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1-phenyl 2-thiourea (PTU) activates autophagy in zebrafish embryos
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ABSTRACT
1-phenyl 2-thiourea (PTU) is a Tyr (tyrosinase) inhibitor that is extensively used to block pigmentation
and improve optical transparency in zebrafish (Danio rerio) embryo. Here, we reported a previously
undescribed effect of PTU on macroautophagy/autophagy in zebrafish embryos. Upon 0.003% PTU
treatment, aberrant autophagosome and autolysosome formation, accumulation of lysosomes, and
elevated autophagic flux were observed in various tissues and organs of zebrafish embryos, such as
skin, brain, and muscle. Similar to PTU treatment, autophagic activation and lysosomal accumulation
were also observed in the somatic tyr mutant zebrafish embryos, which suggest that Tyr inhibition may
contribute to PTU-induced autophagic activation. Furthermore, we demonstrated that autophagy con-
tributes to pigmentation inhibition, but is not essential to the PTU-induced pigmentation inhibition.
With the involvement of autophagy in a wide range of physiological and pathological processes and the
routine use of PTU in zebrafish research of autophagy-related processes, these observations raise a novel
concern in autophagy-related studies using PTU-treated zebrafish embryos.
Abbreviations: 3-MA: 3-methyladenine; Atg: autophagy-related; BSA: bovine serum albumin; CHT:
caudal hematopoietic tissue; CQ: chloroquine; GFP: green fluorescent protein; hpf: hour-post-
fertilization; Map1lc3/Lc3: microtubule-associated protein 1 light chain 3; NGS: normal goat serum;
PtdIns3K: class III phosphatidylinositol 3-kinase; PTU: 1-phenyl 2-thiourea; RFP: red fluorescent protein;
Sqstm1: sequestosome 1; tyr: tyrosinase.
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Introduction

1-phenyl 2-thiourea (PTU) is an inhibitor of Tyr (tyrosinase),
a vital rate-limiting enzyme for melanogenesis, routinely used
for the inhibition of pigmentation in zebrafish (Danio rerio), in
which zebrafish embryos are treated with 0.003% (w:v) (200 μM)
PTU before 24 hour-post-fertilization (hpf) to increase their
optical transparency for microscopic imaging [1]. Several mole-
cular and physiological side effects of PTU, including altered
hatching and survival rate, thyroid function, neural crest devel-
opment, eye size, and visual behaviors, were reported over the
past decade [2–6]. Most studies still utilize 200 μM PTU to
inhibit pigmentation in zebrafish embryos because these side
effects are relatively minimal and only affect limited research
fields. Nevertheless, the physiological effects of PTU on zebrafish
embryo, which potentially interferes with studies using the zeb-
rafish model, warrants further investigations.

Macroautophagy/autophagy refers to “self-eating,” and it is
an essential cellular reaction to various physiological and
pathological conditions regulating important processes,
including intracellular material turnover, cell death, prolifera-
tion, development, aging, and tumorigenesis [7]. The loss of
vital autophagy-associated genes, such as Atg5 (autophagy
related 5), Atg7, and Becn1 (beclin 1, autophagy related),
result in tumorigenesis, whereas overexpression of Atg5

extends the lifespan of rodents [8]. Zebrafish models of auto-
phagy, including GFP-Lc3 (microtubule-associated protein 1
light chain 3) and GFP-Gabarap (GABA[A] receptor-
associated protein) transgenic zebrafish, as well as autophagy-
related gene knockdown or knockout models, were gradually
established in the past decade [9,10] for a broad range of
physiological and pathological studies, including organogen-
esis, regeneration, and infection [11–13]. Taking advantage of
the optical transparency, live imaging with PTU treatment to
suppress pigmentation is conventionally applied to study
auto-phagy in vivo with transgenic zebrafish embryos, which
cannot be conducted in rodent models.

Previous studies demonstrated that autophagy modulates
both melanogenesis and melanosome destruction, particularly
in melanocytes [14,15]. The knockdown of LC3, one of the key
autophagic proteins, inhibits melanogenesis inmelanocytes [16].
Moreover, several melanogenic inhibitors, such as ARP101,
resveratrol, and Hinokitiol, block pigmentation via autophagy-
dependent pathways in melanocytes [17–19]. While these pre-
vious studies mainly focused on how melanogenesis is regulated
through autophagy using in vitromelanocyte models, the effects
of melanogenic modulators on autophagy remain unclear, par-
ticularly at the whole-organism level. Here, we report
a previously undescribed induction effect of PTU treatment on
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autophagy in zebrafish embryos, which should be taken into
consideration when applying PTU-treated zebrafish embryos
in autophagy-related studies.

Results

1-phenyl 2-thiourea (PUT) induces autophagy in zebrafish
embryos

Upon treatment with 0.003% PTU shortly before 24 hpf, optically
clear zebrafish embryos were obtained (Figure 1A). To study the
autophagic activity in PTU-treated zebrafish embryos, zebrafish
embryos were treated with a gradient concentration of PTU from
1X (0.003%), 2X (0.006%), up to 4X (0.012%).Western blot results
showed that both Lc3-I and Lc3-II increased significantly under
PTU treatments compared to the control in a dose-dependent
manner. Sqstm1 (sequestosome 1), as a conventional autophagy
marker, also decreased significantly after the 2X and 4X treatment
compared to the control (Figure 1B), which indicated the
increased Lc3 protein expression, autophagosome, and/or auto-
lysosome formation [20].We further investigated autophagosome
and/or autolysosome formation using Tg(GFP-Lc3) zebrafish
embryos stained with LysoTracker Red, a fluorescent probe label-
ing lysosome and autolysosome after autophagosome-lysosome
fusion. Consistent with western blot results, GFP-Lc3+ (autopha-
gosome and/or autolysosome), LysoTracker+ (lysosome), and
GFP-Lc3+ and LysoTracker+ (merged, autolysosome) puncta
increased in PTU-treated neurons in a dose-dependent manner
(Fig. S1A). Moreover, GFP-Lc3+, LysoTracker+, and GFP-Lc3+

and LysoTracker+ puncta also increased significantly in skin cells,
muscle cells, and cells in the caudal hematopoietic tissue (CHT) of
the PTU-treated embryos compared with the control (Figure 1C
and S1B). The increased GFP-Lc3+ puncta and GFP-Lc3+ and
LysoTracker+ puncta under PTU treatment could be alleviated by
3-methyladenine (3-MA) treatment (Figure 1D), an inhibitor of
autophagosome formation via the blockage of the class III phos-
phatidylinositol 3-kinase (PtdIns3K), suggested that PTU acti-
vated autophagy by targeting upstream of the PtdIns3K.
Collectively, 0.003% PTU treatment, shortly before 24 hpf,
induced autophagic activation characterized by the increase in
autophagosome, lysosome, and autolysosome in various tissues of
the zebrafish embryos. Similar autophagic activation was also
observed in zebrafish embryos treated with 0.003% PTU at 48
hpf after pigment formation (data not shown).

1-phenyl 2-thiourea (PTU) increases autophagic flux in
zebrafish embryos

We next investigated if PTU treatment accelerates autophagic flux
using the GFP-Lc3-red fluorescent protein (RFP)-Lc3ΔG probe.
GFP-Lc3 in the probe will be degraded by autophagy, while RFP-
Lc3ΔG remained as internal control, and therefore, GFP to RFP
fluorescent signal ratio will represent the rate of autophagic flux
[21]. In PTU-treated embryos, GFP to RFP signal ratio decreased
significantly in the skin (Figure 2A). At higher magnification, an
increased number of GFP-Lc3− and RFP-Lc3ΔG+, and GFP-Lc3+

and RFP-Lc3ΔG+ puncta were observed in midbrain cells (Figure
2B and S1C), indicating the increase of autophagic flux after PTU
treatment. Chloroquine (CQ) was also applied to block the fusion

of the autophagosome with the lysosome and subsequent degra-
dation. While CQ treatment alone did not alter Lc3-II:Tuba ratio
comparedwith control as shownbywestern blot, PTUandCQco-
treatment significantly increased the ratio compared with PTU
treatment alone (Figure 2C). The relative number of GFP-Lc3+

and LysoTracker− puncta (autophagosome) also increased signifi-
cantly in neurons in the midbrain of Tg(GFP-Lc3) zebrafish
embryos in CQ+PTU co-treatment (379%) and CQ treatment
alone (199%) compared with PTU (153%) and control (100%),
respectively (Figure 2D). The significantly higher fold-increase in
autophagosome after CQ co-treatment in PTU-treated embryos
(2.59-fold) compared with control (1.99-fold) further demon-
strated that PTU treatment elevated autophagic flux. As expected,
the number of GFP-Lc3+ and LysoTracker+ puncta (autolyso-
some) declined significantly, and the number of GFP-Lc3− and
LysoTracker+ puncta (lysosome) remained unchanged in both
control andPTU-treated embryos after CQ treatment (Figure 2D).

Genetic targeting of Tyr also induces autophagy in
zebrafish embryos

Tyr, the vital regulatory enzyme underlying PTU-induced anti-
melanogenesis, was expressed not only in melanocytes but also in
various organs and tissues of zebrafish embryos, such as the skin,
the eye, the brain, the muscle, and the CHT; however, the expres-
sion levels declined after PTU treatment (Fig. S2A and B). To
determine whether Tyr inhibition is the mechanism underlying
PTU-induced autophagy, we targeted tyr (tyrosinase) in zebrafish
embryos using clustered regularly interspaced short palindromic
repeats (CRISPR)-Cas9, as described previously [22]. Optically
clear tyr gRNA-injected (F0) zebrafish embryos (referred herein
as tyrMut) were generated by injecting tyr gRNA together with
Cas9 protein (Figure 3A). Western blot result showed that the
Lc3-II:Tuba ratio increased significantly in tyrMut compared with
the control (Figure 3B). A similar elevated expression of Lc3
protein was also observed in the commonly used transparent
mutant lines, Casper (mpv17/roya9; mitfaw2) and Absolute
(ednrbab140; mitfab692) zebrafish embryos (Fig. S2C and D). The
number of GFP-Lc3+, LysoTracker+, and GFP-Lc3+ and
LysoTracker+ puncta in the skin cells and neurons of Tg(GFP-
Lc3) embryo co-stained with LysoTracker increased significantly
in the tyrMut compared with the control, which suggested that tyr
mutation elicited the formation of autophagosomes, lysosomes,
and autolysosomes (Figure 3(C andD)).We further examined the
autophagy activities in the tyrMut with autophagy inhibitors.
3-MA treatment significantly decreased the number of GFP-
Lc3+ puncta in the tyrMut neurons (Fig. S3), which demonstrated
that tyrmutation also activates autophagy upstream of PtdIns3K,
similar to PTU treatment. In addition, CQ co-treatment also
significantly increased the number of GFP-Lc3+ and
LysoTracker− puncta, while the co-treatment decreased the num-
ber of GFP-Lc3+ and LysoTracker+ puncta (Figure 3D). However,
no significant change was observed in the fold-increase of GFP-
Lc3+ and LysoTracker− puncta after CQ co-treatment in the
tyrMut (1.57-fold) compared with the control (1.79-fold). These
results indicated that autophagy flux was not elevated in the
tyrMut, which was also supported by the western blot results
showing that the CQ treatment-induced increase in Lc3-II:Tuba
ratio was similar in the tyrMut compared with the control (Figure

AUTOPHAGY 1223



3B). While the discrepancies observed between PTU-treated
embryos and the tyrMut might be due to the incomplete and
mosaic tyr targeting in the somatic tyrMut, genetic inhibition of
tyr did recapitulate the PTU-induced increase in autophagosome

and autolysosome formation in zebrafish embryos. Also, PTU co-
treatment failed to elicit a higher level of autophagy activation in
the tyrMut (Fig. S3), suggesting that PTU-induced autophagy
activity was likely specific to Tyr-inhibition.

Figure 1. 1-phenyl-2-thiourea (PTU) induces aberrant autophagosome and autolysosome formation in zebrafish embryos. (A) Representative bright-field images
showing the pigmentation of 2 days-post-fertilization (dpf) zebrafish embryo treated with E3 (Control, CTRL) and 0.003% (200 μM or 1X) PTU in E3 from around 1 dpf.
Scale bar: 0.5 mm; (B) Western blot results showing the dose-dependent accumulation of Lc3-I, Lc3-II, and the degradation of Sqstm1/p62 proteins in various doses
of PTU-treated zebrafish embryos compared with CTRL. Mean relative ratio of Lc3-I:Tuba (tubulin, alpha), Lc3-II:Tuba, and Sqstm1:Tuba were presented under the
bands. 50 embryos were collected per group for three independent experiments. One-way ANOVA was applied and significant increase (p < 0.05) in Lc3-I:Tuba and
Lc3-II: Tuba was detected under PTU treatments compared with control in a dose-dependent manner, while significant decrease (p < 0.05) was found in Sqstm1:Tuba
in 2X and 4X-treatment compared with CTRL. (C) Schematic diagram showing the position (periderm or basal epidermal cells above the eye) of imaging.
Representative images from nine Tg(GFP-Lc3) zebrafish embryos treated with PTU and stained with LysoTracker from three independent experiments were
shown. Three independent areas were selected from individual animals, and the relative number of GFP-Lc3+, LysoTracker+, and Merged (GFP-Lc3+ and
LysoTracker+) puncta per cell was quantified. Red arrowhead, GFP-Lc3+ and LysoTracker+ puncta. **, p < 0.01 compared with CTRL. Scale bar: 10 μm (Merged),
5 μm (Enlarged). (D) Schematic diagram showing the position (cells in the midbrain) of imaging. The relative number of GFP-Lc3+, LysoTracker+, and Merged (GFP-
Lc3+ and LysoTracker+) puncta per cell in neurons of midbrain was counted based on Z-Stack (10 layers out of 100 layers) image. Representative images of nine Tg
(GFP-Lc3) zebrafish embryos treated with PTU and/or 3-MA and stained with LysoTracker from three independent experiments were shown. Red arrowhead, GFP-
Lc3+ and/or LysoTracker+ puncta. *, p < 0.05, **, p < 0.01 compared with CTRL; ##, p < 0.01 compared with PTU. Scale bar: 40 μm (Merged), 6 μm (Enlarged).
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Autophagy is not essential to the 1-phenyl 2-thiourea
(PTU)-induced anti-melanogenesis

Since PTU is a robust Tyr inhibitor routinely used to block
the production of melanin in zebrafish embryos, we

subsequently investigated whether inhibition effects of PTU
on pigmentation is autophagy-dependent. Whereas autophagy
inhibitors (CQ and 3-MA) had no observable effect on pig-
mentation, rapamycin, a conventional autophagic activator

Figure 2. PTU elevates autophagic flux in zebrafish embryos. (A) Schematic diagram showing the position (dorsal view of skin on the head) of imaging. Autophagic
flux was detected by using GFP-Lc3-RFP-Lc3ΔG probe. The ratio of GFP-Lc3:RFP-Lc3ΔG was calculated based on the mean fluorescent intensity in the selected area.
Representative images of nine zebrafish embryos from three independent experiments were shown. Red arrowhead, GFP-Lc3+ and RFP-Lc3ΔG+ puncta. **, p < 0.01
compared with control (CTRL). Scale bar: 100 μm. (B) Schematic diagram showing the position (midbrain) of imaging. GFP-Lc3 and RFP-Lc3ΔG co-localized puncta
were detected in the midbrain of 24 hpf embryo treated with PTU from 6 hpf. Red arrowhead, GFP-Lc3+ and/or RFP-Lc3ΔG+ puncta. Scale bar: 100 μm.
Representative images of nine zebrafish embryos from three independent experiments were shown. (C) Western blot results showing the level of Lc3-I and Lc3-II
proteins in CTRL and PTU groups treated with chloroquine (CQ). Mean relative ratio of Lc3-II:Tuba was presented under the bands. 50 embryos were collected per
group for three independent experiments. Two-way ANOVA with Tukey post hoc was applied and significant increase (p < 0.05) in Lc3-II:Tuba was detected between
PTU and PTU+CQ but not CTRL and CTRL+CQ. (D) Schematic diagram showing the position (cells in the midbrain) of imaging. The relative number of GFP-Lc3+ and
LysoTracker−, GFP-Lc3− and LysoTracker+, and GFP-Lc3+ and LysoTracker+ puncta per cell in neurons of midbrain was counted based on Z-Stack (10 layers out of 100
layers) images. Representative images of nine Tg(GFP-Lc3) zebrafish embryos stained with LysoTracker treated with PTU and/or CQ from three independent
experiments were shown. Red arrowhead, GFP-Lc3+ and/or LysoTracker+ puncta. **, p < 0.01 compared with CTRL; ##, p < 0.01 compared with PTU. Scale bar: 40 μm
and 3 μm (Enlarged).
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targeting Mtor (mechanistic target of rapamycin kinase),
reduced pigmentation in zebrafish embryos with significantly
enhanced autophagic activities (Figure 4A and S3).
Furthermore, the blockage of PTU-induced autophagic activ-
ity by CQ and 3-MA failed to rescue the pigmentation in
zebrafish embryos (Figure. 1D, 2D, and 4A). These results
suggested that whereas rapamycin-induced autophagy

contributes to pigmentation inhibition, autophagy is not
essential to the PTU-induced anti-melanogenesis in zebrafish
embryos. Interestingly, L-tyrosine, a key substrate of the mel-
anogenic pathway, could partially restore pigmentation in the
PTU-treated zebrafish embryos (Figure 4A). In addition,
L-tyrosine treatment did not ameliorate PTU-induced auto-
phagic activity but induced autophagic activity in both control

Figure 3. Aberrant autophagosome and autolysosome formation in tyrMut zebrafish embryos. (A) Representative bright-field images showing the pigmentation of 2 dpf
zebrafish embryo injected with tyr gRNA+Cas9 protein (tyrMut) and their sibling control (CTRL). Scale bar: 0.5 mm. (B) Western blot results showing the level of Lc3-I and Lc3-II
proteins in CTRL and tyrMut groups treated with chloroquine (CQ). Mean relative ratio of Lc3-II:Tuba was presented under the bands. 50 embryos were collected per group for
three independent experiments. Two-way ANOVAwith Tukey post hocwas applied, and a significant increase (p < 0.05) of Lc3-I and Lc3-II were detected in tyrMut comparedwith
CTRLwhile no significant differences (p > 0.05) in Lc3-II:Tubawere detected between tyrMut treatedwith CQ and tyrMut. (C) Schematic diagram showing the position (periderm or
basal epidermal cells above the eye) of imaging. Representative images of nine tyrMut Tg(GFP-Lc3) zebrafish embryos stained with LysoTracker from three independent
experiments were shown. Three independent areas were selected from individual animals, and the relative number of GFP-Lc3+, LysoTracker+ and Merged (GFP-Lc3+ and
LysoTracker+) puncta per cell were quantified. Red arrowhead, GFP-Lc3+ and LysoTracker+ puncta. *, p < 0.05 compared with CTRL. Scale bar: 10 μm (Merged), 5 μm (Enlarged).
(D) Schematic diagram showing the position (cells in themidbrain) of imaging. The relative number of GFP-Lc3+ and LysoTracker−, GFP-Lc3− and LysoTracker+, and GFP-Lc3+ and
LysoTracker+ puncta per cell in neurons of midbrain were counted based on Z-Stack (10 layers out of 100 layers) images. Representative images of nine tyrMut Tg(GFP-Lc3)
zebrafish embryos treated CQ and stainedwith LysoTracker from three independent experiments were shown. Redarrowhead, GFP-Lc3+ and/or LysoTracker+ puncta. **, p < 0.01
compared with CTRL; ##, p < 0.01 compared with tyrMut. Scale bar: 40 μm (Merged), 3 μm (Enlarged).
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and PTU-treated embryos (Figure 4B). This result suggests
that L-tyrosine may participate in PTU-induced autophagy
and anti-melanogenesis.

Discussion

Zebrafish has emerged rapidly as an in vivo model for multiple
physiological and pathological processes, including autophagy
and its relevant pathways [23]. An optically clear body during

embryonic stages facilitates the visualization of transgenic zebra-
fish lines labeled with fluorescent proteins under the microscope
[10]. To maintain the transparency of zebrafish during embry-
ogenesis, 0.003% PTU treatment has been widely used as
a standard strategy of inhibiting pigmentation. Although several
side effects of PTU treatment on zebrafish embryos have been
shown, these side effects are not sufficient to cease the use of
PTU in zebrafish research [2–6].

Here, we first reported that PTU treatment induces dose-
dependent aberrant autophagosome, lysosomes, and

Figure 4. L-tyrosine, but not autophagic modulators, restores melanogenesis in PTU-treated zebrafish embryos. (A) Representative bright-field images showing the
pigmentation of 2 dpf zebrafish embryo treated with autophagic modulators, including E3, dimethyl sulfoxide (DMSO), chloroquine (CQ), 3-methyladenine (3-MA),
rapamycin and L-tyrosine with or without PTU. Red arrowhead, melanin shown in Enlarged. Scale bar: 0.5 mm. (B) Schematic diagram showing the position (cells in
the midbrain) of imaging. The relative number of GFP-Lc3+, LysoTracker+, and Merged (GFP-Lc3+ and LysoTracker+) puncta per cell were counted based on Z-Stack
(10 layers out of 100 layers) images. Representative images of nine Tg(GFP-Lc3) zebrafish treated with PTU, L-tyrosine, or PTU+L-tyrosine and stained with
LysoTracker prior to imaging from three independent experiments were shown. Red arrowhead, GFP-Lc3+ and/or LysoTracker+ puncta. **, p < 0.01 compared with
CTRL; ##, p < 0.01 compared with L-tyrosine. Scale bar: 40 μm (Merged), 6 μm (Enlarged).
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autolysosomes formation, as well as an elevated autophagic
flux in various tissues and organs of zebrafish embryos, indi-
cating that PTU-induced autophagy is not specific to mela-
nocytes or surrounding skin cells. In PTU-treated embryos,
both Lc3-I and Lc3-II increased significantly, indicating the
concomitant increase in Lc3 expression and conversion of
Lc3-I to Lc3-II, which is consistent with previously reported
autophagy induction in rapamycin-treated zebrafish embryos
[9,24]. We further demonstrated that inhibition of Tyr via
genetic manipulation also induces aberrant autophagosomes,
lysosomes, and autolysosomes formation. At the same time,
PTU co-treatment failed to elicit a higher level of autophagic
activation in tyr mutant embryos. Although autophagy flux
was not elevated in the tyrMut, which might be due to the
incomplete and mosaic targeting of tyr in the somatic tyrMut,
PTU-induced autophagy, and the accumulation of lysosomes
are likely specific to Tyr inhibition.

TYR, as one of the key enzymes in melanogenesis, has been
described to express predominantly in melanocytes, although
it is also detected in various tissues and organs of humans and
mice [25,26]. In the zebrafish embryo, we showed that Tyr is
also expressed in the skin, the brain, as well as the muscle
cells, and PTU treatment suppressed Tyr at the protein level.
While the function of TYR outside melanocytes remains
unknown, these results provide an explanation for the PTU-
induced autophagy and lysosome accumulation observed in
tissues other than melanocytes and skin. Our findings also
demonstrated that autophagy is not essential to PTU-induced
anti-melanogenesis effects, though rapamycin-induced auto-
phagy contributes to pigmentation inhibition.

A previous study has reported that PTU treatment inhibits
TYR activity and degrades the TYR protein following Golgi
maturation in melanocytes [27]. It is possible that autophagy
participates in the degradation of nonfunctional TYR but not in
the inhibition of TYR. Thus, autophagic inhibitors cannot
restore TYR activity and melanogenesis in PTU-treated zebra-
fish embryos. A recent study revealed that knockdown of LC3
and rapamycin treatment declined and enhanced TYR activity,
respectively, demonstrating that autophagy might be essential
for the maintenance of the TYR level during melanogenesis [16].

Besides the increased number of autophagosomes and auto-
lysosomes, PTU treatment also pronouncedly increased the
number of lysosomes. Because TYR can be mistargeted to the
lysosome for degradation [28], extra lysosomal formation might
be induced for the non-autophagic removal of TYR under PTU
treatment. In addition, TYR catalyzes the oxidation of tyrosine
mainly in the lysosomes (or pre-melanosomes) during melano-
genesis [29], it is possible that a feedback mechanism also
contributes to the accumulation of lysosomes.

In our study, we also found that L-tyrosine treatment partially
restored the pigmentation in PTU-treated embryos without ame-
liorating PTU-induced autophagic activity, and L-tyrosine treat-
ment alone also induced autophagic activity.While L-tyrosine can
directly enhance TYR activity [30], which might contribute to the
rescue of pigmentation, the corresponding sub-cellular mechan-
ism underlying L-tyrosine-induced autophagy requires further
investigation. Autophagy may contribute to the pigmentation
through the turnover of TYR substrates (L-tyrosine), or the excess
nutrient condition (excess L-tyrosine) induces autophagy through

reactive oxygen species (ROS)-mediated endoplasmic reticulum
(ER) stress signaling independent of the Mtor pathway [31,32].
While a previous study revealed that autophagy plays an opposite
role in melanogenesis in melanocytes and keratinocytes [33], the
precise role of autophagy in melanin synthesis and deconstruc-
tion, particularly melanosome degradation in non-melanocyte
cells, warrants further investigation.

Since autophagy is implicated in a wide range of physiolo-
gical and pathological processes, including cancer, our obser-
vations raise a novel concern in autophagy-related studies
using PTU-treated zebrafish embryos. Although previous zeb-
rafish studies mostly compared the control and treated zebra-
fish embryos undergoing the same PTU treatment, the
synergistic or masking effects between PTU and other experi-
mental treatments might still affect the interpretation of auto-
phagy and autophagy-related phenotypes. As one of the most
evolutionarily conserved pathways, anti-melanogenesis
induced by PTU treatment and genetic modification in mel-
anogenesis-related genes have also been used in other animal
models, including rodents and Xenopus [34–36]. Therefore,
further research on the potential anti-melanogenesis-induced
autophagy in other animal models is also needed.

Various transparent transgenic zebrafish lines, including
Casper (mpv17/roya9; mitfaw2) and Absolute (ednrbab140;
mitfab692), were reported in recent years to be a substitute for
PTU treatment [37]. However, our results demonstrated that
genetic targeting of tyr also resulted in the aberrant formation of
the autophagosome, lysosome, and autolysosome. Our observa-
tion that the Lc3 protein level increased in the homozygousCasper
andAbsolutemutant embryos suggests that these transparent lines
might not represent a better alternative to PTU-treatment.
Instead, using a better microscopic system, for example, the
Lightsheet Microscope used in this study, in vivo fluorescent
imaging on autophagy signal could be performed, and image
quality is only minimally affected by pigments using live zebrafish
embryos. Nevertheless, these limitations should not obscure the
unique advantages of the zebrafish model in autophagy-related
research.

Materials and methods

Zebrafish strains and maintenance

Wild-type and transgenic zebrafish strains were maintained
under standard conditions (14:10 h light:dark cycle and fed
living brine shrimp twice a day). Casper (mpv17/roya9;
mitfaw2) and Tg(GFP-Lc3) zebrafish were a generous gift
from Dr. S.H. Cheng, City University of Hong Kong, HK
and Dr. X. Xu, Mayo Clinic, US, respectively. Absolute
(ednrbab140; mitfab692) zebrafish were purchased from the
Zebrafish International Resource Center (ZIRC). Zebrafish
embryos were collected from natural spawning and raised at
28.5°C. Embryo and larvae were staged by hours post-
fertilization (hpf) and morphological criteria previously
described [38]. All animal experiments were conducted in
accordance with protocols approved by the Committee of
the Use of Laboratory and Research Animals (CULATR) of
the University of Hong Kong and Animal Subjects Ethics Sub-
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Committee (ASESC) of The Hong Kong Polytechnic
University.

Generation of tyrosinase mutant (tyrMut) fish by
CRISPR-Cas9

Tyrosinase (tyr) single guide RNA (sgRNA) was synthesized by
cloning a 20-base pair (bp) coding sequence 5ʹ-
GGGCCGCAGTATCCTCACTC-3ʹ into the pT7-gRNA vector
(Addgene, 46759; Wenbiao Chen Lab), which was subsequently
linearized with BamH1-HF (New England Biolabs, R3136) and
in vitro transcribed using HiScribe 376 T7 Quick High Yield
RNA synthesis kit (New England Biolabs, E2050S) as previously
described [22]. Alt-R S.p. Cas9 Nuclease 3NLS (Integrated DNA
Technologies, 1074181) diluted in Cas9 working buffer (20 mM
HEPES, 150 mM KCl, pH 7.5) was applied in this study. For
microinjection, equal volumes of folded tyr sgRNA (100 ng/μL)
and Cas9 Nuclease (500 ng/μL) were assembled by incubating at
37°C for 10 min and co-injected into one-cell-stage zebrafish
embryos.

Synthesis of the GFP-Lc3-RFP-Lc3ΔG florescent probe

pMRX-IP-GFP-Lc3-RFP-Lc3ΔG (Addgene, 84572; Noboru
Mizushima Lab) [21] was digested by BglII (New England
Biolabs, R0144) and NotI (New England Biolabs, R3189),
GFP-Lc3-RFP-Lc3ΔG then was sub-cloned into BglII and
EcoRv (New England Biolabs, R0195) pre-digested pT3TS
vector (Addgene, 31830; Stephen Ekker Lab) through
Gibson Assembly using ClonExpress Ultra One Step
Cloning Kit (Vazyme Biotech, C115) in accordance to the
manufacturer’s instructions. GFP-Lc3-RFP-Lc3ΔG mRNA
was generated by in vitro transcribed using mMESSAGE
mMACHINE™ T3 Transcription Kit (Invitrogen; AM1348)
and then polyadenylated with the Poly(A) Tailing Kit
(Invitrogen; AM1350). After purification, 500 pg GFP-Lc3-
RFP-Lc3ΔG mRNA was injected into the yolk of one-cell-
stage zebrafish embryos.

1-phenyl 2-thiourea treatment

Zebrafish embryos were transferred into Petri dishes with
0.003% PTU (Sigma-Aldrich, P7629) in E3 medium (5 mM
NaCl, 0.17 mM KCL, 0.33 mM CaCl, and 0.33 mM MgSO4,
pH 7.4) shortly before 24 hpf to inhibit pigmentation. For
dose-dependent trial, a gradient concentration of PTU was
applied, including 0.00% PTU (0X), 0.003% PTU (1X), 0.006%
PTU (2X), and 0.012% PTU (4X). In addition, for imaging 24
hpf zebrafish embryo, embryos were transferred into Petri
dishes with 0.003% PTU in E3 medium at around 6 hpf.

Autophagic modulators and L-tyrosine treatment

Zebrafish embryos were incubated with 20 μM rapamycin
(Selleckchem, S1039), 5 mM 3-methyladenine (Selleckchem,
S2767) and 50 μM chloroquine (Selleckchem, S4157) [10], and
5 mM L-tyrosine disodium salt hydrate (Sangon Biotech,
A606792) diluted in E3 medium with or without 0.003%
PTU from 48 hpf to 96 hpf with solutions refreshed daily.

Western blotting

Dechorionated and deyolked embryos were homogenized in cell
lysis buffer (Sigma-Aldrich, C3228). Embryo lysates mixed with
5X sodium dodecyl sulfate (SDS) loading buffer (250 mM Tris-
HCl, pH 6.8, 10% sodium dodecyl sulfate [Bio-Rad Laboratories,
1610418], 30% glycerol, 0.02% bromophenol blue [Bio-Rad
Laboratories, 1610404], 5% beta-mercaptoethanol [Bio-Rad
Laboratories, 1610710]) were boiled at 95°C for 5 min and then
resolved on 12% gels (Bio-Rad Laboratories, 1610175) and trans-
ferred to the membrane (Merck Millipore, IPVH00010). After
blocking with 5% nonfat dried milk (Bio-Rad Laboratories,
1706404) for 2 h at room temperature, membranes were probed
with anti-Lc3b (Abcam, ab48394), anti-Sqstm1/p62 (Cell
Signaling Technology, 5114) and anti-Tuba (tubulin, alpha;
Abcam, ab15246) primary antibodies at 4°C overnight.
Afterward, the membrane was washed with Tris-buffered saline
(50mMTris base, 150mMNaCl, pH7.5) plus Tween-20 (Bio-Rad
Laboratories, 1610781) (TBST) and incubated with goat anti-
rabbit IgG secondary antibody (Invitrogen, 32460) for 2 h at
room temperature. Membrane was then washed with TBST and
visualized using SuperSignal™ West Femto Maximum Sensitivity
Substrate (Thermo Fisher, 34095) following the manufacturer’s
instructions.

LysoTracker Red staining

LysoTracker Red DND-99 (Invitrogen, L7528) was diluted in
E3 medium to a final concentration at 10 μM. 96 hpf embryos
were then transferred into the prewarmed diluted dye and
incubated at 28.5°C in the dark for 45 min in accordance with
the protocol previously described [39,40]. Subsequently,
embryos were rinsed 4 times with 1 ml fresh E3 medium
before imaging.

Confocal microscope and lightsheet microscope imaging

Zebrafish embryos were anesthetized using 0.16 mg/ml tri-
caine (Sigma-Aldrich, A5040), and then mounted in 1.5%
low-melting agarose (Sigma-Aldrich, A9045) into 35 mm
glass-bottom confocal dish and glass capillary for confocal
and lightsheet imaging, respectively. Leica TCS SPE
Confocal Microscope was applied to take images with the
10x and 40x objective lenses. Zeiss Lightsheet Z.1 Selective
Plane Illumination Microscope (LSFM) was used to image
with a 20X objective lens. In addition, morphology and pig-
mentation of zebrafish embryos were imaged by using the
Nikon Stereomicroscope with a Nikon DS-Fi2 Camera.

Quantitative analysis and statistics

Mean fluorescent intensity of specific fluorescence channel
imaged using Lightsheet Microscope was measured in the same
area of skin above the head by using Zeiss ZEN software to
quantify the ratio of GFP-Lc3 to RFP-Lc3ΔG for autophagic
flux. The relative number of GFP-Lc3+ (autophagosome and/or
autolysosome), GFP-Lc3+ and LysoTracker− (autophagosome),
LysoTracker+ puncta (lysosome), and GFP-Lc3+ and
LysoTracker+ (Merged, autolysosome) puncta per cell were
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counted in maximally projected Z-Stack (10 layers out of 100
layers) images of neurons in the midbrain, muscle cells in the
trunk, maximally projected Z-Stack (100 layers) of cells in CHT.
Puncta were defined by fluorescence signals that occupy more
than one pixel that was distinguished from the background
signal, as previously described [41]. The total number of puncta
in at least ten independent cells were counted for each sample,
and the number of puncta per cell was calculated using the total
number of puncta divided by the number of cells. ImageJ (NIH)
was applied for the quantitation of western blot results. Data are
presented as mean ± standard deviation (S.D.). Statistical ana-
lyzes were performed where appropriate using Statistical
Package for the Social Sciences (SPSS) Version 14.0 and
a p-value less than 0.05 was considered statistically significant.
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