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1 | INTRODUCTION

Zhengcheng Liu

| Atsushi Kawakami

Abstract

The interaction between immune cells and injured tissues is crucial for regeneration.
Previous studies have shown that macrophages attenuate inflammation caused by
injuries to support the survival of primed regenerative cells. Macrophage loss in
zebrafish mutants like cloche (clo) causes extensive apoptosis in the regenerative cells
of the amputated larval fin fold. However, the mechanism of interaction between
macrophage and injured tissue is poorly understood. Here, we show that a phosphoi-
nositide 3-kinase gamma (PI3Ky)-mediated signal is essential for recruiting macro-
phages to the injured tissue. PI3Ky inhibition by the PI3Ky-specific inhibitor,
5-quinoxalin-6-ylmethylene-thiazolidine-2,4-dione (AS605240 or AS), displayed a
similar apoptosis phenotype with that observed in clo mutants. We further show that
PI3Ky function during the early regenerative stage is necessary for macrophage
recruitment to the injured site. Additionally, protein kinase B (Akt) overexpression in
the AS-treated larvae suggested that Akt is not the direct downstream mediator of
PI3Ky for macrophage recruitment, while it independently plays a role for the survival
of regenerative cells. Together, our study reveals that PI3Ky plays a role for recruiting

macrophages in response to regeneration.
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many other organs throughout their lifespan. Like the limb regenera-

tion in urodeles, the fish fin regenerates through a process called as

Tissue homeostasis including regeneration and cellular turnover is cru-
cial for maintaining tissue integrity of multicellular organisms. Mam-
mals have a limited capacity to restore the lost tissue; however, some
vertebrate species such as urodele amphibians and teleost fish retain
a high regeneration potential. Dissecting the regeneration mechanism
in such model species may contribute to the development of new
regenerative therapies.

Zebrafish possesses a remarkable capacity to regenerate a variety
of tissues, including appendages like fins, eyes, heart, spinal cord, and

epimorphic regeneration that includes the formation of characteristic
tissues like the wound epidermis (WE) and blastema (Kawakami,
2010; Poss et al., 2003). Using the adult zebrafish caudal fin as a
model, the molecular basis has been explored during the past decade
to reveal necessary roles of multiple signaling pathways such as Fgf,
Hedgehog, and Wnt signaling during regeneration (Poss, 2010;
Wehner & Weidinger, 2015).

In addition to the adult fin, the zebrafish larval fin fold was also
used as a regeneration model to dissect the underlying molecular
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mechanism (Kawakami et al., 2004; Mateus et al., 2012; Yoshinari &
Kawakami, 2011). The neuregulin (NRG) and ErbB signaling was
shown to be necessary for cell proliferation and migration during zeb-
rafish fin fold regeneration (Rojas-Mufoz et al., 2009). Further, it has
also been shown that phosphorylation of Junb family proteins is
required for cell cycle activation and a proper regeneration progress
(Ishida et al., 2010). Thus, increasing numbers of studies using the lar-
val fin fold model have contributed for revealing the molecular basis
of regeneration (Kawakami, 2010; Yoshinari & Kawakami, 2011).

Recently, several studies have suggested that immune cells like
macrophages and their inflammatory response play crucial roles
for tissue regeneration in zebrafish and other species (Aztekin
et al., 2020; Simoes et al., 2020). Activated macrophages eliminate
senescent cells to support salamander limb regeneration and prevent
tissue aging (Yun et al., 2015). In addition, macrophages contribute to
salamander tissue regeneration by controlling inflammatory actions
and cytokine signaling (Godwin et al,, 2013). Further, it has been
shown that genetic ablation of macrophages in adult zebrafish impairs
bony ray formation during caudal fin regeneration (Petrie et al., 2014).
Moreover, macrophages also control zebrafish spinal cord regenera-
tion through modulation of a proinflammatory cytokine, interleukin-15
(il1b), and a pro-regenerative cytokine, tumor necrosis factor alpha (tnf-
a) (Tsarouchas et al., 2018).

Our preceding studies showed that macrophages are necessary
for the survival of regenerative cells that are primed to initiate
regeneration-induced gene expression and cell proliferation
(Hasegawa et al., 2015 and 2017). We found that aberrant apoptosis
in amputated fin folds and a regeneration defect occur in the ampu-
tated fin fold of the cloche (clo) mutant (Stainier et al., 1995) and
other mutants in which hematopoietic cell development is defective
(Hasegawa et al., 2015). We revealed that the apoptosis of regener-
ative cells is induced by prolonged and excess expression of illb
(Hasegawa et al., 2017), and that a factor, possibly derived from the
macrophage, is responsible for attenuating inflammation and pre-
venting the apoptosis of regenerative cells (Hasegawa et al., 2015).
However, the molecular mechanisms and signals from the wounded
tissue to macrophages and regenerative cell survival are not well
understood.

This study aimed to determine the mechanism underlying the sur-
vival of regenerative cells by screening a chemical library. We found
that the phosphoinositide 3-kinase gamma (PI3Ky)-specific inhibitor
(AS605240, written AS hereafter) induced apoptosis in tissues adja-
cent to the amputated site. From analyses of the effect of AS, we
showed that PI3Ky plays a role for recruiting macrophages to the

injured tissue in response to injury.

2 | MATERIALS AND METHODS

21 | Zebrafish

The wild-type zebrafish strain used in this study was originally derived

from the Tubingen strain and was maintained in our facility for over

10 years by inbreeding. Transgenic (Tg) strains used in this study are Tg
(mpeg1:mCherry) (Ellett et al., 2011), Tg(fn1b:egfp) (Shibata et al., 2018),
and Tg(hsp70l:mKO2-t2a-caAkt) (this study). All fish were maintained in
a recirculating water system in a 14 h day/10 h night photoperiod at
28.5°C. Zebrafish larvae (2-4 days post fertilization, dpf) and adult fish
(3-12 months old) with similar sex ratios were analyzed for all experi-
ments unless otherwise specified. All surgery was performed under
0.002% tricaine (3-aminobenzoic acid ethyl ester, Sigma-Aldrich) anes-
thesia and every effort was made to minimize suffering. Animal
experimentation was performed in strict accordance with the rec-
ommendations of the Act on Welfare Management of Animals in
Japan, the Guide for the Care, Use of Laboratory Animals of the
National Institute of Health, and the Animal Research Guidelines at
Tokyo Institute of Technology, Japan. Experiments performed in
accordance with the approved protocols complied with ARRIVE

guidelines.

2.2 | Finfold amputation

Adult fin regeneration experiments were performed on 3- to
12-month-old male zebrafish. The fish were anesthetized with tricaine
and the caudal fins were cut in a straight line in the middle of the cen-
tral fin ray. Fin regeneration was quantified by measuring the length
from the amputation plane to the posterior tip of the fin.

For fin fold amputation, zebrafish larvae at 3 dpf were anesthe-
tized with tricaine in egg water (0.006% artificial sea salt, 0.0001%
methylene blue). Fin folds were cut with a scalpel at the site immedi-
ately posterior to the notochord end. The amputated fish were incu-
bated in fresh egg water at 28.5°C, and the regenerating fins and fin
fold were collected at appropriate time points for further analysis. The
length from the notochord end to the posterior tip of the fin fold were

measured to quantify fin fold regeneration.

2.3 | Generation of the transgenic line Tg(hsp70I:
mKO2-t2a-caAkt)

The pT2(hsp70l:mKO2-t2a-caAkt) construct was prepared by inserting
the caAkt cassette into pT2(hsp70l:mKO2) (Akieda et al., 2019). The
14-amino acid src myristoylation signal (Kohn et al., 1996) was fused to
the zebrafish Akt sequence and the caAkt was placed under the control
of the heat shock protein 70 L promoter. The engineered construct was
injected into one-cell-stage zebrafish embryos with 25 ng/plL transpo-
sase mRNA. FO founders were either incrossed or outcrossed to screen
the F1 careers. The carriers were identified by mKO2 fluorescence after
heat shock at 38°C for 2 h at 72 hpf.

24 | Chemical library screening

The library of 3404 compounds (LOPAC Validated A and B, Sigma
Aldrich) were provided by the Tokyo University Drug Discovery



ZHOU et AL. Development, Growth W ILEY 435

& Differentiation
(a) (c) 25-
. 0 Uncut m Cut x
Incubate with ® . o
chemical (12 h) g 20+ g
S ©
j 5 I =
Qo154 3 SO
= (=] % a *kk whk
2 |s =
5107 ¢ o2 oo
@ e » § |gv &=t
. E 57 non
Cut fin fold at 3dpf =]
=z
0_
e} o ° £ o L} ] c Q
a o el < = o ° @ 3
) c o = Q < >
Q ) > g b > £ 2
< T = Z 9]
Class | Il 1l
(b) Injury-independent Injury-induced
apoptosis apoptosis in broad area
Albendazole  Flubendazole Myoseverin Methiazole

Cut

Uncut

Injury-induced apoptosis in amputation site

Nocodazole Vindesine Simvastatin AS605240

FIGURE 1 Legend on next page.



436 | Wl LEY— Development, Growth

ZHOU ET AL.

& Differentiation

Initiative. The compounds were divided into 344 pools that contained
6-10 chemicals; most of the pools contained 10 chemicals. The chem-
ical pools (1 mM each compound) were diluted 5-fold using DMSO
and a further 200-fold with 1 ml egg water to a final concentration of
1 pM for each chemical and 0.5% DMSO. The chemicals were blind-
tested and screened in 24-well plates with zebrafish larvae by incu-
bating the larvae at 28.5°C for 12 hours. Apoptosis was detected by
the terminal deoxynucleotidyl transferase dUTP nick end labeling
(TUNEL). The first screen showed that 49 out of 344 pools (14.2%)
were severely toxic and caused larval death within 12 h of incubation.
These toxic pools were discarded and the individual chemicals were
not further tested. The individual chemicals in the pools that displayed
apparent apoptosis were successively screened and further validated.

All candidate chemicals were tested more than twice to confirm
the phenotypes at 1 uM. However, AS (Selleck Chemicals) was used
at 2 pM for further analysis of the larvae fin fold phenotype and
2.5 uM for the adult fin phenotype. AS was dissolved in DMSO at
10 mM and stored at —30°C. The stock was diluted to the working
concentration with egg water and applied to zebrafish larvae in a

6-well plate at least 1 h before fin fold amputation.

2.5 | Morpholino (MO) injection
MOs obtained from Gene Tools were dissolved in Danieau solution at
1 mM, and injected (0.5 nL/egg) into the dechorionated fertilized zeb-
rafish eggs at the 1-2 cell stage. The following MOs were used in this
study:

pik3cg MO: 5'-CTGGCTTGCTGTTCCATAACCAATG-3

pik3cg splice MO: 5'-GCTCAATCTGAAATTAAAATGGTGC-3

std MO: 5-CCTCTTACCTCAGTTACAATTTATA-3'.

pik3cg splice MO interferes with pik3cg RNA splicing to create a
premature stop codon. A decrease in the pik3cg transcript caused by
nonsense-mediated mMRNA decay was confirmed using RT-PCR analy-
sis (Figure 3a). The fluorescein-tagged ATG MO targets the translation
initiation site (custom design by Gene Tools); this was used to confirm
injection efficiency and the MO phenotype.

2.6 | RT-PCR analysis

RT-PCR was performed as described previously (Hasegawa

et al., 2017). Total RNA was extracted from larval tail tissue (30 per

group) posterior to the yolk extension using TRIzol (Thermo Fisher
Scientific) and further purified using the RNeasy kit (Qiagen). cDNAs
were synthesized using the Thermoscript RT-PCR kit (Thermo Fisher
Scientific) with random hexamer as the primer. PCR was performed
according to a standard procedure using Pag5000 DNA polymerase
(Agilent Technologies) and the following primers:

pik3cg Fw: 5'-GTCTTAGGGTTGCCAGACAGCTTTAAAGTGCC-3

pik3cg Rv: 5'- CTGAATGTTTGCAATGGTAGTGGCATCCTTC-3'

actb1 Fw: 5'-ATGAGGAAATCGCTGCCCTGGTCG-3

actb1 Rv: 5'-ACCGTGCTCAATGGGGTATTTGAGGGT-3'.

2.7 | Time-lapse analysis of macrophage migration

For live imaging of Tg(mpeg1:mCherry), larvae were anesthetized with
0.002% tricaine, placed on a 2% agarose gel, embedded in 1.2% low
melting-point agarose gel, and observed under a 20x water-
immersion objective lens using a confocal laser scanning microscope
(FV-1000, Olympus). Images were acquired once every 3 min to draw
the movement trajectories of mpeg1™ cells. The velocity of mpegl™
cells was analyzed using NIH ImageJ 1.49 and Microsoft Excel 2013.

2.8 | Histological analysis

Antibody staining was performed as previously described (Shibata
et al.,, 2016) using 1:50 anti-rabbit phospho-Akt (pAKT) (Ser473) anti-
body (#4060, Cell Signaling Technology) and 1:250 goat anti-rabbit
Alexa Fluor 568 antibody (#A-11011, Invitrogen). The stained samples
were mounted with 80% glycerol containing 25 mg/mL triethylene-
diamine (DABCO, Nacalai Tesque) as an anti-fading reagent. Immu-
nostained larvae were observed with the FA6000 fluorescent
stereomicroscope (Leica).

Cell proliferation was detected by 5-ethynyl-2'-deoxyuridine
(EdV) incorporation using the Click-iT EdU imaging kit (Life Technolo-
gies) as previously described (Shibata et al., 2018). Zebrafish larvae
and adults were incubated in egg water containing EdU (1 mM for lar-
vae and 50 uM for adult fin) for 24 h at 28.5°C. EdU detection was
performed according to the manufacturer's instructions. The samples
were mounted with 80% glycerol containing DABCO. The EdU-
positive cells were quantified by captured images.

Cell apoptosis was detected by TUNEL staining using the in situ

apoptosis detection kit (Roche) as previously described (Hasegawa

FIGURE 1

Screening compounds that induce apoptosis in the larvae fin fold. (a) Schematic overview of the screening procedure. Wild type

(WT) zebrafish larvae were amputated at 3 days post fertilization (dpf) and incubated with the compounds for 12 h in a 24-well plate. Uncut
larvae were also incubated as a control. Apoptotic effects were evaluated by TUNEL (terminal deoxynucleotidyl transferase dUTP nick end
labeling) staining. (b) Representative apoptosis phenotypes caused by the respective chemicals. Class | compounds (albendazole and flubendazole)
induced ubiquitous apoptosis in cut and uncut larvae. Class Il and Ill compounds induced apoptosis in response to tissue amputation. Class IlI
compounds (nocodazole, vindesine, simvastatin, and AS605240), induced apoptosis mostly close to the amputation site, whereas class Il
compounds (myoseverin and methiazole) induced apoptosis in broader areas. Scale bar, 50 pm. (c) Quantification of the number of apoptotic cells
in the bracketed areas from the posterior end of the notochord to the amputation plane in (b). Data are presented as the mean + SEM. Student's

t-test. ***p < 0.001. n.s., not significant. DMSO, dimethyl sulfoxide
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FIGURE 2 Phenotype caused by the PI3Ky inhibitor, AS. (a) Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) analysis
of cell death at different stages of fin fold regeneration using dimethyl sulfoxide (DMSO)- and AS-treated larvae. Scale bar, 50 um.

(b) Quantification of TUNEL-positive cells in the injured site (bracketed areas) in (a). The data at 12 hpa (hours post amputation) in Figure 1b were
also used for statistical analysis. (c) Confocal image of the fin fold of Tg(fn1b:egfp) (green) at 12 hpa wherein apoptotic cells were detected by
TUNEL staining (red). Right panel, the longitudinal transverse optical section at a plane indicated by the red line. DAPI, nuclear staining with

4’ 6-diamidino-2-phenylindole dihydrochloride (0.1 mg/mL). The enhanced green fluorescent protein (EGFP) fluorescence marks the epithelial
cells expressing fn1b. Yellow and white arrowheads indicate representative epithelial and mesenchymal cells, respectively. Scale bar, 50 pm.

(d) Fin fold regeneration in DMSO- and AS-treated larvae at 3 dpa. Scale bar, 50 pm. (e) Quantification of the regenerated fin fold length from the
posterior to the end of notochord in (d). (f) Detection of proliferating cells by 5-ethynyl I-2’-deoxyuridine (EdU) incorporation in the DMSO- and
AS-treated larvae during 0-24 hpa. Scale bar, 50 pm. (g) Quantification of the number of EdU-positive cells beneath the amputation site
(bracketed areas) in (f). (h) Confocal image of the fin fold of Tg(fn1b:egfp) at 12 hpa in the DMSO- and AS-treated larvae. Scale bar, 50 pm. (b, e, g)
Data are presented as the mean + SEM and analyzed by Student's t-test; ***p < 0.001, n.s., not significant

et al., 2017). The posterior tissue containing the larval tail was cut and 2.9 | Quantification and statistical analysis

reacted with TUNEL reaction mixture at 37°C for 2 h. The samples

were mounted with 80% glycerol containing DABCO, and the images Clutchmates were randomized into different treatment groups for
were acquired with the FA6000 fluorescent stereomicroscope (Leica), each experiment. No animal or sample was excluded from the anal-
LSM780 confocal microscope (Zeiss), or FV1000 (Olympus) confocal ysis unless the animal died during the procedure. All experiments

laser-scanning microscope. were performed with at least three biological replicates unless
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FIGURE 3 Pik3cg knockdown recapitulates the phenotypes in AS-treated larvae. (a) RT-PCR analysis of pik3cg mRNA expression in larvae
injected with standard control (std) morpholino (MO) or splice site MO. Blocking mRNA splicing causes a premature stop codon and induces
mRNA degradation. Arrowhead indicates a minor 750-bp PCR product that may be derived from unspliced mRNA. (b) Terminal deoxynucleotidyl
transferase dUTP nick end labeling (TUNEL) analysis of larvae injected with std-, ATG-, or splice MOs at 12 hpa. Scale bar, 50 pm.

(c) Quantification of TUNEL-positive cells in the injured site (bracket region) in (b). Statistical significance was tested by one-way ANOVA;

**p < 0.05, ***p < 0.001

otherwise stated using the appropriate number of samples for each
replicate. Sample sizes were chosen based on those reported in pre-
vious publications and experiment types and are indicated in each
figure legend. Statistical analyzes were performed using Microsoft
Excel 2013 or IBM SPSS software. All statistical values are dis-
played as the mean * standard error of the mean. Sample sizes, sta-
tistical tests, and p values are indicated in the figures or legends.
Student's t-tests (two-tailed) or the ANOVA test for statistical sig-
nificance were applied when normality and equal variance tests
were passed. The ANOVA test was used for three or more groups
of data.

The mpeg1™ cells in the ventral region of the tail between the
caudal artery and cardinal vein were counted for quantification of
mpegl™ cells in the caudal hematopoietic tissue (CHT) region.
Quantification of apoptotic cells involved counting TUNEL-
positive nuclei in the captured and enlarged images. Quantifica-
tion of EdU incorporation in the adult fin and pAkt staining in the
larval fin fold involved capturing fluorescent images using a Leica
FA6000 microscope with a DFC365Fx B/W camera and LAS X
software (Ver. 3.7.0) under the same non-saturated conditions.
The acquired fluorescent images were binarized at a fixed condi-
tion for each experiment using NIH Image) 1.49 to quantify the
fluorescence. Fluorescence was measured by applying a color

threshold (red-green-blue color model) to select only the areas

appearing in red. Pixel measurements were converted into units

of area.
3 | RESULTS
3.1 | Screening for apoptosis-inducing compounds

To obtain a clue for the mechanisms how the survival and mainte-
nance of regenerative cells are regulated, a chemical library was
screened by TUNEL analysis for compounds that induce apoptosis
during zebrafish larval fin fold regeneration (Figure 1a). An initial
screen using pools of chemicals (344 pools, 6-10 chemicals/pool)
identified 26 pools that displayed increased apoptosis in the ampu-
tated fin fold at 12 h post amputation (hpa). The individual com-
pounds were further screened to finally identify eight compounds
that significantly increased apoptosis.

The identified compounds were grouped into three classes
(Figure 1b,c). Class | compounds including albendazole and flubenda-
zole caused apoptosis irrespective of amputation (Figure 1b). These
drugs are known as antiparasitic drugs that bind to tubulin to suppress
microtubule polymerization (Geary et al., 2019). They are also shown
to induce p53-mediated apoptosis and arrest the cell cycle at the
G2/M phase in rat embryos (Longo et al., 2013; Longo et al., 2014).



ZHOU ET AL.

Development, Growth

_WILEY_L*®

(@)

TUNEL

Number of TUNEL+ cells

AS  cloche

© DMSO @

FIGURE 4

300

200 —

100 —

Velocity of macrophages (um/h)

Differentiation
0 hpa 3 hpa

o)

6 hpa

-
-
-

-

* % x

Loss of macrophage recruitment caused by PI3Ky knockdown. (a) Comparison of regeneration-dependent apoptosis of AS-treated larva

and cloche (clo) mutant. Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) stained AS-treated larva and clo mutant was compared
side-by-side at 12 hpa. Scale bar, 50 pm. (b) Macrophage migration and accumulation at the injured site visualized by Tg(mpeg1:mCherry). The time-
lapse recording was done at 0-6 hpa with a confocal microscope using a water immersion objective lens, and the images were taken from the recorded
live images. Yellow arrowheads indicate mpeg1™ macrophages. Scale bar, 50 pm. (c) Schematic diagrams showing a 6 h time-lapse of the injured fin fold
and migration trajectory of macrophages arriving at the wound in dimethyl sulfoxide (DMSO)- and AS-treated larvae during the recruitment phase.
Respective colored lines indicate the trajectories of individual macrophages. (d) Macrophage velocity quantification in DMSO- and AS-treated larvae.
Data are presented as the mean + SEM and analyzed by Student's t-test; ***p < 0.001. For further information, please refer to Videos S1 and S2

Class Il compounds including myoseverin and methiazole displayed
injury-induced apoptosis in a broad area away from the amputated site
(Figure 1b). Myoseverin is a microtubule-binding molecule and an inhibi-
tor of tubulin polymerization (Rosania et al., 2000), while methiazole is
used as a medication for hyperthyroidism by inhibiting thyroid hormone

synthesis (Nakamura et al., 2007). It has been reported that myoseverin

and methiazole induce apoptosis in mammalian mononuclear myotube
cells (Um et al., 2017) and the rat olfactory neurons through caspase
3 activation (Sakamoto et al., 2007).

Class lll compounds including nocodazole, vindesin, simvastatin, and
AS, increased apoptosis in the area close to the injured site (Figure 1b).

Nocodazole and vindesin are microtubule de-polymerizing agents and
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FIGURE 5 PI3Ky function is required during the early stages of fin fold regeneration. (a) The experimental scheme of stage-specific treatment
of AS. Group 1 larvae were exposed to AS 0-6 hpa to block macrophage recruitment. Group 2 larvae were exposed to AS 6-12 hpa to allow
macrophage recruitment. (b) Macrophage recruitment detected using Tg(mpeg1:mCherry) at 6 and 12 hpa. Macrophages accumulated in the
injured site of only group 2 larvae. Scale bar, 50 um. (c) Quantification of the number of mpeg1™ cells in the injured site (bracket areas) in (b).

(d) Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) analysis of two larval groups at 12 hpa. Scale bar, 50 pm. (e)
Quantification of the number of TUNEL-positive cells in the injured site (bracket areas) in (d). (c and e) Data are presented as the mean + SEM.
Statistical significance was analyzed using one-way ANOVA. n.s., not significant

induce cell death by arresting the cell cycle (Frank et al., 2019;
Merighi et al., 2003). Statins such as simvastatin inhibit 3-hydroxy-
3-methylglutaryl-coenzyme A reductase, a rate-limiting enzyme in
the mevalonate pathway for cholesterol synthesis (Todd & Karen, 1990).
AS is an ATP-competitive inhibitor against phosphoinositide 3-kinase
gamma (PI3Ky) (Camps et al., 2005). The following section investigated
the action of the AS during fin fold and fin regeneration.

3.2 | Phenotypes caused by PI3Ky inhibition

TUNEL analysis was performed at different regenerative stages to
further characterize AS-mediated apoptosis. Many apoptotic cells
were detected at 1 hpa in both (DMSO)- and AS-treated larvae
(Figure 2a) due to cell destruction by amputation (Hasegawa
et al., 2015). However, apoptosis remained high only in AS-treated
larvae during 3-12 hpa and gradually declined thereafter (Figure 2a,b),
indicating that AS-specific apoptosis occurs in stages from 3 hpa

onwards. Confocal optical sections showed that higher apoptosis
occurred in mesenchymal cells, although a low-level apoptosis also
occurred in epithelial cells (Figure 2c). In addition, AS impaired tissue
regeneration (Figure 2d,e) and cell proliferation (Figure 2f,g), whereas
AS did not affect the WE formation and the fn1b induction in the epi-
thelial cells around the amputated site (Figure 2h).

We also validated if AS targets PI3Ky during apoptosis. Two
antisense morpholino oligonucleotides (MOs) were used to target
the translation initiation site and the exon-intron boundary (Yoo
et al., 2010), respectively, to knockdown the pik3cg gene encoding
PI3Ky (Figure 3a) and examine apoptosis in the morphants. Apopto-
sis around the amputation site increased in larvae injected with
either of the pik3cg MOs in the same way as in the AS-treated larvae
(Figure 3b,c), suggesting that PI3Ky is at least the major driver for
the apoptosis phenotype caused by AS. The number of apoptotic
cells caused by the MO injection were slightly less than that of
AS. This is possibly due to the lower penetrance of MOs at later
developmental stages.
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promoter drives mKO2 and caAkt expression. (b) Induction of mKO2 expression in the embryo (2 dpf) of the Tg line, Tg(hsp70l:caAkt), after heat
shock (HS). Scale bar, 250 pm. (c) TUNEL analysis at 12 hpa in the amputated fin fold with or without heat shock before amputation. Scale bar,
50 um. (d) Quantification of the number of terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL)-positive cells in the injured site
(bracket areas) in (c). (€) Analysis of mpeg1* macrophage recruitment at 6 hpa in Tg(hsp70l:caAkt) with or without heat shock in the presence of
dimethyl sulfoxide (DMSO) or AS. Scale bar, 50 pm. (f) Quantification of mpeg1™ cells in the bracketed areas in (e). Akt overexpression did not
rescue the AS-mediated defect in macrophage recruitment. (g) Immunostaining of phosphorylated Akt (pAkt, Ser 473) in DMSO- or AS-treated
larvae, and in the pik3cg morphants injected with ATG or splice MOs. Scale bar, 50 pm. (h) Quantification of the fluorescent intensity of pAkt
staining in the bracketed areas in (g) by measuring the fluorescent intensity in the boxed area (50 pm x 150 pm) by Image J. (d, f, h) Data are
presented as the mean + SEM. Statistical significance was analyzed by one-way ANOVA; ***p < 0.001; n.s., not significant

AS-treated regenerating adult fin and larval fin fold showed
similar phenotypes in apoptosis, cell proliferation, and regenera-
tion (Figure S1). This suggests that PI3Ky is necessary for the sur-
vival of regenerative cells and regeneration during adult fin

regeneration.

3.3 | PI3Ky function is required for macrophage
recruitment

We previously showed that the absence of macrophages (but not
neutrophils) in the clo mutant caused apoptosis of regenerative
cells (Hasegawa et al., 2015; Hasegawa et al., 2017). The pheno-
types caused by AS treatment in this work were similar to those
observed in the clo mutant (Hasegawa et al., 2017) (Figure 4a). We

suspected that PI3Ky inhibition could occur due to the abnormal
macrophage behavior. Therefore, macrophages were tracked
using Tg(mpeg1:mCherry) (Ellett et al., 2011) to investigate how AS
impairs macrophage recruitment to the injured site. The mpegl-
expressing macrophage population accumulated at the injured site
3-6 hpa after fin fold amputation in the DMSO-treated control;
however, they did not accumulate in AS-treated larvae (Figure 4b;
Videos S1 and S2). Tracking of individual macrophages revealed that
macrophage motility is severely impaired in the presence of the AS
(Figure 4c,d). Macrophages in the AS-treated larvae have a rounder
shape, while DMSO-treated macrophages have an irregular shape
with many long filopodia. We further confirmed that the overall
number of macrophages was unaffected by AS treatment. The num-
ber of macrophages in the CHT did not significantly decrease follow-

ing AS treatment (Figure S2). Taken together, we concluded that AS
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treatment affected macrophage motility and their accumulation in
the injured site and led to apoptosis of regenerative cells.

34 | PI3Ky function is required during the early
stages of regeneration

Many studies have suggested that PI3K signaling is involved in cell
survival of many cellular systems (Franke et al., 2003). Therefore, it is
possible that AS also has a direct effect on the survival of regenerative
cells in the stage of macrophage recruitment. To test this possibility,
the AS was applied at different time windows (group 1: 0-6 hpa;
group 2: 6-12 hpa, where macrophage recruitment had already
occurred) (Figure 5a). Macrophage recruitment was nearly completed
by 6 hpa (Figure 5b,c). If AS acts on the injured site to induce apopto-
sis in a macrophage-independent manner, it is expected that apoptosis
will increase in larvae treated with AS during 6-12 hpa.

However, the apoptosis level of group 1 larvae was almost the
same with that of AS-treated during 0-12 hpa (Figure 5d,e). In con-
trast, no significant increase of apoptosis was observed in the larvae
of group 2 (Figure 5d,e). These results suggest that PI3Ky function is
required before macrophage recruitment, and AS does not directly

affect regenerative cell survival.
3.5 | Akt functions in the injured site to support
their survival

It has been suggested that protein kinase Akt is the downstream

mediator of the PI3K signal in many biological systems (Vara

et al., 2004). To examine the possible involvement of Akt in the down-
stream of PI3Ky, we generated the zebrafish Tg line that expresses
the constitutively active form of Akt, caAkt (Kohn et al., 1996), under
the control of heat shock protein 70l promotor (Figure 6a,b).

However, contrary to our expectation, we observed that the mac-
rophage recruitment was not rescued by caAkt expression in the Tg
after heat shock (Figure 6c and d), while AS-induced apoptosis signifi-
cantly decreased despite the absence of macrophages (Figure 6e,f).
These results suggest that Akt is not the downstream mediator for
macrophage recruitment; instead, it functions independently in the
surviving cells to support their subsistence.

To further investigate the site of Akt action, phosphorylated Akt
(pAkt) immunostaining was performed. Apparent pAkt staining was
observed in the injured tissue in response to injury (Figure ég,h), while
pAKt was severely decreased by AS treatment and pik3cg knockdown.
These observations support the notion that Akt functions in the sur-

viving cells.

4 | DISCUSSION

Through chemical library screening and functional analyzes, we
revealed that PI3Ky plays an essential role as a key signal for recruit-
ing macrophages to the injured site in response to tissue injury. Addi-
tionally, we suggest that Akt is not the direct mediator of the PI3Ky
signal for macrophage recruitment (Figure 7).

Zebrafish is useful for large scale screening of chemicals
that affects specific biological processes like tissue regeneration
due to the ease of applying chemicals and observing phenotypes
under the microscope (Han et al., 2019; Mishra et al., 2020;
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Oppedal & Goldsmith, 2010). In particular, the larval stage is small
enough to perform high-throughput screening (Mathew et al., 2007).
We screened for compounds that induce aberrant cell death in the
regenerating fin fold of zebrafish larvae and successfully identified
eight apoptosis-inducing compounds from a library of >3000
compounds.

Further analysis of the PI3Ky selective inhibitor (AS) in this work
showed that PI3Ky plays a crucial role for recruiting macrophages to
the injured site to support the survival of regenerative cells. However,
Akt could not rescue macrophage recruitment in the presence of AS,
indicating that Akt is not the downstream mediator for macrophage
recruitment. On the other hand, Akt rescued apoptosis caused by the
loss of macrophages in the injured site, suggesting that the Akt signal
directly regulates the maintenance of regenerative cells.

In addition to the effect on macrophage recruitment, AS also
impaired the recruitment of neutrophils (unpublished observation),
indicating that the PI3Ky signal affects the migration of myeloid cells.
Although neutrophil-macrophage crosstalk in tissue repair is sug-
gested (Tauzin et al., 2014), our previous study has shown that neu-
trophils are not necessary for supporting regenerative cell survival
(Hasegawa et al., 2017).

A limitation of this study is that the target cells of AS were still
unclear due to technical limitations such as cell type-specific gene
knockdowns. Whole-mount in situ hybridization analysis (data not
shown) and RNA sequencing data (Hasegawa et al., 2017; Rougeot
et al., 2019) showed that pik3cg is expressed in variety of tissues,
including macrophages and fin fold tissue. Therefore, it was difficult
to precisely determine the AS target cells. Studies in mice have sug-
gested that PI3Ky regulates macrophage motility (Hirsch
et al., 2000; Kaneda et al., 2016). Therefore, it is most likely that AS
targets the PI3Ky in the macrophage to regulate their recruitment to
the injured site.

Considering the injury-dependent accumulation of macrophages
at the injured site, tissue injury may produce a factor that influences
the PI3Ky activation. Chemokines from the injured tissue could func-
tion upstream of PI3Ky to regulate macrophage recruitment. CCL5 is
suggested to play a key role in activating macrophage chemotaxis
(Barberis et al., 2009). In addition, PI3Ky is reported to be activated by
G protein couple receptor and P110y during cellular chemotaxis in
response to inflammation (Hirsch et al., 2010; Vadas et al., 2013).
More recently, it has been reported that the neuregulin 1 (NRG1)
secretion in the injured fin fold is required for macrophage recruit-
ment (Laplace-Builhé et al., 2021). However, the mechanism by which
the wounded tissue attracts macrophages remains unanswered.

In contrast to the role of PI3Ky for macrophage recruitment, we
showed that Akt is not involved in macrophage recruitment to injured
site. Although Akt is one of well-known mediators of PI3K signal (Bon-
deva et al., 1998), it is likely that Akt is not the mediator of PI3Ky for
macrophage recruitment. Instead, an unknown component mediates
the PI3Ky signal to regulate macrophage migration. This is consistent
with previous work showing that PI3Ky is necessary for directed migra-
tion of neutrophils through phosphatidylinositol (3,4,5)P3-phosphatidy-
linositol(3,4)P2 (PI(3,4,5)P3-PI(3,4)P2) and Rac (Yoo et al., 2010).

& Differentiation

caAkt-overexpression experiment indicated that Akt supports cell
survival irrespective of macrophage recruitment, showing that it func-
tions after macrophage recruitment in the regenerative cells for their
survival. This notion was supported by Akt phosphorylation in the
injured site in response to tissue injury. Akt incorporated into the
plasma membrane is activated by phosphorylation at Thr308 and
Thr473 (Vara et al., 2004). It is speculated that Akt in regenerative
cells could be activated by a factor from the recruited macrophage
(Hasegawa et al., 2015), although the entity of the surviving factor,
which could be a protein or non-protein molecule (Yin et al., 2006;
Sansbury et al., 2021; Serhan et al., 2012), is unknown.
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