji to calculate their mean velocity and distance from the wound center (Figure

2B and C). Epidermal cells of two to three rows from the wound edge rapidly migrated
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toward the wound center, whereas cells behind the front rows migrated rather slowly. This
observation agrees with the previously reported results of an in vitro wound healing assay
with MDCK cells®!. FRET/CFP ratio videos were generated to analyze the dynamics of ERK
activity. As we reported earlier!”- 18, ERK activation waves were propagated from the wound
edge, as seen in Supplementary Video S3.

Similar experiments were set up for the urothelium, although the imaging period of the
urothelium could not be as long as that of the ear skin due to the invasiveness of the imaging
procedure. Because we failed to generate a mechanical wound with a fine needle through the
urethral catheter, we applied intensive laser radiation to thermally ablate the urothelium. For
this, a square 100 um on each side was set on the urothelium and scanned repeatedly under
the microscope with 80-100% laser power until the fluorescence disappeared completely. In
this condition, we did not detect tissue damage of the lamina propria (Supplementary Figure).
The wound healing process was initiated soon after the laser ablation (Figure 2D-F;
Supplementary Video S4). In contrast to the epidermal cells, all urothelial cells within the
imaged area glided at similar speeds to fill the defect, indicating that the mode of wound
healing is significantly different between the epidermis and the urothelium. In addition, an
ERK activation wave was not generated or propagated from the wound edge, suggesting that
the biochemical mechanism underlying the cell migration may also be different between the
epidermis and the urothelium. The experiments were repeated three times to confirm our
observations (Figure 2F). Although the velocity of collective migration changed slightly in

each experiment, the mode of collective migration did not change.

Requirement of ERK for the collective cell migration of the epidermis but not the
urothelium

Next, to examine the role of ERK activation in collective cell migration, the MEK inhibitor
PD0325901 was intravenously administered during time-lapse imaging. By the
immunoblotting of the tissue samples, we previously confirmed that ERK phosphorylation is
markedly suppressed under this condition?>. ERK activity and the migration velocity of cells

within 20 um of the wound edge were quantitated before and after the inhibitor administration
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(Figure 3A-D). In the wounded epidermis, both the basal activity in each cell and the
propagation of activation waves of ERK were suppressed by the MEK inhibitor (Figure 3A
and C). Epidermal cell migration was also significantly inhibited, albeit not completely,
suggesting the requirement of ERK activity for migration (Figure 3D). In the urothelium as
well, PD0325901 inhibited ERK activity (Figure 3B and C). However, the migration velocity
of urothelial cells was not decreased to a statistically significant level, indicating that the ERK
activity was dispensable for the gliding migration of the urothelium (Figure 3D).

The Fak-Src-ERK signaling pathway is known to play a pivotal role in the activation and
inactivation of integrins at focal contact®?. The modest effect of ERK inhibition on the gliding
migration of urothelium might suggest that the urothelial cells migrate without disanchoring
of the integrin from the underlying matrix. In other words, the urothelium may fill the gap by
passive gliding over the lamina propria. To test this hypothesis, we examined the effect of the
src inhibitor dasatinib. The effect of dasatinib on ERK was modest in the epidermis and not
significant in the urothelium (Figure 3E). Nevertheless, dasatinib decreased the velocity of not
only the epidermis but also the urothelium (Figure 3F). Thus, the urothelial migration, as well
as the epidermal migration, requires the activation/inactivation cycle of integrin-mediated
binding to the substrate. This observation also suggests that the urothelial gliding during the
wound healing is not a passive movement, but an active tyrosine kinase-dependent cell

migration.

Induction of cell proliferation in the epidermis but not the urothelium

Finally, we examined whether cell proliferation may have any roles in the collective migration
of the epidermis and urothelium. For this purpose, we visualized the cell cycle by the use of
Fucci mice, in which G1 cells could be discriminated from S/G2/M cells?’. To use the same
method for the wounding, both the epidermis and the urothelium were ablated in this
experiment. Although it took a few hours until the epidermal cells started moving after the
laser ablation, collective cell migration was clearly observed. As shown in Figure 4, less than
10% of basal epidermal cells were in S/G2/M phase before wounding. Six hours after laser

ablation, the proportion of S/G2/M cells increased significantly in the regions close to the
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wound edge, but not in the other regions. In the urothelium, S/G2/M cells were very rare,
which is consistent with the previous report demonstrating a slow turnover rate (>3 months)®.
Importantly, even after laser ablation, we failed to see any increase in the proportion of
S/G2/M cells. These results strongly suggested that cell proliferation in the epithelium close
to the wound may contribute to closing the wound in the epidermis, but not the urothelium,
during the time scale of our observation. The urothelial cells that entered into S/G2/M phase

might be scatted widely in the urothelium outside the viewfield.

Discussion

For a long period, the urothelium was believed to be pseudostratified and structurally
different from the epidermis; i.e., all urothelial cells were thought to be more or less
connected to the basement membrane**. However, it has been demonstrated that umbrella
cells at the apical surface do not have connection to the basement membrane, indicating that
the urothelium is a true stratified epithelium like the epidermis®. In this study, in vivo time-
lapse imaging clearly demonstrated that the urothelium is more mobile than the epidermis and
occasionally glides over the underlying lamina propria, highlighting the significant difference
in mobility between the epidermis and the urothelium (Figure 1). This high mobility of the
urothelium over the underlying lamina propria was more clearly demonstrated in the
collective cell migration during the wound healing process (Figure 2). We can reasonably
speculate that such high mobility, or gliding ability, assists in allowing the urothelium to adapt
to the changes in the surface area during the micturition cycle.

It should be emphasized that the gliding of the urothelium over the underlying lamina
propria could only be discovered by in vivo time-lapse imaging. To the best of our knowledge,
previous observations of the urothelium by TPEM used ex vivo samples**-8, Optimal
migration of lymphocytes in explanted lymph nodes requires a high concentration of
oxygen® . Therefore, the lack of blood flow and resulting low tissue oxygen concentration
under the previous experimental conditions might have concealed the gliding of the
urothelium. We cannot exclude the possibility that our experimental conditions including

anesthesia also affected the mobility of the urothelium. At least, the blood flow remained
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normal under our experimental conditions?, suggesting that our model seems to replicate the
physiological conditions in terms of oxygen concentration. Another concern about the in vivo
imaging of the bladder is the application of hydrostatic pressure. Currently, we could observe
the bladder from the serosa as deep as 350 um by TPEM. For the acquisition of urothelial
images, at least 14 cm hydrostatic pressure has to be applied to extend the muscle layer.
Therefore, the mode of urothelial cell migration may be different in the bladder at lower
intravesical pressure. Last, the epidermis and the urothelium were abraded by needle injection
and laser ablation, respectively, to observe the collective cell migration (Figure 2). This is
because, in preliminary experiments, the epidermal cells migrated only slowly after the laser
ablation, which prevented us from quantitative analysis during the 12 h time-lapse imaging.
Therefore, the difference in the method used to abrade the epithelium might have affected the
difference in the mode of migration.

Urothelial cells bind to the basement membrane via hemidesmosomes as do epidermal
cells*'**, Hemidesmosomes are comprised of several proteins, among which integrin-family
proteins play critical roles to anchor the cells to the basement membrane**. In tissue culture
cells, focal adhesions provide the loci for integrin-mediated cell-to-substrate anchoring and
ERK activity is required for the turnover of the focal adhesions* ¢, Taking these previous
reports into consideration, the dispensability of ERK for the urothelial migration may suggest
the high fluidity of the lamina propria. In other words, the urothelium may be connected only
loosely to the underlying lamina propria. However, against this hypothesis, dasatinib, the Src
inhibitor, inhibited the urothelial migration (Figure 3F), indicating that the migration of the
urothelium is an active process that requires the activation of tyrosine kinases.

In MDCK cells, the ERK activation wave is propagated from the leader cells to promote
collective cell migration!® 3!, Importantly, the cell density and the ERK activity are inversely
correlated'®. Therefore, the MDCK cell sheet crawls over the substrate with the cycle of
shrinkage and extension of each cell. We speculate that the epidermal cells migrate in a
manner similar to MDCK cells (Fig. 5). In contrast, the urothelium appears to glide over the
lamina propria more smoothly without significant changes in size (Fig. 5). This observation

may explain the dispensability of ERK activity for the collective cell migration of the
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urothelium. It should also be noted that inhibitors for the Ras-ERK MAP kinase pathway are
now clinically approved for some cancers such as melanoma®*’. Inhibitors against MEK and
BRAF are known to perturb the wound healing of the epidermis*®, but little is known about
the wound healing of the urothelium. Our observations imply that the inhibitors for the Ras-
ERK MAP kinase pathway are less toxic to the urothelium than the epidermis because of the
difference in the mode of migration.

In conclusion, in vivo time-lapse imaging of the wound healing process highlighted a
marked difference in the mode of the collective cell migration between the epidermis and the
urothelium. /n vivo TPEM was effective for observing the dynamic nature of cell movement
and molecular activities, and its use in these contexts will shed new light on the experimental

pathology of wounds.
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Figure Legends

Figure 1. Gliding of the urothelium over the lamina propria. A-D: Merged images of FRET
(gray scale), SHG (green) and Qtracker 655 (red) by multi-photon imaging of the mouse ear
skin and bladder wall expressing EKAREV-NLS (A and B) and EKAREV-NES (C and D). In
panel D, the upper left quarter of SHG of the suburothelium is removed to show the
interstitial cells more clearly. E and F: Motion analysis (E) and trajectory analysis (F) of the
epidermis and the urothelium (Supplementary Video S1) of an EKAREV-NLS mouse. FRET
images acquired every 20 min are superimposed and four colors are assigned according to the
time points of image acquisition as indicated by the color bar (E). The scale bars represent 50
um (A-E). Displacement of the centroid of the nuclei during the 1 h imaging is shown on X-Y
planes (N>1000 and N>100 in the epidermis and the urothelium, respectively) (F). The
yellow crosses indicate the averages. G: Bee-swarm plots of the displacement of the nuclei
for all cells (left) and averages (right). Red brackets and red lines are means and standard
deviations, respectively. H: A superimposition of 30 time-series FRET images at the interface
between the urothelium and the lamina propria. Seven colors are assigned according to the
time points of image acquisition as indicated by the color bar. All images were superimposed
to show that the urothelial cells moved from left to right as the time elapsed. The elliptical
nuclei of the interstitial cells (yellow arrows) and the elongated nuclei of the endothelial cells
(white arrowheads) are white, indicating that these cells stayed in the same position during the
imaging (see Supplementary Video S2). The right panels show a schematic diagram of the
urothelium gliding over the lamina propria. The scale bar represents 20 pm. The red arrows in

the right panel illustrate the track of basal cells gliding over the lamina propria.

Figure 2. Distinct mode of collective cell migration between the epidermis and urothelium.
A: An epithelial wound was created on the ear skin of each transgenic mouse expressing
EKAREV-NES. Two hours after wounding, the mice were observed under TPEM for 12 h.
CFP and FRET images were acquired every 10 min to generate video of FRET/CFP ratio
images (Video 3). Shown here are the FRET image and FRET/CFP ratio image in intensity

modulated display mode with the ratio range shown on the right. Scale bars = 100 um. B:
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Tracks and the velocities of the epidermal cells were generated as described in the text. C:
Cells that could be tracked for at least 7 sequential time-lapse images were analyzed to plot
the distance from the center of the wound and mean velocity. n = 3. D: Transgenic mice
expressing EKAREV-NES were subjected to observation. Under a two-photon excitation
microscope, a urothelial wound was created by laser ablation. Images were acquired every 6
min for 8 h (Video 4). FRET and FRET/CFP ratio images are shown. Scale bars = 100 um. E:
Tracks and the velocities of the epidermal cells were generated as described in the text. F:
Cells that could be tracked for at least 6 sequential time-lapse images were analyzed to plot
the distance from the center of the wound and mean velocity. n = 3. The black, cyan, and red

dots in panels C and F indicate datasets from three independent experiments.

Figure 3. Differential sensitivity to an MEK inhibitor between the wound healing of the
epidermis and urothelium. A, B: An epithelial wound or a urothelial wound was created in
each transgenic mouse expressing EKAREV-NES. Two hours after wounding, the mice were
observed by TPEM for at least 3 h. CFP and FRET images were acquired to generate
FRET/CFP ratio images. The MEK inhibitor PD0325901 (5 mg/kg) was intravenously
injected 1 h after the start of image acquisition. Representative FRET/CFP ratio images before
and after the administration of the MEK inhibitor are shown. Scale bars = 100 pum. C: Shown
here are the mean ERK activity (FRET/CFP) of three mice at time zero (pre) and 1 h (post).
D: Leader cells within 20 um of the wound edge were subjected to trajectory analysis to
calculate the mean velocity of migration. E, F: Similar experiments were performed except
that the tyrosine kinase inhibitor Dasatinib (10 mg/kg) was administrated at time zero. Three

mice were used for each condition. *P < 0.05, **P <0.01, ***P <0.001.

Figure 4. Cell cycle progression in the epidermis but not the urothelium after injury.

A: An epithelial wound or a urothelial wound was created in each transgenic mouse
expressing Fucci, a genetically-encoded sensor for the cell-cycle. The mice were observed by
TPEM for 12 h. The Fucci biosensor system consisted of an mAG-hGeminin (green) S/G2/M

marker and an mKO2-hCdtl1 (red) G1 marker. Scale bars = 50 um. B: The percentages of
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S/G2/M cells in the leader cells, within 20 um of the wound edge, and the other follower cells
were scored and plotted. The number of S/G2/M cells in the urothelium was negligible during

the observation.

Figure 5. Schematic view of the crawling migration of the epidermis and the gliding
migration of the urothelium during the wound healing. In the epidermis, the ERK activation
wave is accompanied by a decrease in cell density, which drives the cell sheet to crawl over
the underlying lamina propria. In contrast, the urothelium glides over the lamina propria

without the waves of ERK activation and cell density change.
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