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Abstract 

PTEN-induced putative kinase 1 (PINK1) is a well-characterized regulator of mitochondrial quality control 

through mitophagy and its mutations are associated with recessive Parkinson’s disease. However, little is 

known about its functions in normal and malignant hematopoiesis in vertebrates. Here we aim to unravel the 

roles of PINK1 in definitive hematopoiesis and its underlying mechanisms using zebrafish (Danio rerio). In this 

study, we utilized CRISPR/Cas9 system to generate pink1 knockout zebrafish model and PINK1-deficient 

leukemia cell line. We found that pink1 deficiency activated autophagy in hematopoietic cells and promoted 

definitive hematopoiesis in zebrafish embryos, which can be alleviated by canonical autophagy inhibition. 

Further, the proteomic and metabolic analysis revealed an elevated expression of cell proliferation markers 

and enhanced respiration in pink1-deficient zebrafish embryos. On the other hand, PINK1 deficiency also 

induced autophagy and cell proliferation in human leukemic cells. Therefore, our findings demonstrated that 

PINK1 functions as a negative regulator of normal and malignant hematopoiesis through the autophagy-

mediated pathway. 
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Introduction 

PTEN-induced putative kinase 1 (PINK1) is a mitochondrial-targeted serine/threonine kinase, which mediates 

mitochondrial quality control and promotes cell survival under stress conditions 1,2. It senses mitochondrial 

quality and activates the lysosome-dependent degradation pathway for the selective turnover of damaged 

and superfluous mitochondria3, namely mitophagy, a selective form of macroautophagy (referred to hereafter 

as autophagy). In addition, PINK1 also exerts a critical role in canonical autophagy, where its deficiency 

increases canonical autophagy in vitro through interacting with Beclin 1 (BECN1)4,5. Loss-of-function mutations 

in PINK1 induce Parkinson’s phenotypes in animal models6 and studies suggested that PINK1 implicates the 

pathogenesis of Parkinson’s disease through signaling mitochondrial dysfunction to Parkin-mediated selective 

autophagy7. However, PINK1-deficient animal models8 showed no or minimal alterations in basal mitophagy, 

significant differences in mitophagy were only observed in the pancreatic cells of Pink1-deficient mice9.  These 

findings suggested that PINK1 is either dispensable to basal mitophagy or mediates basal mitophagy and 

autophagy in a tissue-dependent manner.  

 

Autophagy and mitophagy have long been suggested to involve in normal and malignant hematopoiesis. 

Ablation of core canonical autophagy-related genes (ATGs), such as ATG7, ATG5, and FAK family kinase-

interacting protein of 200 kDa (FIP200), resulted in the loss of hematopoietic stem cells (HSCs) and impaired 

hematopoiesis10–12. In particular, mitophagy has been shown to regulate mitochondrial clearance in HSCs to 

maintain their quiescence and self-renewal13. On the contrary, ATG12 deficiency showed no effect on the 

hematopoiesis in mice, while it altered the metabolic state of HSCs14. In addition to normal hematopoiesis, 

abnormal autophagy and mitophagy were also observed in leukemic cell lines15,16 and dual roles of autophagy 

in oncogenesis and drug resistance were widely reported17–19. While the differential phenotypes observed in 

normal and malignant hematopoiesis can be attributed to specific functions of different ATGs-mediated non-

canonical autophagy20, a comprehensive picture of various ATGs regulating both normal and malignant 

hematopoiesis is needed. As one of the known regulators of mitophagy, the roles of PINK1 in normal and 

malignant hematopoiesis remains largely unknown. Therefore, here we aim to investigate the functions and 



4 
 

underlying autophagy-mediated mechanisms of pink1 in regulating normal and malignant hematopoiesis using 

zebrafish (Danio rerio) model and leukemic cell lines.  

 

Results 

Targeting pink1 induces autophagy in the muscle and hematopoietic cells of zebrafish embryos  

Zebrafish pink1 composes of 8 exons, encoding 574 amino acids, and the encoded protein share around 70% 

homology with the human PINK1 in the kinase domain (Fig. 1a). To study the function of PINK1 in 

hematopoiesis, we generated pink1 knockout zebrafish mutant (pink1Mut) embryos by targeting exon-3 of 

zebrafish pink1 using the CRISPR/cas9 gene editing method (Fig. 1b). Over 90% mutagenic efficiency was 

confirmed by restriction fragment length polymorphism (RFLP) assay in RNP-injected embryos (Fig. 1c and 

Suppl. Fig. S2a), similar to previous reports that bi-allelic mutation could be achieved in F0 embryos through 

CRISPR/cas921,22. Sanger sequencing demonstrated that majority of pink1Mut carried a 4 bp deletion, which is 

expected to cause frameshift truncation (Suppl. Fig. S1a). Significant decrease in pink1 protein level was also 

confirmed by western blot (Fig. 1d, e and Suppl. Fig. S2b). While pink1Mut showed normal morphology and 

viability during early embryonic stages, the level of Lc3-II significantly increased comparing with control at 48 

hour-past-fertilization (hpf) (Fig. 1e). We further examined the autophagic changes in various tissues using 

Tg(Lc3:GFP) reporter line with LysoTracker Red co-staining. The number of GFP-Lc3 vacuoles in muscle 

increased in pink1Mut embryos comparing with controls (Fig. 1f). With LysoTracker Red co-staining, the average 

number of autolysosomes and lysosomes also increased in the muscle of pink1Mut (p<0.01, n=20-40 areas 

quantified, Fig. 1g). To examine autophagic changes in hematopoietic cells of zebrafish embryos, 

Tg(coro1a:DsRed) reporter line with Cyto-ID staining was used (Fig. 1h) and increased number of Cyto-ID+ 

autophagic vacuoles was also observed in DsRed+ hematopoietic cells of pink1Mut embryos (Fig. 1i, j).  

 

Knockout of pink1 promotes definitive hematopoiesis in zebrafish embryos 

Whole mount in situ hybridization (WISH) of various hematopoietic markers were performed to analyze 

definitive hematopoiesis in pink1Mut embryos.  As shown by the WISH results, the hematopoietic stem cell 
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(HSC) population (c-myb), pan-leukocyte population (l-plastin) and erythroid population (hbae1) significantly 

increased in pink1Mut compared with controls (Fig. 2a, b, d), while no significant change was observed in 

neutrophil population (mpx) (Fig. 2c). To investigate the potential link between the observed phenotypes in 

autophagy and hematopoiesis, we conducted rescue experiments by treating zebrafish embryos with 3-MA, 

an early-stage autophagy inhibitor. While 3-MA treatment on its own only produce subtle changes in various 

hematopoietic populations, it significantly ameliorated the expansion of HSC, pan-leukocyte, and erythroid 

populations in pink1Mut embryos (Fig. 2a-e). Though neutrophil population was not significantly affected by 3-

MA treatment or pink1 mutation, concomitant pink1 mutation and 3MA-treatment significantly perturbed the 

neutrophil population (Fig. 2c, e). These results suggested that pink1 may function as a negative regulator in 

hematopoiesis via suppressing autophagy in hematopoietic cells.  

 

Knockout of pink1 increases oxidative phosphorylation and altered mitochondria morphology in zebrafish 

embryos 

To investigate the bioenergetics associated with pink1 loss-of-function mutation in zebrafish embryos, we 

performed mitochondrial stress test in live embryos with Seahorse XF24 Analyzer. Cellular oxidative 

phosphorylation (OXPHOS) and glycolysis were measured by recording the oxygen consumption rate (OCR), 

an indicator of respiration, in real-time during consecutive injections of 25 µM oligomycin, 2.5 µM FCCP, and 

1 µM rotenone/antimycin A (Fig. 3a, b). The data showed that pink1Mut exhibited elevated basal and maximal 

respiration aa well spare respiratory capacity comparing with WT controls (Fig. 3c, d, g). The ATP production 

did not change while the coupling efficiency significantly decreased in pink1Mut embryos (Fig. 3e, f), suggesting 

that efficiency of mitochondria was affected. By injecting mitoRed mRNA into mfaap4:BFP zebrafish embryos, 

we also observed the enlargement of mitochondria in macrophage of pink1Mut, with the loss of boundary and 

increased connectivity of individual mitochondrion (Fig. 3h, i). Overall, pink1Mut embryos demonstrated a 

promotion in mitochondrial activity while decreased efficiency compared to the WT siblings. Loss-of-function 

pink1 mutation promoted cell proliferation and cell metabolism, while impairing complexes efficiency for ATP 

production.  
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Knockout of pink1 promotes cell proliferation and DNA metabolism in zebrafish embryos 

Mass spectrometry-based proteomics was used to examine proteomic changes in zebrafish embryos upon 

pink1 knockout (Fig. 4a). A total of 106 proteins with significantly change (80 upregulated, 26 downregulated, 

p < 0.05 and fold change > 1.2) were identified in pink1Mut (Fig. 4b). Pathway analysis revealed that cell cycle, 

proliferation, mitochondrial, and metabolism pathways were significantly altered in pink1Mut (Fig. 4c-e). To 

verify the proteomic profiling, western blot was performed to confirm the decrease of cytochrome c (key 

component of the electron transport chain in mitochondria) and TP16 variants (tumor suppressor) in pink1Mut, 

while RAC1 (activator of cell growth and migration), and beclin1 (key component of autophagy) were 

significantly increased in pink1Mut embryos (Suppl. Fig. S1b, c and S3).  

 

Targeting PINK1 induces cell proliferation and autophagy in acute myeloid leukemia (AML) cells 

To further investigate the potential roles of PINK1 in malignant and human hematopoiesis, we generated 

PINK1-deficient OCI-AML3 leukemic cell line by CRISPR/Cas9 (Fig. 5a). RFLP assay and Sanger sequencing 

confirmed the mutant leukemic cells carried a 1 bp frame-shifting insertion mutation in PINK1 (Fig. 5b, Suppl. 

Fig. S1a and Suppl. Fig. S2c). A significant decrease in PINK1 protein expression was confirmed by western blot 

(Fig. 5c, d and Suppl. Fig. S2d). Autophagic flux in PINK1-deficient leukemic cells were examined by flow 

cytometry and imaging with Cyto-ID staining. The number of autophagic vacuoles per cell was markedly 

elevated in PINK1-deficient leukemic cells (Fig. 5e-h). However, according to RT-qPCR, no significant change 

was found among other autophagic genes such as ATG3, ATG5, or ATG7 (Suppl. Fig. S1d). Consistent with the 

observation in zebrafish model, PINK1-deficient cells also exhibited a higher proliferation rate comparing with 

controls, as well as lower expression of TP53 (Fig. 5i, Suppl. Fig. S1d). Notably, CQ-treatment significantly 

rescued the enhanced proliferation in PINK1-deficient leukemic cells without affecting the basal proliferation 

in controls. These results suggest that PINK1 potentially regulates proliferation in leukemic cell through 

modulating autophagy.  
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Discussion 

Autophagy plays an important role in cell proliferation and survival under adverse conditions. Shortage of 

nutrients induced autophagy during neonates development while knockout of the autophagy genes results in 

animal death23. The elevated expressions of key autophagic genes, for example ATG7 and BECN1, are 

associated with poor recovery and short remission of AML patients 24. Deficiency in autophagic genes like ATG5 

or ATG7 impair normal development of hematopoietic stem cells11 and leads to myeloid expansion25. Here we 

make use of the zebrafish model to investigate the previously undescribed role of Pink1 in normal and 

malignant hematopoiesis. We introduced frameshifting mutation in zebrafish pink1 by high efficiency 

CRISPR/Cas9 RNP. Although F0 pink1Mut cannot survive into reproductive adulthood, bi-allelic mutation could 

be achieved in embryos injected with RNP to allow phenotypic analysis in F0 embryos. While pink1 knockout 

induced abnormal expansion of hematopoietic stem cells, erythroid cells, and pan-leukocytes in zebrafish 

embryos, autophagy in various embryonic tissues, including hematopoietic cells were also elevated in pink1-

deficient zebrafish embryos. More importantly, treatment with 3-MA, a potent autophagy inhibitor, could 

rescue the hematopoiesis phenotypes in pink1Mut, indicating pink1 regulates normal hematopoiesis via 

autophagy. PINK1 deficiency also enhanced autophagy and cell proliferation in AML cell line, which can be 

alleviated by autophagy inhibition with CQ. This suggested that the elevated cell proliferation in PINK1-

deficient leukemic cells is likely due to up-regulation of canonical autophagy. Collectively, our findings 

demonstrated that PINK1 plays a conserved role in both normal and malignant hematopoiesis in vertebrate 

through regulating canonical autophagy.  

 

Previous studies have reported the role of mitochondria and mitophagy in the homeostasis of hematopoietic 

progenitor cells, in particular, the role of Parkin-dependent mitophagy in the expansion of hematopoietic stem 

cells26. Bone marrow cells from Pink1 knockout mutant mice showed increased mitochondrial respiration and 

faster development27. Mitochondria adapt to the metabolic rates of cells by fission, fusion, and mitophagy. 

Mitochondria undergo biogenesis and fusion when the metabolic demand increases, while opposite 

mitochondrial fission and mitophagy occurs when the metabolic demand decreases28. It is reported that loss 
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of PINK1 results in increased reactive oxygen species (ROS) levels, enhanced lipid peroxidation and glutathione 

metabolism, defected complex I activity, reduced uptake of calcium, impaired ATP production, an elevated 

cytochrome C release in vitro29–31. Impaired mitochondrial function and altered morphology (swollen and 

enlarged mitochondria) have also been described in animal models and patient tissues32–35. Consistent with 

previous studies, we observed abnormal mitochondria in pink1 deficient zebrafish embryos. Proteins related 

to oxidative phosphorylation and electron transport chain, including mitochondrial complex I, cytochrome c, 

and ATP synthase subunits were significantly downregulated in pink1Mut, supporting the conserved function of 

PINK1 in maintaining mitochondrial structures and functions (Fig. 4c). In addition, oxidative respiratory was 

upregulated in pink1Mut. Even with elevated basal respiration, maximal respiration, the mitochondrial 

efficiency was found largely reduced in pink1Mut. These results suggest that loss of pink1 might promoted cell 

proliferation, metabolism, and overall mitochondrial activity, even though with a deficient mitochondria 

function. The metabolomics alterations in the pink1Mut might be due to the increased autophagy and cell 

proliferation. 

 

Mitophagy is a regulatory mechanism of AML progression. Some studies suggested  disrupted mitophagy 

causes loss of leukemic stem cells, while impaired mitophagy is correlated with poor murine myeloid leukemia 

progression18,36. Treatments with the conventional autophagy inhibitors such as CQ, bafilomycin A1, and Lys05 

can attenuate mitophagy/autophagy and inhibit leukemia cell growth with significantly increased expression 

of PINK137, which suggests PINK1 as a potential therapeutic target in AML treatment. Here we reported the 

conserved mitochondrial-regulatory function of pink1 in zebrafish model and evidenced the expanded 

hematopoiesis as well as upregulated autophagy in pink1Mut. However, the underlying cellular mechanism of 

how pink1 regulates autophagy and how upregulated autophagy promotes hematopoiesis remain largely 

unknown. Interactions between Pink1 and other candidate proteins, such as TP16, TP53, BECN, and RAC1 

warrants further investigation. Nevertheless, with the advancement of zebrafish modelling in hematopoiesis 

and leukemia38,39, our study demonstrated the potential of zebrafish model to further investigate the novel 

role of Pink1 in vertebrate autophagy and hematopoiesis in vivo.  
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Methods 

Zebrafish husbandry and maintenance 

Wild-type, Tg(Lc3:GFP), Tg(mfap4), Tg(coro1a:DsRed), and mutant zebrafish lines were maintained under 

standard aquatic conditions and fed twice a day with living shrimp. Embryos were collected from natural 

spawning and were staged by the hour past fertilization (hpf) according to the morphology criteria described 

previously40. All animal experiments were approved by the Animal Subjects Ethics Sub-Committee (ASESC) of 

The Hong Kong Polytechnic University and all methods were performed in accordance with the relevant 

guidelines and regulations. In addition, all studies involving live animal reported in accordance with the Animal 

Research: Reporting In Vivo Experiments (ARRIVE) guidelines.  

 

Gene editing via CRISPR/Cas9 system 

Cas9 nuclease and synthesized sgRNA were purchased from the Integrated DNA Technologies (Iowa, USA). 

The products were stored at -20 °C upon receival. Cas9 nuclease and diluted sgRNAs were mixed and activated 

by incubation at 37 °C for 10 minutes to form the ribonucleoprotein (RNP) before microinjection into the one-

cell-stage embryos as previously described41. For each experiment, the same batch of embryos (around 200 

embryos) was divided into the control group and the experimental group for further experiments. Restriction 

fragment length polymorphism (RFLP) assay and Sanger sequencing were used to check and confirm the 

mutation. Primer and sgRNA sequences are shown in Supplementary Table S1.  

 

Cell culture and transfection 

OCI-AML3 cells were obtained from DSMZ company (Leibniz Institute, Germany). Cells were cultured in RPMI-

1640 medium supplemented with 10% fetal bovine serum and 1% penicillin-streptomycin (Thermo Fisher, 

#72400120, A3160802, and #10378016). The incubator was maintained at 37 °C, with 5% CO2, and sterilized. 

Cell numbers were counted on an automated cell counter (Invitrogen, USA). Electroporation was performed 

on the Neon Transfection system with the 100ul kit, with cells concentrated to 5X107/ml, and parameters set 
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at 1700 v, 20 ms, and 1 pulse (Thermo Fisher, USA). Control and targeted RNP transfected cells were cultured 

for 2 days. Then cell number was measured for cell viability and proliferation. The mutation was verified 

between groups by RFLP assay and Sanger sequencing.  

 

Restriction fragment length polymorphism analysis 

Embryos at 24 hpf were collected, lysed with gDNA extraction buffer and proteinase K (2 mg/ml, Thermo Fisher, 

#25530049), followed by 10 minutes, 98 °C inactivation. DNA was amplified using pre-designed primers (Suppl. 

Table S1). AciI and StyI were ordered from the New England Biolabs (NEB) and stored at -20 °C (NEB, USA). 

Polymerase chain reaction (PCR)-amplified DNA was subjected to restriction enzyme digestion and run on the 

1.5% agarose gel electrophoresis to detect mutations. The batch of mutation-confirmed embryos were used 

in the following experiments.  

 

Western blot 

Embryos (n=30 for each group) were deyolked before being homogenized in protein extraction Reagent 

(Thermo Fisher, #78501) using an insulin syringe with a needle (BD Biosciences, #324921). Protein 

concentrations were measured by bicinchoninic acid (BCA) assay kits (Thermo Fisher, #23225) and protein 

lysates were mixed with 5X sodium dodecyl sulfate (SDS) loading buffer and heat denatured. Protein samples 

were then electrophoresed on 12% TGX™ FastCast™ Acrylamide Kit (Bio-Rad, #1610175), transferred to 

polyvinylidene difluoride (PVDF) membrane (Bio-Rad, #1620264) and blocked in 5% non-fat dry milk (Bio-Rad 

Laboratories, #1706404). Membranes were then hybridized with Lc3b (Abcam, #ab48394; 1:1000), GAPDH 

(Cell Signaling Technology, #2118; 1:2000), PINK1 (Cell Signaling Technology, #6946, 1:1000), at 4°C overnight. 

PVDF membranes were further washed in TBST and incubated with goat anti-rabbit or anti-mouse secondary 

antibody (Abcam, #ab6721, ab6789; 1:3000) for 2 hours at room temperature before signal development with 

Western ECL Substrate (Bio-Rad, #1705061) and imaging under ChemiDoc XRS+ System (Bio-Rad, USA). ImageJ 

(NIH) was utilized to measure the relative mass of proteins. Then the Mean gray value was used in statistical 

analysis.  
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Whole mount in situ hybridization (WISH) 

Anti-sense mRNA probes of hemoglobin (hbae1), lymphocyte cytosolic protein 1 (l-plastin), v-myb avian 

myeloblastosis viral oncogene homolog (c-myb), and myeloid-specific peroxidase (mpx) were generated by PCR 

amplification of wild-type zebrafish cDNA, cloning with pGEM®-T Easy vector (Promega Corporation, A1360), 

in vitro transcription, and labeling with DIG RNA Labeling Kit (Roche, #11175025910). Embryos were fixed with 

4% paraformaldehyde (PFA) at room temperature for 4 hours, then dehydrated using ethanol and stored at -

20 °C overnight. WISH was performed on fixed zebrafish embryos following protocols as described previously42. 

The first investigator performed the microinjection and was aware of the group allocation. A second 

investigator performed the WISH but was unaware of the group allocation and responsible for data analysis. 

 

Autophagy modulator treatment, LysoTracker staining and Lightsheet imaging 

Embryos at 2 dpf were treated with 100 µM chloroquine (Selleckchem, #S4157) and 10 mM 3-Methyladenine 

(3-MA) (Selleckchem, #S2767) for 24 hours. Fluorescent dye LysoTracker™ Red DND-99 (Invitrogen, #L7528) 

targeting lysosomes was diluted to a final concentration of 10µM. Tg(Lc3:GFP) zebrafish embryos at 3 dpf were 

incubated with the solution in dark at 28.5 °C for 45 minutes43. Subsequently, embryos were rinsed 3 times 

with E3 fish water prior to imaging. Lightsheet imaging was done by Zeiss Lightsheet Z.1 Selective Plane 

Illumination Microscope (Carl Zeiss Microscopy, NY, USA). Images were further processed and analyzed with 

ZEN (Carl Zeiss Microscopy, NY, USA) software. GFP-Lc3 positive, LysoTracker Red positive, and GFP-Lc3 and 

LysoTracker Red double-positive puncta were counted from the selected brain and muscle sections to measure 

the relative autophagosome, lysosome and autolysosome numbers (20 out of 100 layers), following the 

criteria described in the previous study44.  

 

Flow cytometry and Fluorescence-activated cell sorting (FACS) 

Tg(coro1a:DsRed) zebrafish embryos at 3 dpf were digested with Trypsin-EDTA (0.05%) (Thermo Fisher, 

#25300062) for 15 minutes at 28°C and then dissociated with pipetting on ice. After termination of Trypsin 
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with CaCl2 (2mM), the suspension was filtered using a 40 μm cell strainer (BD Biosciences, #352340) and 

washed with phosphate-buffered saline (PBS) solution supplemented with 1% fetal bovine serum (FBS) 

(Thermo Fisher, 26140079). FACS of coro1a + leukocytes were then conducted in BD FACSAria III Cell Sorter 

according to the manufacturer’s instructions.  

 

CYTO-ID staining and Confocal imaging  

Sorted coro1a+ cells were stained with Cyto-ID and Hoechst (Enzo Life Sciences, USA), and incubated at 28.5 °C 

for 30 minutes, avoiding light. After 5 minutes of washing with PBS, cells were plated on the 35 mm glass 

bottom confocal dish (SPL life sciences, #100350) and imaged by Leica TCS SPE Confocal Microscope (Leica 

Microsystems, Wetzlar, Germany) with the 40× objective lenses. Images were analyzed using Leica LAS-X 

software (Leica Microsystems, Wetzlar, Germany). 

 

Liquid chromatography/Electrospray ionization (LC/ESI) Mass spectrometry 

Zebrafish embryos (n=30 embryos for each group) at 48 hpf were dissociated and lysed to extract the proteins 

(Thermo Fisher, #78501). The protein samples were then purified, reduced, alkylated, and digested with 

trypsin (protein: trypsin=40:1, Promega, V511). The digested peptides were desalted using C18 columns 

(Thermo Fisher, P189870). Peptides were put on a Thermo scientific liquid chromatography system connected 

to a linear Trap-Orbitrap hybrid mass spectrometer (LTQ-Orbitrap XL, Thermo Fisher Scientific, Bremen, 

Germany) with electrospray ionization (ESI). Detailed parameters were described elsewhere45,46. After data 

analysis, we obtained the values of p-values (in -log 10) and z-scores (in log 2) in around 3000 quantified 

proteins between the  wildtype (WT) control and the mutant (Mut) embryos.  

 

Real time quantitative PCR (RT-qPCR) 

Total RNA was extracted from embryos using RNAiso Plus (Takara, #9108). cDNA was synthesized using 

RevertAid First Strand cDNA Synthesis Kit (Thermo Fisher, K1622) in accordance with the manufacturer’s 

protocol. The cDNA was then mixed with FastStart Universal SYBR Green Master (Roche, #4913850001) 
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reagents (Suppl. Table S1). PCR with the standard program was performed on ABI 7300 Real-Time PCR System 

(Thermo Fisher, USA). 

 

Sea horse and mitochondria stress test 

Zebrafish embryos at 48 hpf were placed in a 24-well plate, one embryo per well, and pressed to the bottom 

with a net, kept at 28.5 °C. XF24 Analyzer was used to perform the experiment (Seahorse Bioscience Inc., USA). 

A final concentration of 25 µM oligomycin (Sigma Aldrich, 1404-19-9), 2.5 µM carbonyl cyanide 4-

(trifluoromethoxy) phenylhydrazone (FCCP, Sigma Aldrich, 370-86-86), 1 µM antimycin-A (Sigma Aldrich, 1397- 

94-0) and 1 µM rotenone (Sigma Aldrich, R8875) were injected consecutively into a final volume of 700 µL E3 

medium per well. Oxygen consumption rate (OCR) was recorded at various time points following the standard 

program as previously described47,48. Basal respiration was calculated on the last three-point OCR before the 

injection of oligomycin. Non-mitochondrial oxygen consumption rate is measured by the minimum reading 

after rotenone/antimycin A injection. Maximal respiration was the maximum OCR measurement following 

exposure to the mitochondrial uncoupler FCCP. Proton leak was calculated by OCR after oligomycin injection 

minus the OCR after rotenone/antimycin A injection. Adenosine triphosphate (ATP) production is measured 

by the last OCR before oligomycin injection minus the minimum rate after oligomycin injection. Coupling 

efficiency is calculated by dividing ATP production rate with basal respiration rate. Finally, spare respiratory 

capacity is calculated by dividing maximal respiration by basal respiration. The experiment was repeated three 

times in the exact same conditions. 

 

Statistics analysis 

Statistical analysis was performed by unpaired, two-tailed Student’s t-test using GraphPad Prism, version 8 

(GraphPad Software, CA, USA). Error bars represent the standard error of the mean. Data were presented as 

mean ± standard error of the mean (SEM) and P-value less than 0.05 (P < 0.05) were considered statistically 

significant.  
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Data sharing statement 

The data generated and analyzed during the current study are available from the corresponding author upon 

reasonable request. Sequencing data are available in the DDBJ repository, [LC760345 

(http://getentry.ddbj.nig.ac.jp/getentry/na/LC760345/?filetype=html)] and [LC760346 

(http://getentry.ddbj.nig.ac.jp/getentry/na/LC760346/?filetype=html)].  
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Figure Legends 

Figure 1. Targeting  pink1 affects autophagic levels of whole embryos, muscle, and blood cells in zebrafish. 

a, the protein structure of human and zebrafish PINK1. Identity and similarity shared by the human PINK1, and 
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the zebrafish pink1 protein sequence are shown in percentage. I, percent identity; S, percent similarity. b, the 

schematic graph of sgRNA designed targeting zebrafish pink1 gene. The binding site of sgRNA locates in the 

exon3 of the zebrafish pink1 gene, within which the enzyme AciI was used for the RELP assay. c RFLP result 

confirmed nearly 100% efficiency of knockouts.  d and e, the result of western blot against the PINK1 antibody 

showed nearly 100% reduced expression in 48 hpf pink1 mutants. Western blot showed an increased 

LC3B/GAPDH ratio in pink1 mutants, indicating elevated autophagy in whole lysates. f and g, Lightsheet 

microscopy of muscle region from 4 dpf zebrafish, with Lysotracker staining the autolysosome compartments, 

in CTRL and pink1 mutants. RNP was delivered into Tg(Lc3:EGFP) zebrafish line. The autophagic levels were 

indicated by counted puncta with merged signals per muscle area. h, the schematic graph of monitoring 

autophagy in blood cells from zebrafish embryos. RNP was delivered into the Tg(coro1a:DsRed) zebrafish 

embryos at the 1-cell stage. Embryos were raised to 2 dpf and screened for coro1a: DsRed positive signals. 

Then the embryos were dissociated to sort the hematopoietic cells, stained with CYTO-ID, and imaged via 

confocal. i, Confocal microscopy of autophagic structure in hematopoietic cells of CTRL and mutant embryos. 

j, the quantitative result of LC3:GFP positive puncta per myeloid cell. CTRL, control. Mut, mutant. CQ, 

chloroquine. RFLP, restriction fragment length polymorphism. ns, not significant. n=20~40. Scale bar: 20 um. 

*p≤0.05, **p≤0.01, ***p≤0.001, two-tailed Student’s t-test. 

 

Figure 2. pink1 mutated embryos showed expanded definitive hematopoiesis that can be rescued by 

autophagy inhibitors. a-d, Whole mount in situ hybridization (WISH) testing against hbae1, l-plastin, c-myb, 

and mpx probes in 48 hpf zebrafish embryos, with or without 3-Methyladenine (3-MA, 10mM), autophagy 

inhibitor. The enlarged picture indicates areas selected for quantification. e, the quantitative analysis of WISH 

results showed increased expression of hbae1, l-plastin, and c-myb in 48 hpf pink1 mutant zebrafish embryos. 

Lateral view, head to left, mutants and siblings. Line denotes the mean value. p<0.01, n=20~40. CTRL, control. 

Mut, mutant. *p≤0.05, **p≤0.01, compared to control, #p≤0.05, ## p≤0.01, compared to mutant, $$ p≤

0.01, compared to 3-MA group, two-tailed Student’s t-test. 
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Figure 3. pink1 mutants show increased oxidative phosphorylation. a, the schematic graph of Sea horse 

mitochondrial stress test with whole zebrafish embryos. In a 24-well plate, there are 4 negative controls with 

no embryos, 5 control embryos, and 5 pink1 mutant embryos, on the bottom of the plate locked with a net. 

Oligomycin, FCCP, and Rotenone/AA were added consecutively. b, the oxygen consumption rate measured 

over time in the mitochondrial stress test of live embryos. The black line represents control, the red line 

represents the pink1 mutants. Zebrafish at 48 hpf. Mean values +- SEM. N=5. c, basal respiration. d, maximal 

respiration. e, ATP production. f, coupling efficiency (%). g, spare respiratory capacity (%). h, the schematic 

graph showed the method to monitor mitochondrion in zebrafish. Mitored mRNA was delivered into 

Tg(mfap4:BFP) zebrafish embryos. i, Confocal images of mitochondrial structures among muscle area of CTRL 

and pink1 mutant Tg(mfap4:BFP) zebrafish embryos. Dpf, days past fertilization. FCCP, carbonyl cyanide 4-

(trifluoromethoxy-phenylhydrazone). AA, antimycin A. CTRL, control. Mut, mutant. n=20, *p≤0.05,**p≤0.01, 

two-tailed Student’s t-test. 

 

Figure 4. pink1 mutants show proteomic changes that can explain the observed phenotypes. a, the 

schematic graph showed the method of mass spectrometry (MS)-based proteomics in zebrafish. RNP was 

delivered into wild-type embryos by microinjection, then proteins extracted from 2 dpf embryos were purified, 

and digested by trypsin to run on the liquid chromatography (LC)-target free-time of flight (TOF) mass 

spectrum. Data analyses were run against the zebrafish protein sequence database. b, the volcano plot of p-

values (-log10) and z-scores (log2) in quantified proteins between CTRL and pink1 mutants. The dots located 

on top of the dashed line represent significantly differentiated expressed proteins (p<0.05, z-score>1.2).  c-e, 

the heat map of significantly altered proteins from, mitochondrial, cell cycle, and proliferation, and 

metabolism pathways among 3 biological replicates between mutant and CTRL groups. CTRL, control. Mut, 

mutant. n=30, two-tailed Student’s t-test was used between groups. 

 



21 
 

Figure 5. Targeting PINK1 induces cell proliferation and autophagy in AML cells. a, the schematic graph of 

creating PINK1 mutated leukemic cell line via CRISPR/cas9 technique. sgRNA targets early exon of the human 

PINK1 gene. sgRNA mixed with cas9 protein forms the RNP complexes. RNP was delivered into OCI-AML cells 

via electroporation (Neon transfection). b, the result of restriction fragment length polymorphism (RFLP) assay. 

CRTL showed fully cleaved DNA bands while the PINK1 mutant showed uncleaved bands (efficiency over 90%). 

c and d, PINK1 deficiency verified by western blot against PINK1 antibody. GAPDH antibody serves as the 

internal control. e, the results of Flow cytometry. Cells are treated with or without chloroquine (CQ) and 

stained with Cyto-ID, a dye specifically marks autophagic vacuoles. The percentage indicates increased 

autophagic flux in PINK1 mutated cells compared to the control, treated with or without CQ. f, Confocal 

imaging showed increased autophagic flux in PINK1 mutated leukemic cells, with or without treatment of CQ. 

g and h, the statistical analysis of autophagic flux. i, plot showed the rates of proliferation (fold change by 24 

hours). Data are shown as mean of three independent experiments. Mean values SEM. CTRL, control. Mut, 

mutant. CQ, chloroquine. *p≤0.05, **p≤0.01, two-tailed Student’s t-test. 
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