[bookmark: _Hlk175613274]Supplementary Materials
Article type: Original article
Title
[bookmark: OLE_LINK15]Astaxanthin inhibits hepatocellular carcinoma by targeting USP39-mediated β-catenin stabilization through deubiquitination
Author names
Xiaomei Li1,2*, Huiyuan Xu1*, Ruoxi Chen1, Xianzhi Huang1, Zequan Lin1, Shouan Wang1,2, Lihong Han1,2, Jinqiu Li3, Lihong Lin4, Yamei Qi4, Gang Song5, Conghua Song3‡
Affiliations
1. School of Basic Medicine, Putian University, Putian ceaa00, Fujian, China
2. Key Laboratory of Translational Tumor Medicine in Fujian Province, Putian University, Putian ceaa00, Fujian, China
3. Central Laboratory, the Affiliated Hospital of Putian University, Putian ceaa00, Fujian, China
4. Pharmaceutical and Medical Technology College, Putian University, Putian ceaa00, Fujian, China
5. Cancer Research Center, School of Medicine, Xiamen University, Xiamen c6aa0b, Fujian, China
* These authors contributed equally.
‡ Corresponding author.
Corresponding author
[bookmark: OLE_LINK1]Conghua Song, M.D., Prof., Central Laboratory, the Affiliated Hospital of Putian University, No. 999 Dongzhen East Road, Licheng District, Putian 351100, Fujian Province, China. TEL: +86-137-0607-3412; E-mail: kesongs@email.ncu.edu.cn; ORCID: https://orcid.org/0000-0002-1908-0640

This file includes:
[bookmark: _Hlk175864521]- Supplementary Materials and Methods
[bookmark: _Hlk175864559]- Supplementary Tables S1
- Supplementary Figures Fig. S1-5


Supplementary Materials and Methods
Cell lines and culture
[bookmark: OLE_LINK23]The human hepatocellular carcinoma (HCC) cell lines (HepG2 and HuH7) were obtained from the Shanghai Cell Bank of Chinese Academy of Sciences, China. The cell lines were characterized through assessments of cell vitality and mycoplasma contamination. The HepG2 cell line was cultured in modified Eagle’s medium (MEM) supplemented with 10% fetal bovine serum (FBS). The HuH7 cell line was cultured in Dulbecco's modified Eagle's medium (DMEM) containing 10% FBS and 1% penicillin/streptomycin under standard conditions. All cell lines were maintained at 37 °C in a humidified incubator with 5% CO2. In separate experiments, cells were treated with Z-Leu-Leu-Leu-al (MG-132, an inhibitor of the ubiquitin-proteasome pathway) for 4 hours[1]. 
[bookmark: OLE_LINK22]Astaxanthin (ASX) and MG-132 were purchased from Sigma-Aldrich (St. Louis, MO, USA) and dissolved in dimethyl sulfoxide (DMSO) to prepare 10 mM stock solutions, which were stored at −20 °C for future use[2]. The small molecule inhibitor ICG-001, which modulates Wnt/β-catenin signaling, was purchased from AmBeed (Arlington Hts, IL, USA) for our in vitro assays. It was dissolved in DMSO to prepare a 10 mM stock solution and stored at −20 °C for future use[3]. Cells were cultured for 24 hours in the presence of ASX (300 μM) or ICG-001 (35 μM) in separate experiments. The optimal concentration and stimulation time of ASX were explored based on available references[2, 4].
Cell proliferation assay
[bookmark: _Hlk173680866]HCC cell proliferation was assessed using the CCK-8 assay kit (Dojindo Corp, Japan) or the MTT cell proliferation assay kit (Sigma-Aldrich, USA). Cells were seeded into 96-well plates at a density of 3000 cells per well. At the indicated time points, 20 μL of CCK-8 reagent or MTT reagent was added to each well, followed by incubated for 2 hours or 4 hours at 37 °C. Cell proliferation was quantified by measuring optical density (OD) at wavelengths of 450 nm and 570 nm. All experiments were conducted in triplicate.
5-Ethynyl-20-deoxyuridine (EdU) incorporation assay
EdU incorporation assays were conducted using the Cell-Light EdU DNA Cell Proliferation Kit (RiboBio, Guangzhou, China) following the manufacturer’s instructions. A total of 1 × 104 cells were seeded into each well of a 96-well plate. Following incubation with 50 μM EdU for 2 hours, the cells were fixed with 4% paraformaldehyde and subsequently stained with Apollo Dye Solution. Hoechst-33342 was used to stain the nuclei. Images were captured using an Olympus IX73 microscope (Olympus, Tokyo, Japan), and the percentage of EdU-positive cells was quantified using ImageJ (National Institutes of Health, Bethesda, MD, USA). These experiments were conducted in triplicate.
Colony formation assay
[bookmark: OLE_LINK26]In the colony formation assay, approximately 1000 cells were seeded into 6-well plates and cultured in medium containing 10% fetal bovine serum (FBS) at 37 °C for 12 days. The colonies were then fixed with 4% paraformaldehyde and stained with crystal violet (Sigma-Aldrich, USA).
Western blot analysis
[bookmark: OLE_LINK795][bookmark: OLE_LINK796][bookmark: OLE_LINK24][bookmark: OLE_LINK778][bookmark: OLE_LINK779][bookmark: OLE_LINK776][bookmark: OLE_LINK777][bookmark: OLE_LINK780][bookmark: OLE_LINK781]Cell lysates were prepared using RIPA protein extraction buffer (Beyotime Institute of Biotechnology, China), supplemented with a protease inhibitor and phosphatase inhibitor cocktail (Roche, Germany). Proteins from the lysates were separated by SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and subsequently transferred onto a polyvinylidene fluoride membrane (PVDF) (EMD Millipore Billerica, USA). The membrane was blocked with 5% nonfat milk and incubated with specific primary antibodies overnight at 4 °C. The membrane was then incubated with horseradish peroxidase-conjugated secondary antibody for 1 hour at 37°C. Finally, protein signals were visualized and quantified using electrochemiluminescence (ECL) (Thermo Fisher Scientific, USA) and the ChemiDocTM MP Imaging System (Bio-Rad Laboratories, USA). The primary antibodies and their corresponding manufacturers are listed as follows: USP39 (ab131244, 1:1000), and CyclinD1 (ab134175, 1:1000) (Abcam, USA); β-catenin (sc-376841, 1:100) (Santa Cruz Biotechnology, USA); p-β-catenin (Rabbit mAb#9561, 1:1000) (Cell Signaling, USA); mouse monoclonal antibodies against HA (OriGene, USA); and β-actin (1:40000) (Sigma-Aldrich, USA). The anti-β-catenin antibody was used to detect β-catenin levels, while HA-tagged constructs were only used for ubiquitination assays.
PCR analysis 
[bookmark: OLE_LINK369][bookmark: OLE_LINK19]Total RNA was extracted using the High Pure RNA Isolation Kit (Roche, Germany), and reverse transcription-PCR was performed with the PrimeScript RT Reagent Kit (Takara, China). Quantitative RT-PCR was conducted to measure mRNA levels using SYBR Premix Ex TaqTM II (Takara, China). The relative fold-change in target genes expression was normalized to GAPDH levels and calculated using the 2-△△Cq method. The specific primer sequences are provided in Supplementary Table S1. The thermal conditions for PCR were as follows: initial denaturation at 95°C for 5 minutes, followed by 40 cycles of denaturation at 95°C for 10 seconds, primer annealing at 58°C for 20 seconds, and extension at 72°C for 20 seconds. All reactions were conducted in triplicate. 
Plasmid transfection 
[bookmark: OLE_LINK6]The plasmid containing the full-length CTNNB1 fragment, pcmv-N-HA (HA-β-catenin), was constructed and sequenced. USP39 knockdown was achieved using shRNAs obtained from Genechem (China). Double-stranded oligonucleotides corresponding to the RNA sequences were cloned into the pGV248-RNAi plasmid (Oligoengine, USA). The target sequences for human USP39 mRNA were as follows: shRNA#1 TTCCAGACAACTATGAGAT and shRNA#2 TTTGGAAGAGGCGAGATAA. The plasmids were then individually transfected into HCC cells using Lipotransfectamine 3000 (Thermo Fisher Scientific, USA). Recombinant lentiviruses containing shUSP39 were harvested and applied to HCC cells cultured with 8 μg/ml polybrene.
Immunoprecipitation
Immunoprecipitation assays were performed as described by Lv et al[5]. Cells were lysed using NP-40 lysis buffer. The lysates were then incubated incubated with either an antibody specific to the target protein or immunoglobulin G (IgG), and subsequently with protein A/G agarose beads at 4 °C for 4 hours. The beads were washed and then boiled in 2 × SDS loading buffer for Western blot analysis.
In vivo ubiquitination assay
Cells were transfected with Flag-Ubiquitin and the indicated plasmids for the in vivo ubiquitination assay, which was conducted as previously described[6].
In vivo experiments
In the nude mouse xenograft model, HuH7 cells (3 × 106) stably transfected with NC or shUSP39 were injected subcutaneously into the flanks of 6- to 8-week-old male BALB/c nude mice. Tumor maximum length (a) and maximum width (b) were measured with a vernier caliper every 3 days, and the tumor volume was calculated using the formula 1/2ab2. After 30 days post-injection, the mice were administered ASX (10 mg/kg) every two days[7]. The mice were sacrificed after 21 days of ASX treatment, and the tumors were then isolated and weighed. Tumor tissues were stored at -80 °C and fixed in 4% paraformaldehyde for immunohistochemistry.
The mice used in this study were obtained from the Shanghai SLAC Laboratory Animal Co Ltd (Shanghai, China). We used carbon dioxide (CO2) inhalation equipment to carry out euthanasia. We placed the mice in a chamber during euthanasia, gradually supplying CO2 to raise its concentration. The euthanasia personnel were required to observe the procedure and pause for a minimum of 1 min once they detected no movement, visible breathing, or heartbeat. The trials received approval from the Institutional Animal Care and Use Committee of Putian University (IACUC No. 2021-005). Animal experiments were complied with the ARRIVE guidelines and all methods were performed in accordance with the relevant guidelines and regulations.
[bookmark: OLE_LINK111][bookmark: OLE_LINK112]Immunofluorescence and immunohistochemistry
[bookmark: OLE_LINK793][bookmark: OLE_LINK794]Cells were fixed in 4% paraformaldehyde for 20 minutes and permeabilized with 0.1% Triton X-100 (Sigma-Aldrich, USA) for 5 minutes. Samples were blocked with 5% bovine serum albumin in PBS for 1 hour, then incubated with primary antibodies at 4 °C overnight, followed by incubation with fluorescence-labeled rabbit/mouse secondary antibodies (Invitrogen, USA) for 1 hour at room temperature. Nuclei were stained with DAPI (Invitrogen, USA) for 10 minutes and observed using a fluorescence microscope (Olympus, Japan). 
[bookmark: OLE_LINK11][bookmark: OLE_LINK9]Paraffin sections (4 μm thick) were treated with 3% H2O2, incubated with primary antibody in a humidified chamber overnight at 4 °C, and subsequently with biotinylated secondary antibody. The immune complexes were visualized using a Vectastatin ABC kit (Vector Laboratories). Following staining, five high power fields per slide at 400× magnification were evaluated by two examiners. The proportion score was determined as follows: 0 (no positive tumor cells), 1(< 25% positive tumor cells), 2 (25– 0% positive tumor cells), 3 (50–75% positive tumor cells), and 4 (> 75% positive tumor cells). Staining intensity was graded based on the following criteria: 0 (no staining), 1 (weak staining, light yellow), 2 (moderate staining, yellow-brown), 3 (strong staining, brown), and 4 (strong staining, dark brown). The staining index (SI) was computed as the product of the staining intensity score and the proportion of positive tumor cells. An SI score of ≥ 6 was used to classify tumors with high expression, and ≤ 4 as those with low expression.
[bookmark: _Hlk206458721]Statistical analysis 
Each experiment was performed independently in triplicate. Continuous variables are expressed as mean ± standard deviation (SD). Unpaired two-tailed Student’s t-test or one-way analysis of variance (ANOVA) was used for comparisons of continuous variables. All Analyses were conducted using GraphPad Prism 8 software (GraphPad Software, USA). A P-value of < 0.05 was considered statistically significant. Asterisks (*, **, and ***) denote P-values of < 0.05, < 0.01, and < 0.001, respectively.
Ethical statement
The animal study protocol was approved by the Institutional Animal Care and Use Committee of Putian University (IACUC No. 2021-005). All methods were performed in accordance with the relevant guidelines and regulations. The study is reported in accordance with ARRIVE guidelines 2.0. for animal research.
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Supplementary Tables S1
Table S1 Primers for qRT-PCR
	Genes
	Primers
	Sequences (5’-3’)

	usp39
	F
	TTGGAAGAGGCGAGATAA

	
	R
	AGGAGCATCAATCATCATC

	[bookmark: OLE_LINK36]CTNNB1*
	F
	AAAGCGGCTGTTAGTCACTGG

	
	R
	CGAGTCATTGCATACTGTCCAT

	CyclinD1
	F
	CCCTCGGTGTCCTACTTCAA

	
	R
	GTGTTCAATGAAATCGTGCG

	gapdh
	F
	TGCACCACCAACTGCTTAGC

	
	R
	GGCATGGACTGTGGTCATGAG


*: The protein (β-catenin) encoded by this gene is part of a complex of proteins that constitute adherens junctions.


Supplementary Figures Legends

[bookmark: OLE_LINK28][bookmark: OLE_LINK29]Fig. S1 ASX reduces the mRNA levels of USP39 and β-catenin. The effect of ASX (300 μM) on the mRNA expression levels of USP39, β-catenin, and CyclinD1 in HepG2 (A) and HuH7 (B) was confirmed by RT-PCR. Student’s t-test: * P < 0.05, ** P < 0.01, *** P < 0.001. 

[bookmark: _Hlk173696637]Fig. S2 The effect of USP39 knockdown on β-catenin mRNA level in HCC cell. RT-PCR analysis was performed to measure the mRNA expression levels of USP39 and β-catenin in HepG2 (A) and HuH7 (B) infected with shUSP39. The data are presented as mean ± SD from three independent experiments. Student’s t-test: * P < 0.05, ** P < 0.01, *** P < 0.001.

Fig. S3 Overexpression of β-catenin in HCC cell. RT-PCR analysis was performed to measure the mRNA expression level of β-catenin in HCC cells (HuH7) (A). Additional experiments in SK-Hep-1 cells supported the nuclear overlap between USP39 and β-catenin (B). The data are presented as mean ± SD from three independent experiments. Student’s t-test: * P < 0.05, ** P < 0.01, *** P < 0.001.

Fig. S4 The effect of ASX on the USP39 and β-catenin mRNA levels in HCC cells with shUSP39. The mRNA expression levels of USP39 and β-catenin in HepG2 (A) and HuH7 (B) infected with shUSP39 were measured by RT-PCR. The data are presented as mean ± SD from three independent experiments. Student’s t-test: * P < 0.05, ** P < 0.01, *** P < 0.001. 

Fig. S5 The effect of ASX and USP39 knockdown on USP39 and β-catenin mRNA levels in HCC cell in vivo. RT-PCR analysis was performed to measure the mRNA expression levels of USP39 and β-catenin in these cells. The data are presented as mean ± SD from three independent experiments. Student’s t-test: * P < 0.05, ** P < 0.01, *** P < 0.001.

