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Abstract

BACKGROUND

Non-alcoholic fatty liver disease (NAFLD) is a major health burden with an
increasing global incidence. Unfortunately, the unavailability of knowledge
underlying NAFLD pathogenesis inhibits effective preventive and therapeutic
measures.

AIM
To explore the molecular mechanism of NAFLD.

METHODS

Whole genome sequencing (WGS) analysis was performed on liver tissues from
patients with NAFLD (n = 6) and patients with normal metabolic conditions (n =
6) to identify the target genes. A NAFLD C57BL6/] mouse model induced by 16
wk of high-fat diet feeding and a hepatocyte-specific F-box only protein 2
(FBXO2) overexpression mouse model were used for in vivo studies. Plasmid
transfection, co-immunoprecipitation-based mass spectrometry assays, and
ubiquitination in HepG2 cells and HEK293T cells were used for in vitro studies.

RESULTS

A total of 30982 genes were detected in WGS analysis, with 649 up-regulated and
178 down-regulated. Expression of FBXO2, an E3 ligase, was upregulated in the
liver tissues of patients with NAFLD. Hepatocyte-specific FBXO2 overexpression
facilitated NAFLD-associated phenotypes in mice. Overexpression of FBXO2
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aggravated odium oleate (OA)-induced lipid accumulation in HepG2 cells, resulting in an abnormal expression of
genes related to lipid metabolism, such as fatty acid synthase, peroxisome proliferator-activated receptor alpha,
and so on. In contrast, knocking down FBXO2 in HepG2 cells significantly alleviated the OA-induced lipid
accumulation and aberrant expression of lipid metabolism genes. The hydroxyl CoA dehydrogenase alpha subunit
(HADHA), a protein involved in oxidative stress, was a target of FBXO2-mediated ubiquitination. FBXO2 directly
bound to HADHA and facilitated its proteasomal degradation in HepG2 and HEK293T cells. Supplementation
with HADHA alleviated lipid accumulation caused by FBXO2 overexpression in HepG2 cells.

CONCLUSION
FBXO2 exacerbates lipid accumulation by targeting HADHA and is a potential therapeutic target for NAFLD.

Key Words: F-box only protein 2; Nonalcoholic fatty liver disease; The hydroxyl CoA dehydrogenase alpha subunit; Liver
steatosis; Ubiquitination; Lipid accumulation

©The Author(s) 2023. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: This study involves an assessment of the role of F-box only protein 2 (FBX02) in non-alcoholic fatty liver disease
(NAFLD). First, based on the whole genome sequencing analysis results of liver tissues from normal controls and patients
with NAFLD, the expression of FBXO2 was found to be increased during NAFLD. Hepatocyte-specific FBXO2 overex-
pression facilitated NAFLD-associated phenotypes in mice. In contrast, the knockdown of FBXO2 expression of HepG2
cells significantly alleviated oleate-induced lipid accumulation. Mechanistically, the hydroxyl CoA dehydrogenase alpha
subunit, a protein with known role in oxidative stress reaction, is one of the protein substrates of FBXO2-mediated ubiquit-
ination.

Citation: Liu Z, Chen NY, Zhang Z, Zhou S, Hu SY. F-box only protein 2 exacerbates non-alcoholic fatty liver disease by targeting the
hydroxyl CoA dehydrogenase alpha subunit. World J Gastroenterol 2023; 29(28): 4433-4450

URL: https://www.wjgnet.com/1007-9327/full/v29/i28/4433.htm

DOI: https://dx.doi.org/10.3748/wjg.v29.i28.4433

INTRODUCTION

Non-alcoholic fatty liver disease (NAFLD), a clinicopathologic syndrome, is characterised by an excessive deposition of
fat in hepatocytes [triglyceride (TG) content exceeding 5% of the liver weight] excluding alcohol and other liver-
damaging factors[1-3]. With an increase in the incidence of obesity and its associated metabolic syndrome, more than one-
third of adults are affected by NAFLD globally[4-6]. NAFLD includes simple fatty liver, non-alcoholic steatohepatitis, and
related cirrhosis, which can eventually develop into decompensated cirrhosis and hepatocellular carcinoma[7,8]. The key
issues affecting the treatment of patients with NAFLD are atherosclerotic cardio-cerebrovascular diseases, cirrhosis, and
malignant tumours associated with the metabolic syndrome[9-11]. Since the pathogenesis of NAFLD remains unclear
[12], a clinically effective drug to treat NAFLD is unavailable. A healthy diet and moderate exercise remain the main
measures to treat NAFLD clinically[13].

The hydroxyl CoA dehydrogenase alpha subunit (HADHA), a fatty acid p-oxidation enzyme, has been identified as a
key pathogenic regulator of metabolism-related diseases, such as NAFLD, obesity, and diabetes[14-16]. Previous studies
have confirmed that the expression of HADHA is decreased in L02 cells treated with free fatty acids (FFA) and in mice
fed with a high-fat diet (HFD). Knocking out HADHA aggravated liver steatosis, inflammation, and oxidative stress in
FFA-treated L02 cells. In addition, oxidative stress and liver damage in NAFLD mice are alleviated by the up-regulation
of HADHA[17]. Meanwhile, HADHA can be affected by the ubiquitin-proteasome system (UPS), which mediates
important regulatory modifications. Ubiquitination and the degradation of HADHA were reported to be mediated by
ubiquitin-conjugating enzyme E2 O, thereby modulating lipid metabolism[18]. However, it remains unclear if there is
another regulatory factor that could control and mediate the ubiquitination of HADHA, thus affecting the pathogenesis of
HADHA-mediated NAFLD. Therefore, confirming the regulatory signaling pathway in NAFLD that inhibits or activates
HADHA is necessary.

The UPS comprises an evolutionarily conserved protein degradation mechanism, including ubiquitin activation (E1),
ubiquitin coupling (E2), and ubiquitin ligase (E3) enzymes[19,20]. F-box only protein 2 (FBXO2), a well-known E3 ligase,
plays an indispensable role in the UPS[21] and has unique functions in various pathological processes. For example,
FBXO2 regulates signal transducer and activator of transcription 3 signaling responsible for modulating the proliferation
and tumorigenicity of osteosarcoma cells[22], targets glycosylated SAD1/UNC84 domain protein-2 for ubiquitination and
degradation to promote the development of ovarian cancer[21] and mediates the clearance of damaged lysosomes and
alters the neurodegeneration phenotype of the brain in Niemann-Pick C disease[23]. In addition, the abnormal expression
of FBXO?2 in obese mice disrupts glucose homeostasis through ubiquitin-mediated insulin receptor degradation[24].
However, the role of FBXO2 in NAFLD pathology remains unclear.
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In this study, we found that expression of FBXO2 was upregulated in the liver tissues of patients with NAFLD when
compared with those in liver tissues of normal controls via the whole genome sequencing (WGS) analysis. These findings
urged us to explore whether FBXO2 can promote the progression of NAFLD and its mechanism. Our findings can clarify
whether FBXO?2 is a feasible therapeutic target for NAFLD and related metabolism disorders.

MATERIALS AND METHODS

Human liver tissue samples

Liver tissue samples were collected from 10 patients with NAFLD, who underwent sleeve gastrectomy with liver biopsy
at the Qilu Hospital of Shandong University, Shandong, China. Control liver tissue samples were obtained from 10
patients with normal metabolic conditions who underwent hepatic hemangioma resection at the same hospital.

The inclusion criteria were: Physical examination, laboratory investigation, ultrasound echography, and a liver biopsy
consistent with the diagnosis of NAFLD, according to the Brunt criteria. Exclusion criteria were: Excess alcohol
consumption (= 20 g/d for women and = 30 g/d for men), the presence of hepatitis B virus surface antigen or hepatitis C
virus antibodies in the absence of a history of vaccination, use of drugs linked to NAFLD, evidence of other specific liver
diseases, such as autoimmune liver disease, and hemochromatosis[25].

A liver biopsy during surgery was performed to provide foundation to non-alcoholic steatohepatitis (NASH) score.
Clinical data of the normal controls and patients with NAFLD are shown in Table 1. Written informed consent was
obtained from the patients and their families. All procedures involving human liver samples were approved by the Ethics
Committee of the Qilu Hospital and adhered to the principles of the Declaration of Helsinki (approval No. KYLL-2017-
073).

WGS and result analysis

RNA extraction and whole genome library sequencing were performed in 12 liver tissues (NAFLD, n = 6; normal, n = 6)
by LC-BIO TECHNOLOGIES (Hangzhou, China) CO. Kyoto Encyclopedia of Genes and Genomes (KEGG) and Gene
Ontology (GO) enrichment analyses of the mRNA sequencing part were performed using the DAVID programme (
https:/ /david.ncifcrf.gov/). Bar, scatter, and Gene Set Enrichment Analysis result plots were drawn using the LC-BIO
Technologies platform (https:/ /www.omicstudio.cn/).

Animals

Eight-week-old pathogen-free C57BL/6] male mice (RRID:IMSR_JAX:000664) were purchased from SPF Biotechnology
Co. (Beijing, China). Five mice were placed in each cage at a temperature of 23-26 °C with a 12 h light/dark cycle.
Animals had free access to food and water. Rodent food was purchased from Xiao Shu You Tai Biotechnology (Beijing,
China). The mice used in this investigation were divided randomly.

To induce NAFLD, 10 mice were fed an HFD (#D12492; Research Diets, New Brunswick, NJ, United States) for 16 wk.
Control mice were fed with a standard normal chow diet (ND). After 16 wk of feeding an HFD, the weight of the mice in
the HFD group exceeded that of mice in the ND group by 20%, and obvious lipid accumulation was observed in the liver.
Serum intracellular TG and total cholesterol (T-Cho) levels also increased significantly in the HFD group (P < 0.001,
Supplementary Table 1). Finally, eight mice met the experimental criteria. One underweight mouse and one mouse with
no significant lipid deposition in the liver were excluded from any analysis.

To establish a liver-specific FBXO2 overexpression model, six mice were injected with adeno-associated virus serotype
8 (AAVS8)-His-FBXO2 through the tail vein (100 pL of virus containing 5 x 10" vg of vectors) after 6 wk of HFD feeding.
An empty vector (AAV-His-vector) was injected into the corresponding control mice (1 = 6). The virus-infected mice were
fed with HFD for an another 16 wk. The AAV used in this study was purchased from WZ Biosciences Inc. (Shandong,
China). The study was approved by the Institutional Animal Care and Use Committee of Shandong Provincial Qian
Foshan Hospital (approval No. S453) in accordance with internationally accepted principles for the use of laboratory
animals.

Cell lines and cell culture

Human hepatoma cells (HepG2, ATCC; HB-8065 BCRC, #CL-0103) and human embryonic kidney 293 cells (HEK293T,
ATCC; CRL-3216 DSMZ, #CL-0005) were cultured in Dulbecco’s Modified Eagle Medium, containing 10% foetal bovine
serum and 1% penicillin-streptomycin, in a humidified chamber at 37 °C with 5% CO,. HepG2 cells were exposed to
odium oleate (OA) dissolved in 0.5% fatty acid-free bovine serum albumin (BSA) at a final concentration of 0.3 mmol/L
for 24 h to establish an in vitro cell lipid deposition model. All cells were purchased from Procell Life Science &
Technology Co., Ltd. (Wuhan, China). All cell lines were authenticated via STR identification.

Plasmid construction and transfection

FBXO2 or HADHA overexpression was achieved by transfecting cells with His-FBXO2 plasmid (#NM_012168CH895916,
WZ Bioscience Inc., Shandong, China) or Myc-HADHA plasmids (#BC009235HG15019-NM, Sino Biological, Beijing,
China), respectively, as per the respective manufacturer’s instructions. His-vector (#66005-1-Ig, Proteintech) and Myec-
vector plasmids (#16286-1-AP, Proteintech) were used as controls. FBXO2 knockdown was achieved by transfecting cells
with Sh-FBXO2 plasmid (WZ Bioscience Inc). Sh-NC plasmids were used as a control. The DNA sequences of the
plasmids used are shown in Supplementary material.
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Table 1 Clinical information of normal controls and patients with non-alcoholic fatty liver disease

Normal (n = 10) NAFLD (n=10) tvalue Pvalue
Gender - -
Male, % 4 (40) 4 (40)
Female, % 6 (60) 6 (60)
Age, yr 33.30£2.83 32.40 +£7.09 0.373 0.714
Height, cm 169.10 + 7.84 169.80 + 10.38 0.170 0.867
Body weight, kg 70.95 +16.48 118.04 + 28.87 4.480 <0.001
Body mass index, kg/m? 24.51 +4.02 40.41+541 7.454 <0.001
Waist circumference, cm 90.80 £ 11.33 128.5 +3.98 9.928 <0.001
Systolic BP, mmHg 126.40 + 6.33 134.80 +10.23 2.208 0.04
ALT, U/L 12.00 + 6.77 69.00 + 63.20 2.836 0.011
AST, U/L 15.40 £3.17 46.70 +29.74 3.309 0.004
GLDH, U/L 1.94+1.22 7.74 +4.98 3.580 0.002
T-Cho, mmol/L 3.97 £0.52 4.47 £0.77 1.700 0.106
HDL, mmol/L 1.31+0.20 0.97 £0.14 4.486 <0.001
LDL, mmol/L 219+0.37 2.83+0.62 2.824 0.011
sdLDL, mmol/L 0.34+0.14 1.11+051 4.580 <0.001
TG, mmol/L 0.62+0.20 2.05 +0.67 6.483 <0.001
NEFA, pmol/L 44.41+29.72 55.20 +£15.05 1.024 0.319
FPG, mmol/L 4.82+0.33 4.81+1.09 0.014 0.989
NASH score 0 5.10+1.30 - -

Data are presented as the mean + SD. P < 0.05 was considered statistically significant. ALT: Alanine aminotransferase; AST: Aspartate aminotransferase;
BP: Blood pressure; FPG: Fasting plasma glucose; HDL: High-density lipoprotein; LDL: Low-density lipoprotein; NEFA: Nonesterified fatty acid; NAFLD:
Non-alcoholic fatty liver disease; NASH: Non-alcoholic steatohepatitis; sdLDL: Small and dense low-density lipoproteins; TG: Triglycerides; T-Cho: Total
cholesterol.

Western blotting, co-immunoprecipitation, and mass spectrometry assays

Briefly, liver tissues and HepG2 cells were lysed with RIPA lysis buffer containing protease inhibitors. Western blotting
was performed using standard procedures[26,27]. The primary antibodies used are listed in Supplementary Table 2.
Image J (RRID:SCR_003070) and GraphPad Prism software (RRID:SCR_002798) were used to analyze the western blotting
results.

For the co-immunoprecipitation (co-IP) assay, HepG2 cell protein lysate was prepared. The cracking solution was then
washed with 1 mL of cracking buffer (containing 100 pL of protein A/G agarose beads) and the lysate was incubated
overnight with the appropriate antibodies. Next, the beads were washed thrice with cracking buffer and then re-
suspended in 2 x sodium dodecyl sulfate (SDS) loading buffer. The beads were incubated at 95 °C for 5 min to elute
immunoprecipitated proteins. Finally, the proteins were separated using SDS-PAGE and immunoblotted for detection.
Mass spectrometry (MS)-based proteomic analysis was performed by the Jinjie Bio company (Hangzhou, China).

Quantitative reverse transcription polymerase chain reaction

Total RNA was extracted from the liver tissues and HepG2 cells using TRIzol reagent (Invitrogen, #12183555). Comple-
mentary DNA (cDNA) was synthesised from the isolated RNA using a cDNA synthesis kit (Takara, #RR047A).
Subsequently, SYBR Green Master Mix (Vazyme, Q111-02) and a quantitative reverse transcription polymerase chain
reaction (QRT-PCR) system (LightCycle 480 II, Roche, Japan) were used to perform qRT-PCR and analyse the results. The
primer sequences used in the study are listed in Supplementary Table 3.

Homeostasis model assessment of insulin resistance (HOMA-IR), oral glucose tolerance test (OGTT) and insulin
tolerance test (ITT). Blood glucose levels were measured using a Glucometer Elite monitor (ACCU-CHEK, Roche,
Germany) and serum insulin was measured using an insulin ELISA kit (D721159-0048, Sangon Biotech). The HOMA-IR
index was calculated based on the fasting serum glucose and insulin levels. OGTT was performed via the administration
of glucose (2 mg/g) after an overnight fast. ITTs were performed following the i.p. injection of 1 U/kg insulin after 4 h of
fasting. OGTT and ITT were performed at 16 wk post adenovirus injection.
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Mouse serum and cell cytosol lipid analysis

Blood was collected from the tail vein of mice. Serum was obtained after the blood was centrifuged at 8000 x g for 20 min
at 4 °C. HepG2 cells were lysed using an ultrasonic crusher (SCINTZ-650E; Ningbo Scientz Biotechnology Co., Ningbo,
China). Serum TG and T-Cho levels were measured using commercially available assay kits (Nanjing Jiancheng Bioengin-
eering Institute, Nanjing, China).

Histological analysis
Hematoxylin and eosin (H&E) staining was done to demonstrate the pattern of lipid accumulation. Oil Red-O staining
was done to show the accumulation of fat droplets in the liver.

Immunohistochemical staining and immunofluorescence

For immunohistochemistry, paraffin sections of paired human or mouse livers were deparaffinized and rehydrated.
Antigens were retrieved using sodium citrate buffer. After blocking with 1% BSA for 1 h at 25 °C, the sections were
sequentially incubated with anti-FBXO2 (Proteintech Cat# 14590-1-AP, RRID:AB_2104394) and the corresponding
secondary antibodies. The antibodies used in the study are listed in Supplementary Table 2.

For immunofluorescence staining, cells were fixed with 4% paraformaldehyde for 25 min at 25 °C. Cells were then
washed thrice with phosphate-buffered saline (PBS) and lysed with 0.1% Triton X-100 in PBS for 20 min. After washing
the cells with PBS three times, the cells were incubated in 1% BSA at 37 °C for 1.5 h followed by overnight incubation at 4
°C with rabbit anti-FBXO2 and anti-HADHA antibodies (Proteintech Cat#10758-1-AP, RRID:AB_2115593). After washing
thrice with PBS, the cells were incubated with the appropriate secondary antibodies for 1 h at 37 °C. Finally, the cells were
stained with 4’,6-diamidino-2-phenylindole. Images were captured using a confocal microscope (IX-73, Olympus, Japan).

Ubiquitination assay

The HADHA ubiquitination assay was performed by transfecting HEK293T cells with FBXO2, HADHA, HA-ubiquitin, or
empty vectors using Lipofectamine 2000 (#11668, Invitrogen, United States). After 24 h, the cells were washed twice with
PBS and lysed in RIPA lysis buffer. The lysates were then centrifuged to obtain cytoplasmic proteins. The obtained
proteins were incubated overnight with anti-HADHA antibody followed by incubation with protein A/G agarose beads
at 4 °C for an additional 4 h. After washing the beads three times with lysis buffer, the beads were boiled in 2 x SDS
loading buffer, separated via the SDS-PAGE, and immunoblotted. All experiments were repeated three times
independently.

Statistical analyses
The t-test was performed for comparisons between two groups. Statistical significance was set at P < 0.05.

RESULTS

FBXO02 expression is upregulated in livers with hepatic steatosis

WGS was performed on the liver tissues of six patients with NAFLD and six normal controls. A total of 30982 genes were
detected in the WGS analysis, of which 649 were up-regulated and 178 were down-regulated. The heat map in Figure 1A
shows the 60 most significantly up- or down-regulated genes. The volcano plot in Figure 1B depicted an overview of the
gene sequencing results [log2 (fold change) > 1; P < 0.05]. Some genes marked in our sequencing analysis were closely
related to NAFLD[26,28-30], such as fatty acid synthase (FASN), growth differentiation factor 15 and insulin-like growth
factor binding protein 2 (Figure 1B). GO and KEGG analyses were also performed (Figures 1C and D, Supple-
mentary Figures 1A and B). GO-biological process analysis indicated that the differential genes were mainly involved in
‘signal transduction’, ‘lipid metabolic process’, and “positive regulation of GTPase activity’. GO-cellular component
analysis indicated that the differential genes were mainly associated with the cytoplasm, cytosol, and integral component
of the membrane. GO-molecular function analysis indicated that the differential genes were mainly associated with
protein binding, identical protein binding, and ATP binding processes. KEGG enrichment results revealed that the differ-
ential genes are largely enriched in “metabolic pathways’.

Among the upregulated genes, the mRNA level of FBXO2 was significantly upregulated among patients with NAFLD.
According to previous studies, the abnormal expression of FBXO2 in obese mice disrupts glucose homeostasis through
ubiquitin-mediated insulin receptor degradation. We also found that sleeve gastrectomy could downregulate FBXO2 and
activate in the phosphatidylinositol 3-kinase-protein kinase B (PI3K-AKT) pathway[31]. In our GO and KEGG analysis,
some differential genes were enriched in the PI3K-AKT pathway. Hence, we speculated that FBXO2 may play a role in
regulating lipid metabolism in NAFLD.

To investigate whether FBXO2 is involved in the occurrence and development of NAFLD, we analyzed its expression
in liver tissues isolated from patients with NAFLD (Table 1, Figures 2A and B). We found that the mRNA and protein
levels of FBXO2 were significantly higher in liver tissues of patients with NAFLD compared to that in control liver tissues
via qRT-PCR analysis (Figure 2D, P < 0.0001), western blot analysis (Figure 2C, P < 0.0001), and immunohistochemical
staining (Figure 2E). Moreover, we established a NAFLD mouse model by feeding C57BL6/] mice an HFD for 16 wk
(Figures 2F and G, Supplementary Table 1). Similarly, we also found significantly higher FBXO2 mRNA and protein
levels in liver samples obtained from HFD mice compared to ND mice via qRT-PCR (Figure 21, P < 0.0001), western blot
(Figure 2H, P < 0.01), and immunohistochemical staining (Figure 2J) analyses. Based on these results, we confirmed that
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Figure 1 Whole genome sequencing analysis of liver tissue from patients with non-alcoholic fatty liver disease and healthy controls. A
and B: Heat map (A) and volcano plot (B) of the mRNA sequencing results; C: Scatter plot of the Kyoto Encyclopedia of Genes and Genomes enrichment analysis
results; D: Scatter plot of the Gene Ontology enrich analysis results. FBXO2: F-box only protein 2; NAFLD: Non-alcoholic fatty liver disease; FC: Fold change; KEGG:
Kyoto Encyclopedia of Genes and Genomes; GO: Gene Ontology.

FBXO2 levels in the liver of patients with NAFLD and the HFD-fed mouse model were significantly increased compared
to those in non-steatosis samples.

FBXO02 overexpression aggravates hepatic steatosis

Given the close correlation between FBXO2 expression and a fatty liver, we constructed a hepatocyte-specific FBXO2-
overexpressing mouse model (Supplementary Figures 2A and B) to investigate the role of FBXO2 in exacerbating the
HFD-induced liver steatosis, insulin resistance, and abnormal glucose metabolism. As expected, AAV-His-FBXO2-treated
mice exhibited a significant increase in body weight (Supplementary Figure 2C), liver weight (Figure 3D), and the ratio of
liver weight to body weight (Figure 3E) compared to AAV-His-vector-treated mice. The deposition of lipids in the liver
was noticeably enhanced in AAV-His-FBXO2 mice, as determined by liver observations (Figure 3A), H&E staining
(Figure 3B), Oil Red O staining (Figure 3C), and TG and T-Cho levels (Figures 3F and G). The overexpression of FBXO2 in
the livers of AAV-His-FBXO2-treated mice significantly promoted the expression of lipogenesis genes [FASN and
peroxisome proliferator-activated receptor gamma (PPARY)] and fatty acid uptake genes [cluster of differentiation 36
(CD36) and fatty acid binding protein-1 (FABP1)] and suppressed the expression of fatty acid B-oxidation-related genes
[acyl-CoA oxidase 1 (ACOX1), enoyl coenzyme A hydratase 1 (ECH1), medium-chain acyl-coenzyme A dehydrogenase
(MCAD), and PPARGa] (Figure 3H).

NAFLD is often accompanied by glucose metabolic disorders and insulin resistance. Unsurprisingly, FBXO2 overex-
pression significantly increased fasting blood glucose and insulin levels (Figures 31 and J). The HOMA-IR index was also
increased accordingly (Figure 3K). Notably, there was no significant difference in food intake between AAV-His-FBXO2
mice and AAV-His-vector mice (Supplementary Figure 2D). In addition, the AAV-His-FBXO2 mice exhibited significantly
higher blood glucose levels than AAV-His-vector mice, as determined from the OGTT and ITT data (Figures 3L-N).

We also investigated the effects of FBXO2 overexpression on lipid metabolic disorders in vitro. HepG2 cells were
treated with OA to simulate the NAFLD phenotype. An increase in the mRNA and protein levels of FBXO2 was observed
after 24 h of OA administration (Figures 4D and E). Oil Red O staining revealed that the intracellular lipid deposition
(Figure 4A) and TG and T-Cho levels in HepG2 cells (Figures 4B and C) increased after OA treatment. Next, the His-
FBXO2 plasmid was transfected into HepG2 cells. qRT-PCR and western blotting revealed increased FBXO2 expression (
Supplementary Figures 3A and B). The effect of FBXO2 overexpression on lipid deposition was also observed in OA-

WJG | https://www.wjgnet.com 4439 July 28,2023 | Volume29 | Issue28 |

Jaishideng®


https://f6publishing.blob.core.windows.net/f4f2a77b-3828-4a90-84cf-5c571046f34d/WJG-29-4433-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/f4f2a77b-3828-4a90-84cf-5c571046f34d/WJG-29-4433-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/f4f2a77b-3828-4a90-84cf-5c571046f34d/WJG-29-4433-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/f4f2a77b-3828-4a90-84cf-5c571046f34d/WJG-29-4433-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/f4f2a77b-3828-4a90-84cf-5c571046f34d/WJG-29-4433-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/f4f2a77b-3828-4a90-84cf-5c571046f34d/WJG-29-4433-supplementary-material.pdf

Liu Z et al. Effect of FBXO2 on NAFLD

A H&E staining B Oil Red O staining

Normal

C Normal NAFLD
1# 2# 3# 4# S5# 1# 2# 3# 4# 5# 1.5 - d
@ ——
o[E 0 e T
i
- - 2 1.0 1
o~
g —l—
Normal NAFLD B 05
6# 7# 8# 9# 10# 6# 7# 8# 9# 10# Q
FBXO2 | iy e e s e PP WP G WP | 40 KD s
-4
0.0 T T
Normal NAFLD
D E Immunohistochemistry
#1 ) #2 - #3
4 4 d W oa s AR PN AN RS 3 5
3 Ao Y S L : ; .
£ 34
g e
a P
N 2 4 ®
o ]
2 . -
o —_—
.g 11 0
® LAALE
&
0 T T
Normal NAFLD

F G
ND
HFD
H _ 20
[
K b
£1.51 . —
ND HFD g |
1# 2# 3# 4# 5# 64 1# 2# 3% 4# 5% 64 2
FBXO2 [ o e o - — 40 KD 1.0 - —1—
&
w
205+
=]
4
&
0.0 T r
ND HFD

Geisnidenge WIG | https://www.wjgnet.com 4440 July 28,2023 | Volume?29 | Issue28 |



Liu Z et al. Effect of FBXO2 on NAFLD

I 44 J

g d ) )

@ Immunohistochemistry

2223- —%o ND ... HFD

< { LT

= e l,e

O 2 A

x

o

L ®

g

2 11

©
& | S

0 T T
ND HFD

DOI: 10.3748/wjg.v29.i28.4433 Copyright ©The Author(s) 2023.

Figure 2 F-box only protein 2 expression was up-regulated in livers of non-alcoholic fatty liver disease patients and high-fat diet mice
models. A and B: Representative images of hematoxylin and eosin (H&E) and Oil Red O staining of liver tissues obtained from healthy controls and patients with
non-alcoholic fatty liver disease (NAFLD). Scale bars, 50 um and 100 um; C: Western blot of F-box only protein 2 (FBX02) expression in the liver tissues of healthy
controls and patients with NAFLD (n = 10 liver samples per group); D: Expression of FBXOZ2 in liver tissue obtained from healthy controls and patients with NAFLD (n
=10 liver samples per group); E: Representative images of immunohistochemical staining of FBXO2 in liver tissue obtained from healthy controls and patients with
NAFLD. Scale bars, 50 pm; F and G: Representative images of H&E and Oil Red O staining of liver tissue isolated from C57BL/6J mice treated with a normal chow
diet (ND) or high-fat diet (HFD) for 16 wk. Scale bars, 50 ym and 100 pm; H: Representative images of FBXO2 western blots from liver tissue of C57BL/6J mice
treated with an ND or HFD for 16 wk; I: Expression of FBXO2 in liver tissue obtained from C57BL/6J mice treated with an ND or HFD for 16 wk as detected using
quantitative reverse transcription polymerase chain reaction (n = 8 liver samples per group); J: Representative images of immunohistochemical staining of FBXO2 in
liver tissue obtained from C57BL/6J mice treated with an ND or HFD for 16 wk. Scale bars, 50 ym. °P < 0.01, P < 0.0001. FBXO2: F-box only protein 2; NAFLD:
Non-alcoholic fatty liver disease; HFD: High-fat diet; H&E: Hematoxylin and eosin; ND: Normal chow diet.

treated HepG2 cells. Specifically, FBXO2 overexpression after transfecting His-FBXO2 plasmids into HepG2 cells, greatly
increased OA-induced lipid deposition (Figure 4F). FBXO2 overexpression also increased OA-induced cellular TG and T-
Cho levels (Figures 4G and H). The overexpression of FBXO2 in OA-treated HepG2 cells also promoted the expression of
FASN, PPARG, CD36, and FABP1 and suppressed the expression of ACOX1, ECH1, MCAD, and PPARa (Figure 4I).
These data suggest that the up-regulation of FBXO2 expression in the liver exacerbated liver steatosis, HFD-triggered
insulin resistance, and abnormal glucose metabolism.

FBX02 knockdown ameliorates lipid accumulation in hepatocytes

After confirming that the overexpression of FBXO2 exacerbated liver steatosis, we examined the effect of FBXO2
knockdown on lipid metabolic disorder in hepatocytes. To achieve this, the Sh-FBXO2 plasmid was transfected into
HepG2 cells. Both qRT-PCR and western blot results indicated that FBXO2 expression levels decreased after transfection,
confirming successful FBXO2 knockdown (Supplementary Figures 3C and D). FBXO2 knockdown decreased the OA-
induced lipid deposition (Figure 4]) and regulated OA-induced TG and T-Cho secretion (Figures 4K and L). The
knockdown of FBXO2 in OA-treated HepG2 cells inhibited the expression of lipogenesis genes (FASN and PPARy) and
fatty acid uptake genes (CD36 and FABP1) and promoted the expression of fatty acid B-oxidation related genes (ACOXI,
ECH1, MCAD, and PPARa) (Figure 4M). Consistent with these data, in vitro gene therapy using Sh-FBXO2 plasmids
further demonstrated that the knockdown of FBXO2 could significantly alleviate OA-induced lipid accumulation in
hepatocytes (hepatic steatosis).

The up-regulation of FBX02 expression promotes HADHA ubiquitination and degradation in HepG2 cells

We used a co-IP-based MS method to identify which proteins interact with endogenous FBXO2 in HepG2 cells. Based on
peptide spectra matching protein score, HADHA was identified as a potential binding protein for FBXO2 in HepG2 cells
(Figure 5A). In vitro interaction studies suggested that both exogenous and endogenous FBXO2 could bind directly to
HADHA and vice versa. Additionally, the interaction between FBXO2 and HADHA was determined via a co-IP assay in
HEK293T (Figures 5C and D) and HepG2 cells (Figures 5E and F). In vitro interaction tests suggested that both exogenous
and endogenous FBXO2 could directly bind to HADHA and vice versa. Immunofluorescence staining also revealed the
co-localization of FBXO2 and HADHA after the HEK293T cells were transfected with His-FBXO2 and Myc-HADHA
plasmids (Figure 5B).

Next, we tested whether FBXO2 could activate the ubiquitination of HADHA. The expression of FBXO2 and HA-Ub
together significantly enhanced the ubiquitination of HADHA in HEK293T cells, compared to control cells transfected
with vectors expressing FBXO2 and HA-Ub alone (Figure 6A). Consistent with the results of the ubiquitination assays,
gene expression analysis supported the reduction of HADHA protein levels in HepG2 cells and HFD-fed mouse models
overexpressing FBXO2 (Figures 6B and D). Further, HADHA degradation was reduced after co-treatment with the
proteasome inhibitor MG132 (SML1135; Sigma, United States) in HepG2 cells (Figure 6E). Moreover, FBXO2 knockdown
increased the level protein of HADHA in HepG2 cells (Figure 6C). Notably, the mRNA levels of HADHA were not
affected by FBXO2 overexpression or knockdown (Supplementary Figures 4A-C). Additionally, we analysed whether
FBXO2 decreased the half-life of the HADHA protein. We transfected HepG2 cells with His-Vector or His-FBXO2
plasmids and treated them with the protein synthesis inhibitor cycloheximide (CHX) at different time points. The half-life
of the HADHA protein was drastically reduced in FBXO2-overexpressing cells compared to the control cells (Figure 6F).
These findings indicated that FBXO2 facilitates the degradation of HADHA via the ubiquitination machinery.
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Figure 3 Overexpression of F-box only protein 2 exacerbated high-fat diet-induced liver steatosis, insulin-resistance, and abnormal
glucose metabolism. A: Representative images indicating histological changes in the livers of adeno-associated virus (AAV)-His-vector and AAV-His-F-box only
protein 2 (FBX02) mice after 16 wk of administering an high-fat diet (HFD); B and C: Representative images of hematoxylin and eosin and Oil Red O staining of liver
tissue obtained from AAV-His-vector and AAV-His-FBXO2 mice after 16 wk of HFD. Scale bars, 50 um and 100 pym; D-G: The liver weight, ratio of liver weight/body
weight, serum triglyceride and total cholesterol levels in AAV-His-vector and AAV-His-FBXO2 mice after 16 wk of administering an HFD (n = 6 per group); H:
quantitative reverse transcription polymerase chain reaction analysis of the expression of genes associated with lipogenesis, fatty acid secretion and uptake, and
oxidation in AAV-His-vector and AAV-His-FBXO2 mice after 16 wk of administering an HFD (n = 6 per group); I: Fasting blood glucose levels; J: Fasting serum insulin
levels; K: The homeostatic model assessment of insulin resistance; L: Oral glucose tolerance test (OGTT) scores; M: Insulin tolerance test (ITT); N: Calculated area
under curve of OGTT and ITT in the AAV-His-vector mice and AAV-His-FBXO2 mice after 16 wk of HFD (n = 6 per group). 2P < 0.05, °P < 0.01, °P < 0.001. AAV:
Adeno-associated virus; FBXO2: F-box only protein 2; H&E: Hematoxylin and eosin; ITT: Insulin tolerance test; OGTT: Oral glucose tolerance test; LW: Liver weight;
BW: Body weight; TG: Triglyceride; T-Cho: Total cholesterol; HOMA-IR: Homeostatic model assessment of insulin resistance; FASN: Fatty acid synthase; PPAR:
Peroxisome proliferator-activated receptor; CD36: Cluster of differentiation 36; ACOX1: Acyl-CoA oxidase 1; ECH1: Enoyl coenzyme A hydratase 1; MCAD: Medium-
chain acyl-coenzyme A dehydrogenase.

The above finding led us to determine whether HADHA alterations mediate the effect of FBXO2 on lipid accumulation
in hepatocytes. First, FBXO2 overexpression increased OA-induced lipid deposition and TG and T-Cho secretion.
Moreover, the overexpression of FBXO2 in OA- treated HepG2 cells enhanced the expression of FASN, PPARy, CD36,
and FABP1 and inhibited the expression of ACOX1, ECH1, MCAD, and PPARa. However, these effects were reversed
after HepG2 cells were transfected with the Myc-HADHA plasmid to overexpress HADHA as indicated by the changes
in lipid deposition (Figure 6G), TG and T-Cho secretion (Figures 6 and I), and mRNA expression of lipid metabolism-
related genes (Figure 6]). FBXO2 and HADHA overexpression efficiency was also confirmed via western blot
(Supplementary Figure 3E). Collectively, these indicated that the up-regulation of FBXO2 exacerbated OA-induced lipid
accumulation by promoting the ubiquitination and degradation of HADHA in HepG2 cells.

DISCUSSION

FBXO2 is an E3 ligase that can regulate protein stability through ubiquitin-mediated protein-protein interaction and plays
an indispensable role in the cell cycle regulation of the UPS[21]. It regulates cell proliferation, transcription, and apoptosis
through the ubiquitination and degradation of target proteins, thereby affecting the occurrence and development of
various diseases, such as malignant tumours, neuronal diseases, and inflammation[22,24,32,33]. However, the status of
FBXO2 expression in NAFLD and its relationship with clinicopathological parameters has not been clarified. In the
present study, we found that FBXO2 levels were significantly up-regulated in NAFLD liver tissues. Subsequently, we
simulated NAFLD in HFD mice and OA-treated HepG2 cells, and the results were consistent with those obtained in
human liver tissue. Our sequencing results of NAFLD liver tissue samples revealed changes in multiple metabolic
pathways, for example the PI3K-AKT pathway. Recent studies conducted by our team found that the expression level of
FBXO2 in NAFLD mouse models was downregulated after sleeve gastrectomy. Upregulation of FBXO2 could activate the
PIBK-AKT pathway[31]. Based on the above results, we speculate that FBXO2 upregulation is related to NAFLD
occurrence and development.

Next, we constructed a hepatocyte-specific FBXO2-overexpressing mouse model to further explore the relationship
between FBXO2 and NAFLD. Lipid accumulation in the liver is a clinical feature of NAFLD and is caused by an
imbalance between lipid input and output[34]. This imbalance is regulated by four pathways: Lipid lipogenesis, lipid
uptake, lipid secretion, and fatty acid oxidation[27,35]. In the present study, we found that the deposition of liver lipids
was visibly enhanced in hepatocyte-specific FBXO2-overexpressing mice models. FBXO2 overexpression in the liver
significantly promoted the expression of lipogenesis genes (FASN and PPARYy) and fatty acid uptake genes (CD36 and
FABP1) and inhibited the expression of fatty acid p-oxidation-related genes (ACOX1, ECH1, MCAD and PPARa) in AAV-
His-FBXO2 mice. In contrast, FBXO2 knockdown in OA-treated HepG2 cells had the opposite effect on the expression of
lipid accumulation and the expression of lipid metabolism-related genes. The alleviative effect of FBXO2 knockdown on
lipid metabolism suggests its effect in treating NAFLD. In addition, combined with the effect of the overexpression and
knockdown of FBXO2 on lipid metabolism, it is worth considering that FBXO2 may promote the ubiquitination of one or
more proteins that can mediate lipid metabolism. In other words, the overexpression of FBXO2 can accelerate protein
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Figure 4 Effect of F-box only protein 2 overexpression or knockdown on lipid accumulation in hepatocytes. A: Representative images of Oil
Red O staining of HepG2 cells treated with oleate (OA) for 24 h. Scale bar, 50 ym; B and C: Triglyceride (TG) and total cholesterol (T-Cho) levels in HepG2 cells
treated with OA for 24 h; D and E: Western blot and quantitative reverse transcription polymerase chain reaction (QRT-PCR) analysis of F-box only protein 2 (FBXO02)
expression in HepG2 cells treated with OA for 24 h; F-I: HepG2 cells transfected with His-FBXO2 plasmids to overexpress FBX02, followed by OA treatment for 24 h;
representative images of Oil Red O staining (F), TG (G) and T-Cho (H) levels; expression analysis of genes associated with lipogenesis, fatty acid uptake, and
oxidation as detected using qRT-PCR (I); J-M: HepG2 cells were transfected with Sh-FBXO2 plasmids to knockdown FBXO2 expression, followed by OA treatment
for 24 h; representative images of Oil Red O staining (J), TG (K) and T-Cho (L) levels; expression analysis of genes associated with lipogenesis, fatty acid uptake,
and oxidation as detected using gRT-PCR (M). 2P < 0.05, °P < 0.01, °P < 0.001. FBXO2: F-box only protein 2; BSA: Bovine serum albumin; OA: Oleate; TG:
Triglyceride; T-Cho: Total cholesterol; FASN: Fatty acid synthase; PPAR: Peroxisome proliferator-activated receptor; CD36: Cluster of differentiation 36; ACOX1:
Acyl-CoA oxidase 1; ECH1: Enoyl coenzyme A hydratase 1; MCAD: Medium-chain acyl-coenzyme A dehydrogenase; NC: Normal control.
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Figure 5 F-box only protein 2 directly binds to the hydroxyl CoA dehydrogenase alpha subunit and vice versa. A: Proteins interacting with
endogenous F-box only protein 2 (FBXO2) in HepG2 cells as revealed using a co-immunoprecipitation (co-IP)-based mass spectrometry method; B:
Immunofluorescence staining of HEK293T cells transfected with His-FBXO2 and Myc-the hydroxyl CoA dehydrogenase alpha subunit plasmids; C-F: Co-IP assays in

HEK293T and HepG2 cells. FBXO2: F-box only protein 2; HADHA: Hydroxyl CoA dehydrogenase alpha subunit; IgG: Immunoglobulin G; DAPI: 4'-6-diamidino-2-
phenylindole.
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Figure 6 F-box only protein 2 ubiquitinated and degraded the hydroxyl CoA dehydrogenase alpha subunit. A: The hydroxyl CoA dehydrogenase
alpha subunit (HADHA) ubiquitination in HEK293T cells; B-D: Western blot of F-box only protein 2 (FBXO2) and HADHA expression in the His-Vector group vs His-
FBXO2 group (B), Sh-NC group vs Sh-FBXO2 group (C), and adeno-associated virus (AAV)-His-vector mice vs AAV-His-FBXO2 mice (D); E: Western blot of FBXO2
and HADHA expression in HepG2 cells. HepG2 cells were transfected with His-FBXO2 plasmids for 24 h, followed by incubation with or without MG132 for 24 h; F:
Western blot of FBXO2 and HADHA expression in HepG2 cells. HepG2 cells were transfected with FBXO2 adenovirus for 48 h, followed by incubation with
cycloheximide (CHX) for 0, 4, or 8 h before sample collection; G-J: HepG2 cells were transfected with His-FBXO2 plasmids and Myc-HADHA plasmids to overexpress
FBXO02 and HADHA, respectively, followed by treatment with oleate for 24 h; representative images of Oil Red O staining (G), triglyceride (H) and total cholesterol (1)
levels; expression analysis of genes associated with lipogenesis, fatty acid uptake, and oxidation as detected using quantitative reverse transcription polymerase
chain reaction (J). FBXO2: F-box only protein 2; HADHA: Hydroxyl CoA dehydrogenase alpha subunit; 2P < 0.05, °P < 0.01, °P < 0.001. AAV: Adeno-associated virus;
OA: Oleate; TG: Triglyceride; T-Cho: Total cholesterol; FASN: Fatty acid synthase; PPAR: Peroxisome proliferator-activated receptor; CD36: Cluster of differentiation
36; ACOX1: Acyl-CoA oxidase 1; ECH1: Enoyl coenzyme A hydratase 1; MCAD: Medium-chain acyl-coenzyme A dehydrogenase; NC: Normal control.

degradation, thus aggravating NAFLD. On the contrary, the knockdown of FBXO2 protects lipid metabolising enzymes
from degradation, thus maintaining normal lipid metabolism.

To further explore the mechanism through which FBXO2 affects NAFLD, we screened the proteins that could interact
with endogenous FBXO2 in HepG2 cells using a co-IP-based MS method. The mitochondrial trifunctional enzyme
subunit-alpha (HADHA) was identified as a potential binding protein for FBXO2. HADHA, a mitochondrial -oxidation-
associated enzyme, encodes the a-subunit of the mitochondrial trifunctional protein (hydroxyacyl-CoA dehydrogenase/
3-ketoacyl-CoA thiolase/enoyl-CoA hydratase). This enzyme complex catalyses the three steps of the B-oxidation of fatty
acids in the mitochondria[14]. HADHA deficiency in mice has been reported to aggravate NAFLD[36-38]. Further,
HADHA knockout can lead to hyperglycemia and consequently induce liver lipid deposition[18,39]. In vitro interaction
tests in the present study suggested that both exogenous and endogenous FBXO2 could directly bind to HADHA and
vice versa. In addition, the results of our ubiquitination assays showed that FBXO?2 facilitates the degradation of HADHA
via the ubiquitination machinery. We further confirmed the interaction between FBXO2 and HADHA in hepatocytes
using MG132 and CHX. We also found that FBXO2 overexpression during OA-induced liver steatosis was reversed after
Myc-HADHA plasmids were transfected into HepG2 cells to overexpress HADHA.

Another interesting observation is that in addition to the exacerbation of steatosis, the targeted upregulation of FBXO2
expression in HFD-fed mouse livers led to a significant exacerbation of hyperglycemia and insulin resistance, which
could be caused by various reasons. Previous studies have shown that FBXO2 targets insulin receptors to achieve
ubiquitin-dependent degradation, thus regulating insulin signaling integrity[24]. The overexpression of FBXO2 can
stimulate severe insulin resistance in the liver and inhibit its normal function, promoting adipogenesis. Therefore,
increased insulin resistance leads to excessive lipid accumulation in the liver[34]. Recent studies have shown that
HADHA knockdown augments the glucagon response[14]. This study speculates that a decrease in HADHA levels might
induce an increase in blood glucose levels after the overexpression of FBXO2. In addition, the increased expression of
lipogenesis- and fatty acid uptake-associated genes and decreased expression of fatty acid B-oxidation-related genes
might also contribute to the observed effects on glycemic control[40-44].
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CONCLUSION

Liver FBXO2 expression is upregulated in NAFLD and FBXO2 is correlated with metabolic disorders. Moreover, upregu-
lation of FBXO2 exacerbates liver steatosis by promoting the degradation of HADHA. Finally, our findings suggest that
FBXO2 can be used as a feasible therapeutic target for NAFLD.

ARTICLE HIGHLIGHTS

Research background

Non-alcoholic fatty liver disease (NAFLD) is a major health burden with an increasing global incidence. Unfortunately,
the unavailability of knowledge underlying NAFLD pathogenesis inhibits effective preventive and therapeutic measures.
The key issues affecting the treatment of patients with NAFLD are atherosclerotic cardio-cerebrovascular diseases,
cirrhosis, and malignant tumors associated with the metabolic syndrome. The abnormal expression of F-box only protein
2 (FBX0O2), an E3 ligase, in obese mice disrupts glucose homeostasis through ubiquitin-mediated insulin receptor
degradation, however, the role of FBXO2 in NAFLD pathology remains unclear.

Research motivation
Recent studies conducted by our team found that the expression level of FBXO2 in NAFLD mouse models was downreg-
ulated after sleeve gastrectomy.

Research objectives
This study aimed to explore the molecular mechanism of NAFLD.

Research methods

Whole genome sequencing (WGS) analysis was performed on liver tissues from patients with NAFLD (n = 6) and patients
with normal metabolic conditions (n = 6) to identify the target genes. A NAFLD C57BL6/] mouse model induced by 16
wk of high-fat diet (HFD) feeding and a hepatocyte-specific FBXO2 overexpression mouse model were used for in vivo
studies. Plasmid transfection, co-immunoprecipitation-based mass spectrometry assays, and ubiquitination in HepG2
cells and HEK293T cells were used for in vitro studies.

Research results

A total of 30982 genes were detected in WGS analysis, with 649 up-regulated and 178 down-regulated. Expression of
FBXO2 was upregulated in the liver tissues of patients with NAFLD. Hepatocyte-specific FBXO2 overexpression
facilitated NAFLD-associated phenotypes in mice. Overexpression of FBXO2 aggravated odium oleate (OA)-induced
lipid accumulation in HepG2 cells, resulting in an abnormal expression of genes related to lipid metabolism, such as fatty
acid synthase, peroxisome proliferator-activated receptor alpha, and so on. In contrast, knocking down FBXO2 in HepG2
cells significantly alleviated the oleate-induced lipid accumulation and aberrant expression of lipid metabolism genes.
The hydroxyl CoA dehydrogenase alpha subunit (HADHA), a protein involved in oxidative stress, was a target of
FBXO2-mediated ubiquitination. FBXO2 directly bound to HADHA and facilitated its proteasomal degradation in HepG2
and HEK293T cells. Supplementation with HADHA alleviated lipid accumulation caused by FBXO2 overexpression in
HepG2 cells.

Research conclusions
FBXO2 exacerbates lipid accumulation by targeting HADHA.

Research perspectives
Our results shed light on the role of FBXO2 not only in NAFLD but also in other metabolic diseases involving lipid
accumulation, supporting further investigation of the therapeutic potential of this molecule in further studies.
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