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V-ATPase Regulates Retinal Progenitor Cell Proliferation
During Eye Regrowth in Xenopus
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Abstract

Purpose: The induction of retinal progenitor cell (RPC) proliferation is a strategy that holds promise for
alleviating retinal degeneration. However, the mechanisms that can stimulate RPC proliferation during repair
remain unclear. Xenopus tailbud embryos successfully regrow functional eyes within 5 days after ablation, and
this process requires increased RPC proliferation. This model facilitates identification of mechanisms that can
drive in vivo reparative RPC proliferation. This study assesses the role of the essential H" pump, V-ATPase, in
promoting stem cell proliferation.

Methods: Pharmacological and molecular loss of function studies were performed to determine the requirement
for V-ATPase during embryonic eye regrowth. The resultant eye phenotypes were examined using histology
and antibody markers. Misexpression of a yeast H" pump was used to test whether the requirement for
V-ATPase in regrowth is dependent on its H" pump function.

Results: V-ATPase inhibition blocked eye regrowth. Regrowth-incompetent eyes resulting from V-ATPase
inhibition contained the normal complement of tissues but were much smaller. V-ATPase inhibition caused a
significant reduction in reparative RPC proliferation but did not alter differentiation and patterning. Modulation
of V-ATPase activity did not affect apoptosis, a process known to be required for eye regrowth. Finally,
increasing H" pump activity was sufficient to induce regrowth.

Conclusions: V-ATPase is required for eye regrowth. These results reveal a key role for V-ATPase in activating
regenerative RPC proliferation and expansion during successful eye regrowth.
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Introduction

RETINAL PROGENITOR CELLS (RPCs) are multipotent
stem cells that generate all retinal cell types and the
Miiller glia of the eye." The induction of RPC proliferation
is a strateg%that holds promise for alleviating retinal de-
generation.”” However, it has been challenging to identify
the molecular mechanisms that are required to stimulate
proliferative retinal repair even though vertebrate eye de-
velopment is well characterized. One reason is that natu-

ral stem cell proliferation is typically robust during
embryogenesis, whereas studies of retinal regeneration
have understandably focused on adult or mature models—
environments where RPC proliferation is generally limited.
Using a model where robust in vivo RPC proliferation is
induced in response to damage can facilitate identification
of key mechanisms.

The eye of the clawed frog, Xenopus laevis, is highly ho-
mologous to the human eye. Moreover, Xenopus eye develop-
ment and the corresponding regulatory signaling pathways have
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been studied comprehensively.*> It is also a well-established
model for retina, lens, and cornea regeneration.® Xenopus
embryos develop externally, and their eye developmental
process is similar to humans. These characteristics make the
developing Xenopus distinctively suited for eye regeneration
studies.

At developmental stage (st.) 27, the Xenopus tailbud
embryo eye contains an optic cup and a differentiating lens
placode.” Ablation surgery to remove ~85% of the em-
bryonic eye tissues (including the lens placode and majority
of the optic cup) induced a successful regrowth response
that required robust RPC proliferation to rebuild a normal
eye within 5 days.'”!" The newly restored eye grown at the
injury site is functional and comparable with the control
uninjured eye in the same animal.

Using this model, we seek to identify mechanisms that are
required for reparative RPC proliferation. Bioelectrical
signaling mediated by ion transporters is an understudied yet
common early driver of regenerative tissue growth. In par-
ticular, the highly conserved multimeric proton (H") pump,
V-ATPase, regulates endogenous membrane voltage and 2pH
in vesicles and plasma membranes of diverse cell types.'” In
addition to its essential role in cellular homeostasis,
V-ATPase function is required for the maintenance of neural
stem cells in mice and Drosophila.">'* It is also required for
appendage regeneration.

In both the Xenopus tadpole tail and adult zebrafish
fin, V-ATPase is specifically expressed at the injury site
where it acts to initiate regeneration and drives tissue
outgrowth events.'>'® Inhibition of V-ATPase function
blocked appendage regeneration, whereas ectopic activa-
tion of an H" pump promoted regeneration during non-
regenerative states. We asked whether regenerative
mechanisms such as V-ATPase can be used reiteratively in
diverse tissues.

Here, we show that loss of V-ATPase activity blocked
reparative RPC proliferation and resulted in regrowth-
incompetent small eyes. Furthermore, misexpression of an H
pump is sufficient to restore eye regrowth during V-ATPase
inhibition. Together, our results show that V-ATPase is re-
quired for eye regrowth.

Methods
Embryo culture and surgery

X. laevis were cultured through approved protocols and
guidelines (UNLV Institutional Animal Care and Use
Committee). Embryos were generated through in vitro
fertilization and raised in 0.1 xMarc’s Modified Ringer
(MMR: 1mM MgSO,4, 2.0mM KCIl, 2mM CaCl,, 0.1M
NaCl, 5mM HEPES, pH 7.8) medium.'” The eye ablation
surgery and the regrowth assay were performed as de-
scribed.'%!!

At developmental st. 27,” embryos were anesthetized with
tricaine methanesulfonate (Millipore Sigma). Fine surgical
forceps (Dumont No. 5) were used to make an incision in
the epidermis adjacent to the protruding eyecup and over-
lying lens placode. The cut was continued around the outline
of the eye to enable ablation of the eye tissues. After sur-
gery, embryos were transferred into 0.1 xMMR, washed
with medium, allowed to recover, and then cultured at 22°C
for up to 5 days.
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Assessment of eye regrowth

The regrowth of the operated eyes was compared with
either uninjured contralateral eyes or vehicle-treated eyes,
and scored using the Regrowth Index (RI) as previously
described.'® Four phenotypic categories were used to assess
regrowth: full, partial, weak, and none, and a RI score was
calculated. Full regrowth indicated that the eye was mor-
phologically the same as a control uninjured eye, whereas
no regrowth indicated a missing eye.

The RI ranged from 0 to 300, where O indicated no eye
regrowth of all embryos under a given condition, and 300
indicated that all embryos in the group showed full re-
growth. Raw data from scoring were used to compare the
experimental and control conditions. The area of 5-day re-
grown eyes was calculated by tracing the area of visible eye
tissues on a lateral view image of each tadpole. The un-
operated eye of the same tadpole was used as control.

Pharmacological exposure and messenger
RNA expression

For V-ATPase inhibition, embryos were treated with
20nM of Concanamycin A (CAS No. 80890-47-7; Cayman
Chemical) in 0.1% dimethyl sulfoxide (DMSO) for 24h
after eye surgery. DMSO (0.1%) was used as vehicle control
(n>30). For apoptosis inhibition, 28 uM of M50054 was
used (CAS No. 54135-60-3; Millipore; n>46).

YCHE78 and PMA1.2 messenger RNA (mRNA) were
transcribed in vitro from linearized plasmid constructs using
the mMESSAGE Transcription Kit (Thermofisher). Green
fluorescent protein (GFP) mRNA was included as a lineage
label. mRNA was injected into 1 dorsal blastomere of a 4-cell
embryo using a microinjector (Harvard Apparatus) to target 1
side of the embryo. Embryos with GFP fluorescence in the
eye region were selected for eye ablation.

The titrated dosages used for injections at the 4-cell stage
were as follows: 2.38 ng/embryo for YCHE78 mRNA and
7.74 ng/embryo for PMA1.2 mRNA. These dosages were
the highest amount of mRNA that can be injected into
tadpoles while allowing for normal embryo development
and sensitivity to regeneration events (n>58).

Embryo sectioning, histology,
and immunofluorescence microscopy

MEMFA (100 mM MOPS with a pH 7.4, 2mM EGTA,
1 mM MgSOy, 3.7% formaldehyde)'” was used to fix samples
overnight at 4°C. For histology, paraffin-embedded tissues
were sectioned at 10 pm thickness using a Tissue-Tek Accu-
Cut Rotary Microtome (n>6). Alternatively, embryos and
tadpoles were embedded in 4%—-6% agarose and sectioned
into 60 um slices using a Leica vt1000s vibratome.'®

Eye sections were stained with primary antibodies, includ-
ing Xenl [pan-neural antibody, clone 3B1, 1:100 dilution,
RRID: AB_531871; Developmental Studies Hybridoma Bank
(DSHB)], mouse anti-Islet-1 (retinal ganglion cells and the
inner nuclear cell layer, clone 40.2D6, 1:200 dilution, RRID:
AB_528315; DSHB), mouse anti-Rhodopsin (rod photore-
ceptor cells, clone 4D2, 1:200 dilution, RRID: AB_10807045;
EMD Millipore), rabbit anti-phospho Histone H3 (H3P;
mitosis marker, 1:500 dilution, RRID: AB_310177; EMD
Millipore), rabbit anti-activated Caspase-3 (C3) antibody
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(activated C3, 1:300 dilution, RRID: AB_2341188; Cell Sig-
naling), anti-RPE65 antibody (retinal pigment epithelium,
1:500 dilution, RRID: AB_2181003; ThermoFisher Scien-
tific), and anti-PMA1.2 (yeast H" pump, 1:200 dilution, RRID:
AB_1109897; Novus Biologicals). Alexa Fluor conjugated
secondary antibodies were used at a 1:1,000 dilution (Ther-
moFisher). DAPI (4’,6-diamidino-2-phenylindole, dihy-
drochloride; Sigma-Aldrich) was used to stain DNA (n > 16).

Microscopy/image processing and analysis

Images of whole animals were obtained using a Zeiss Dis-
covery V20 stereomicroscope with an AxioCam MRc cam-
era. Confocal imaging was performed at the UNLV Confocal
and Biological Imaging Core using an inverted Nikon A1R-
Si confocal laser scanning microscope. ZEN Image Analysis
software and/or the open-source FIJI imaging software'”
were used to analyze and/or process all acquired images.

Quantification of rod photoreceptor cells
and mitotic cells

Quantification of rod photoreceptor cell numbers was
performed using agarose sections labeled with an anti-
Rhodopsin antibody and DAPI. The number of rod photo-
receptor cells was counted per 60 pum section (n>10 per
condition and timepoint). Rod photoreceptor cells expres-
sion pattern was measured in pixels along a line drawn
across the outer nuclear layer and compared with the overall
circumference of the retinal layer from one end of the ciliary
marginal zone to the other end of the ciliary marginal zone
(n>5 per timepoint). The ratio of Rhodopsin expression in
the retinal layer over the corresponding retinal layer cir-
cumference measurement was calculated.

Quantification of mitotic cell numbers was performed
using sections labeled with an anti-H3P antibody and the
pan-neural Xenl antibody. H3P-positive (H3P+) cells were
counted per 60 pm section (n> 10 tadpoles per condition and
timepoint). For each eye, the total area was calculated by
measuring the surface area for each eye section and sum-
ming the measurements. The total mitotic counts were then
normalized for the total area.

Statistical analysis

All statistical analysis was performed using GraphPad
Prism (GraphPad Software, San Diego, CA). A comparison
of 2 conditions was made using the Mann—Whitney U test
for ordinal data with tied ranks, using normal approximation
for large sample sizes. Multiple conditions were compared
using a Kruskal-Wallis test, with Dunn’s Q corrected for
tied ranks. All other experiments were analyzed using a
Student’s r-test.

Results
V-ATPase is required for eye regrowth

To determine the role of V-ATPase in eye regrowth, we
first sought to inhibit V-ATPase function. Concanamycin A
is a highly specific and established V-ATPase inhibitor
(IC50=10nM) that depolarizes tissues,” and blocks both
tadpole tail and zebrafish fin regeneration.'>'® First, we ti-
trated Concanamycin A to identify dosages that allowed

normal development and embryo viability. At concentra-
tions of <20nM Concanamycin A, embryos developed
normally with no observable abnormalities.

We then performed the eye regrowth assay to assess the
effects of pharmacological V-ATPase inhibition. After eye
ablation surgery at st. 27, embryos were treated with Con-
canamycin A for 24 h, and regrowth was examined at 5 days
post surgery (dps). Our data showed that Concanamycin
treatment for the first 24h gave equivalent inhibition of re-
growth as for longer treatment periods. Concanamycin A
strongly blocked eye regrowth and resulted in regrowth-
incompetent small eyes as compared with vehicle control
(Fig. 1A, C, D, P<0.01). Although V-ATPase inhibition
resulted in a small eye, the eye contained an optic nerve that
innervated the brain (Fig. 1B, asterisk) similar to the unin-
jured right eye (Fig. 1B).

To assess the quality of eye regrowth, we calculated the RI
(described in the Methods section) for each condition. Con-
trol regrown eyes showed an RI of 273 with 83.3% of eyes
fully regrown. In contrast, inhibitor-treated eyes showed an
RI of 145 with only 12.9% of eyes fully regrown (P <0.01)
(Fig. 1C). Measurements of the eye area at 5 dps indicated
that Concanamycin A-treated regrowth-inhibited eyes were
on average 55.1% smaller when compared with DMSO-
treated regrown eyes (P <0.01) (Fig. 1D). Together, our data
demonstrated that Concanamycin A inhibited eye regrowth.

To confirm the role of V-ATPase in eye regrowth, we
sought to molecularly reduce its function by ectopically
expressing a well-characterized dominant negative peptide,
YCHE?78, through mRNA injection targeted to the eye re-
gion. The V-ATPase V1 catalytic domain subunit E is re-
quired for V-ATPase function. YCHE78 is a truncated
subunit E peptide that acts as a dominant negative to inhibit
V-ATPase activity when expressed.”’ YCHE78 misexpres-
sion inhibited tadpole tail regeneration without affecting
overall development.'”

Consistent with previous studies, we found that injection of
24ng of YCHE78 mRNA into 1 dorsal cell of the 4-cell
embryo did not alter normal development. To identify cells
expressing YCHE78, YCHE78 mRNA was coinjected with
GFP mRNA to facilitate selection of st. 27 embryos that
showed GFP expression (and by inference YCHE78) in the eye
region. Eye ablation surgeries were performed on the selected
embryos, and the embryos were assessed for regrowth at 5 dps.

Consistent with pharmacological V-ATPase inhibition
phenotypes, embryos expressing YCHE7S in the eye region
showed strong regrowth inhibition with eyes that were on
average 52.2% smaller in size as compared with control
regrown eyes (RI=95, P<0.01; Fig. 1A, A1-A3, C, D).
A significant percentage of embryos were missing eyes at
the surgery site—likely indicative of a complete absence of
regrowth. Histological sections of the regrowth-incompetent
small eyes indicated that normal eye morphology was
maintained (Fig. 1A, A3’), a similar finding to the Con-
canamycin A-treated small eyes. Together, the pharmaco-
logical and molecular inhibition data revealed an essential
role of V-ATPase function in embryonic eye regrowth.

Effects of V-ATPase inhibition on eye regrowth

The regrowth-inhibited small eyes caused by V-ATPase
inhibition could be due to defects in eye progenitor cell
proliferation and/or defects in cellular differentiation and
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FIG. 1. V-ATPase is required for eye regrowth. (A) (A1-A3) Representative brightfield images of eye regrowth pheno-

types for control (DMSO; n=30), Concanamycin A treatment (n=31), or YCHE78 expression (n=59; up =anterior). Closed
arrowhead indicates regrowth, whereas open arrowhead indicates blocked regrowth. (A1'-A3’) Show corresponding he-
matoxylin and eosin-stained eye sections (n=19, n=16, and n=7, respectively; up=dorsal). (B) V-ATPase—inhibited
regrowth-incompetent eye at 5 dps is connected by an optic nerve (starred) to the brain. DAPI shows nucleus (magenta) and
Xenl stains neural tissues (green); up=anterior. n=5. (C) The RI shows the quality of regrowth based on 4 phenotypic
categories: full, partial, weak, and no eyes. (D) Area measurements at 5 dps show smaller eyes resulting from Concanamycin
A treatment (n=12) or YCHE78 expression (n=16) when compared with control DMSO regrown eyes (n=12). **P <0.01.
Data are means * SD. Scale bars: (A1-A3) 500 um, (A1-A3’) 50 um, and (B) 200 pm. DAPI, 4’,6-diamidino-2-phenylindole;

DMSO, dimethyl sulfoxide; dps, days postsurgery; ns, not significant; RI, Regrowth Index; SD, standard deviation.

patterning. We assessed the effects of V-ATPase inhibition
by examining the resultant small eyes using histological
analyses, cell proliferation assay, and molecular marker
characterization of retinal layer patterning.

To characterize the regrowth defects caused by V-ATPase
inhibition, we performed histology using hematoxylin and
eosin (H&E) staining to examine potential defects in the
Concanamycin A-treated or YCHE-expressing regrowth-
incompetent eyes at 5 dps. At this timepoint, the tadpole
eye is mature and has the structures found in an adult frog
eye. Transverse H&E sections through control regrown
eyes showed the normal complement of eye tissues, includ-
ing the lens, cornea, retina, and pigmented epithelium
(Fig. 1A, AY).

Although Concanamycin A-treated regrowth-incompetent
eyes or YCHE78 regrowth-inhibited eyes were significantly
smaller, both groups of eyes contained similar structures to
those found in the control group (Fig. 1A, A2’, A3"). To-
gether, our data indicated that V-ATPase does not act to
regulate eye differentiation and patterning during regrowth.

In Xenopus, retinogenesis is completed over 2 days (st.
24-40).%* It was previously shown that chemically blocking
cell cycle progression in RPCs resulted in small eyes with
mostly normal retinal cell layers,” indicating that retinal
differentiation and proliferation can be separated, and that
retinogenesis can be initiated independent of eye field size.
Our previous work demonstrated that eye regrowth required
an increase in cell proliferation coupled with a concurrent
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postponement in retinal differentiation as compared with
normal eye development.**

During regrowth, retinogenesis is delayed by 1 day to al-
low for RPC proliferation, and yet was still completed within
a 2-day period once it was initiated. Our histological data
indicated that overall retinal differentiation appeared to be
unaffected by V-ATPase inhibition (Fig. 1A, Al’, A3"). We
asked whether V-ATPase inhibition of regrowth could alter
the timing of retinal differentiation after eye ablation.

We examined this process at 3 timepoints (1, 2, and 3 dps)
using antibody markers.>* First, we compared eye develop-
ment in control (vehicle-treated) and V-ATPase—inhibited
(Concanamycin A) embryos without performing eye abla-
tions, and observed the same spatiotemporal patterns (data
not shown). This result confirmed that the reduction of
V-ATPase activity due to 20nM Concanamycin A exposure
allowed for normal overall development.
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The Xen1 antibody recognizes neural tissues and enables the
assessment of retinal layer formation.* In the control (DMSO-
treated) regrowing eye, the initial retinal layering was visible
by 1 dps and completed by 3 dps. The V-ATPase—inhibited
nonregrowing eye, although smaller in size, showed a similar
pattern (Fig. 2A). Using established markers for retinal pig-
mented epithelium (Fig. 2B), retinal ganglion cells (Fig. 2C),
and rod photoreceptors (Fig. 2D), we observed that the tem-
poral differentiation patterns in the V-ATPase—inhibited
regrowth-incompetent eyes were indistinguishable from con-
trol regrowing eyes.

We further examined the rod photoreceptor differentiation
process. Consistent with the small eyes that resulted from
V-ATPase inhibition of regrowth, the number of rod pho-
toreceptors was less than their control counterparts (Fig. 2E).
However, when the photoreceptor counts were normalized
to the corresponding periphery length for each timepoint,
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ing. Transverse eye sections at
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antibody (green) shows the
pigmented epithelium.
(C) Anti-Islet-1  antibody
(green) shows retinal ganglion
cells and subsets of amacrine,
bipolar, and horizontal cells.
(D) Anti-Rhodopsin antibody
(green) shows rod photorecep-
tors. (A=D) White dashed lines
outline each eye. Cell nuclei
(DAPI) are shown in magenta.
n>10 per timepoint and con-
dition. Up=dorsal.  Scale
bars=50 um. (E) Quantifica-
tion of rod photoreceptor cells
in control or V-ATPase—
inhibited eyes. The number of
rod photoreceptor cells was
counted across the retinal pe-
riphery. *P<0.05, **P<0.01
(n> 10 per timepoint and con-
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the ratio was similar between the V-ATPase—inhibited eye
and the control regrowing eye (Fig. 2F). Together, our data
indicated that retinal formation was unaffected during re-
growth inhibition, and that V-ATPase likely does not play
a main role in regulating differentiation of Xenopus eye
tissues.

If V-ATPase acts to regulate cell proliferation during
regrowth, then this function would be consistent with our
observations that differentiation remains unaffected when
V-ATPase activity is blocked. We hypothesized that
V-ATPase regulates stem cell proliferation during eye re-
growth. To test this hypothesis, we assayed cell cycle pro-
gression in RPCs during the first 24 h of regrowth using an
established mitotic marker, the anti-H3P antibody.lo’26 We
counted the number of H3P+ cells in the eye region and
normalized the counts for area.

Previously we showed that proliferation was highest dur-
ing the first day of regrowth.'" Thus 4 early timepoints were
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FIG. 3. V-ATPase regulates cell proliferation in regrowing
eyes. (A) Representative fluorescence images of eye sections
stained with anti-H3P antibody to identify mitotic cells
(green). Magenta color indicates neural tissues (Xenl). White
dashed lines outline each eye. Sample size ranges from n=9
to 12 per condition and timepoint. Up=dorsal. Scale bar=
50 um. (B) Quantification of mitoses in control DMSO re-
growing and V-ATPase—inhibited eyes. Graph shows the
number of H3P-positive cells. *P <0.05, **P<0.01 (n==9
per timepoint and condition). Data are means=+ SD.
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examined: 6, 12, 18, and 24 h postsurgery (hps) (Fig. 3). At
6 hps, H3P+ cells were found in control (DMSO-treated)
regrowing eyes (5.3 mitoses per 10~ um? area) but reduced
in V-ATPase—inhibited eyes (2.7 mitoses per 10~* pm? area,
P<0.01). At 12 hps, mitotic activity in control regrowing
eyes was the highest of the timepoints assayed (8.5 mitoses
per 10~ pm? area).

In contrast, V-ATPase—inhibited eyes showed reduced
numbers of H3P+ cells (3.6 mitoses per 1074 umz area,
P <0.01). At 18 hps, control regrowing eyes also contained
more H3P+ cells (6.8 mitoses per 10~ pum?® area) than
V-ATPase—inhibited eyes (3.7 mitoses per 10~* um?” area,
P<0.05). At 24 hps, V-ATPase—inhibited eyes showed a
63% reduction in the number of mitoses (3.5 mitoses per
10~ pm? area) as compared with control regrowing eyes
(5.6 mitoses per 10~* pm? area, P <0.05). At each timepoint,
the number of mitotic cells in V-ATPase—inhibited eyes was
significantly and consistently lower than time-matched
control eyes. Together, our data demonstrated that inhibition
of V-ATPase acts to significantly reduce the levels of RPC
proliferation during eye regrowth.

Increased H* pump activity is insufficient
to rescue regrowth failure due
to apoptotic inhibition

Our previous studies showed that apoptosis is required for
eye regrowth, and that apoptosis is a regrowth-specific mech-
anism.""** We asked whether V-ATPase and apoptosis can
interact to regulate eye regrowth. To test this hypothesis, we
first examined apoptotic activity during V-ATPase inhibition
using Concanamycin A treatment. During the first 24 h of re-
growth, apoptosis is upregulated in the regrowing eye®*
(Fig. 4A).

We assessed apoptosis using an antibody that specifically
detected activated C3, an effector caspase that induces ap-
optosis,”’27’28 and examined activated C3 levels at 4 dif-
ferent timepoints: 6, 12, 18, and 24 hps. For each timepoint,
the number of activated C3-positive cells was similar be-
tween control regrowing eyes and V-ATPase—inhibited
regrowth-incompetent eyes (P>0.8 for each timepoint)
(Fig. 4A), suggesting that V-ATPase does not act upstream
of apoptosis.

As V-ATPase is a multimeric complex, increasing its
activity by simultaneous overexpression of multiple subunits
is challenging. We tested if increasing H" pump activity
through misexpression of a single peptide non-V-ATPase
type H" pump to mimic V-ATPase activity can restore eye
regrowth during apoptotic inhibition (Fig. 4B). PMA1.2 is a
single peptide yeast H" pump that, when overexpressed, is
sufficient to substitute for the function of V-ATPase in
driving tadpole tail regeneration.'>?® M50054 is a well-
characterized inhibitor of C3 activity and has been shown to
block tissue regeneration.' "

Consistent with previous results, M50054 treatment after eye
ablation greatly reduced regrowth'' (RI=198) (Fig. 4C, D).
Overexpression of PMA1.2 in the eye region failed to restore
regrowth in embryos treated with M50054 after eye ablation
(RI=207 P>0.05) (Fig. 4C, D). This result showed that an
increase in H" pump activity is insufficient to rescue eye re-
growth when apoptosis is blocked. Together, our data indicate
that V-ATPase and apoptosis likely act in separate pathways to
regulate eye regrowth.
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The H* pump function of V-ATPase is sufficient
to induce regrowth

Based on previous studies, the requirement of V-ATPase
in eye regrowth is likely due to its H" pump function.
However, another possibility is that the accessory subunits of
the multimeric V-ATPase complex may interact with other
proteins and signaling pathways. To test if the H" pump
function is sufficient to induce regrowth, we asked if over-
expression of a non-V-ATPase H" pump could restore eye
growth in the presence of V-ATPase inhibition. As a single
peptide yeast H" pump, PMA1.2 does not interact with the
V-ATPase inhibitor Concanamycin A. Control embryos trea-
ted with Concanamycin A after eye ablation surgery showed
poor regrowth and small eye sizes (RI=134) (Fig. 5A, B).

In contrast, overexpression of PMA1.2 was sufficient to
induce eye regrowth in embryos treated with Concanamycin
A after surgery (RI=233, P<0.01) (Fig. 5C). Measurements
of regrown eyes expressing PMA1.2 showed that the aver-
age size of this group was >3 times the size of Con-
canamycin A-treated regrowth-incompetent eyes (P <0.01)
(Fig. 5B). There was a significant increase in the full eye
phenotype in PMA1.2-expressing Concanamycin A-treated
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tadpoles (50%) as compared with control Concanamycin
A-treated tadpoles (9.3%) (Fig. 5A, C).

Transverse  sections  through  PMAIL.2-expressing
V-ATPase—inhibited regrown eyes showed that overall
eye structure is normal. To confirm that PMAIL.2 is ex-
pressed in the eye region, we used a PMA-specific antibody
and detected its expression in the plasma membrane of
retinal cells (Fig. 5D). Together, our data showed that ex-
pression of an H' pump rescued the Concanamycin A
phenotype and significantly improved eye regrowth. Thus,
the H" pump function of V-ATPase is needed to induce eye
regrowth.

Discussion

In this study, we showed that V-ATPase induces repara-
tive RPC proliferation during eye regrowth while main-
taining proper patterning and differentiation. During
regrowth, V-ATPase acts to extend the endogenous devel-
opmental RPC multipotency period to generate the needed
cell numbers for the full restoration of eye. This finding is
consistent with previous studies showing that V-ATPase can
promote neural stem cell proliferation. >'*3!
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The required role of V-ATPase in Xenopus tadpole tail
regeneration is well characterized.'” Similarly, our findings
demonstrate that V-ATPase is required in eye regrowth, and
that inhibition of V-ATPase greatly reduced regenerative
proliferation. Thus V-ATPase appears to be a conserved
mechanism for tissue repair as it is required for both ap-
pendage regeneration and eye regrowth. Further studies are
needed to identify the similarities and differences of
V-ATPase in the 2 tissues.

V-ATPase is widely expressed on cellular membranes as
it is an essential ion pump with homeostatic functions.** The
pharmacological and molecular reagents that were used to
inhibit V-ATPase in this study are well established and
confirmed in their high specificity.'>'¢2°

Moreover, the inhibitor effect is dosage dependent. Dur-
ing a? endage regeneration, V-ATPase is highly upregu-
lated.”>'® To further investigate the role of V-ATPase, it
would be informative to perform transcriptomics profiling of
eye regrowth to characterize regrowth-dependent gene ex-
pression changes and identify potential increased expression
of V-ATPase subunits.

The function of V-ATPase in the eye is beginning to be
explored.> How V-ATPase regulates RPC proliferation is
an important area of investigation. One hypothesis is that
loss of V-ATPase restricts the number of RPCs. Alter-
natively, V-ATPase may act to regulate RPC cell cycle entry
and/or progression. A recent study reported a role for a
V-ATPase subunit in zebrafish eye development.®* Disrup-
tion of V-ATPase is also implicated in eye diseases such as
age-related macular degeneration.*>* In addition, ocular
channelopathies can lead to vision loss.>> Thus, under-
standing the pathways regulated by V-ATPase in the eye is
important.

Our work here showed that V-ATPase is unlikely to in-
teract with apoptosis—a process that is separately required

KHA, NAVA, AND TSENG

2.0+
— 1.64 -|_
‘;’,E 1.24
o
 Full ga 0.8 J_
Bl Partial T
0
Weak 0.4+ %
None
0.0

for eye regrowth. Notably, V-ATPase has been shown to
regulate the activities of key signaling transduction path-
ways including Notch and Wnt.>*° For example, a reduc-
tion in V-ATPase activity decreased Notch signaling.’® As
Notch and Wnt pathways are involved in regulating regen-
eration of several tissue types, it would be informative to
examine whether a similar mechanism is utilized for eye
regrowth.

In this work, we have largely focused on retinal regrowth.
It should be noted that the lens, retinal pigmented epithe-
lium, and other eye structures are also restored after em-
bryonic eye ablation. Due to its ease of accessibility and
well-understood developmental processes, the embryonic
regrowth model holds considerable promise for systemati-
cally and efficiently identifying mechanisms that success-
fully stimulate multitissue repair in the eye. Moreover, the
potential of ocular repair through pharmacological modu-
lation of ion fluxes represents a worthwhile direction for
future investigation.
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