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Background: MicroRNA-612 (miR-612) has been proven to suppress the formation of invadopodia and inhibit hepatocellular
carcinoma (HCC) metastasis by hydroxyacyl-CoA dehydrogenase alpha subunit (HADHA)-mediated lipid reprogramming.
However, its biological roles in HCC cell ferroptosis remain unclear.

Methods and Results: In this study, we found that HCC cells with high metastatic potential were more resistant to ferroptosis,
indicating that ferroptosis is related to HCC metastasis. The levels of lipid reactive oxygen species (ROS) were found to be much
lower in HCC cells with high metastatic potential by flow cytometry (FCM). We used HCC cells with miR-612 overexpression/
knockout and HADHA overexpression/knockdown to test cell viability after stimulation with RSL3. HCC cells overexpressing miR-
612 were more sensitive to ferroptosis, and miR-612 could increase lipid ROS levels. Furthermore, colony formation assays and
Transwell assays showed that miR-612 could inhibit the proliferation and metastasis of HCC cells by promoting ferroptosis. We next
confirmed that miR-612 influenced HCC cell ferroptosis by regulating HADHA. HADHA could upregulate the expression of key
enzymes in the mevalonate (MVA) pathway. HADHA overexpression upregulated the expression of CoQ10 and decreased poly-
unsaturated fatty acid (PUFA) levels and lipid peroxide abundance. miR-612 also suppressed HCC cell proliferation and metastasis by
enhancing RSL3- and lovastatin-induced ferroptosis in vivo.

Conclusion: Overall, miR-612 promotes ferroptosis in HCC cells and affects HCC proliferation and metastasis by downregulating
CoQ10 and increasing cellular PUFA levels and lipid peroxides via the HADHA-mediated MVA pathway.
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Introduction
Hepatocellular carcinoma (HCC) is one of the most frequent malignant carcinomas.'* Recurrence and metastasis are the
key factors influencing the prognosis of HCC patients. Elucidating the mechanism of HCC metastasis and finding new
treatment targets are of great importance. Essentially, tumor metastasis is caused by aberrant cell death regulation.® Cell
death modes, such as apoptosis, necrosis, autophagy, and pyroptosis, can affect cancer metastasis and the prognosis of
cancer patients.*

Ferroptosis is a new kind of cell death discovered in recent years. Distinct from other types of cell death, ferroptosis is
characterized by Fe?'-dependent ROS accumulation and lipid peroxidation.®’ Specifically, inhibiting the cystine/gluta-
mate transport function of SLC7A11 by erastin, sulfasalazine, and sorafenib or inhibiting glutathione peroxidase 4

(GPX4) by RSL3 could induce an abnormal increase in cellular ROS levels, resulting in the peroxidation of
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polyunsaturated fatty acids (PUFAs).> ' These toxic lipid peroxides, such as lipid peroxyl radical (L-OOH) and lipid
alkoxy radical (L-O-), lead to protein and phosphatidylethanolamine (PE) dysfunction in cell membranes.'""'? In
addition, changes in the absorption, transportation, release, and restoration of Fe?" affect the Fenton reaction and activity
of Fe**-containing enzymes and further regulate the process of ferroptosis.'*'*

However, whether ferroptosis is involved in HCC metastasis and whether targeting ferroptosis can be a new strategy
to treat cancer are less known. Recent studies found that tumor cells undergoing epithelial to mesenchymal transition
(EMT) were highly sensitive to ferroptosis inducers, suggesting that ferroptosis is involved in tumor metastasis.'>'®
Tumor metastasis is a multistep and low-efficiency process. The dramatic alterations in the oxygen and Fe*" levels of
tumor cells during the migration from the primary tumor site to the blood vessels and finally into distant target organs
increase their susceptibility to ferroptosis.

MicroRNAs (miRNAs) are endogenous small noncoding RNAs that regulate target gene expression and cell function.'”
Studies suggest that some miRNAs, such as miR-17-92, miR-9, and miR-137, participate in ferroptosis.'® 2° In our previous
studies, we found that miR-612 negatively regulated invadopodia formation, EMT, and HCC metastasis by HADHA-
mediated lipid reprogramming.?' By targeting HADHA, miR-612 suppressed the formation of cholesterol via the SREBP2/
HMGCR cascade.”” However, whether the miR-612-HADHA axis affects the ferroptosis of HCC cells is unknown.

In this study, we explored the effect of miR-612 on HCC cell ferroptosis and the underlying mechanism, especially in

the process of metastasis, thus providing a new strategy for liver cancer treatment.

Materials and Methods

Reagents
RSL3, ferrostatin-1, Z-VAD-FMK, necrostatin-1, and lovastatin were purchased from MedChemExpress. C11-BODIPY
was obtained from Life Invitrogen. Liperfluo and FerroOrange were purchased from Dojindo Molecular Technologies.

Cell Lines and Cell Culture

HCCLM3 cells and MHCC97H cells were maintained at the Liver Cancer Institute, Zhongshan Hospital, Fudan
University. Huh7 and HepG2 cell lines were obtained from the Shanghai Cell Bank, Chinese Academy of Sciences.
All these cells were cultured in DMEM (Gibco, USA) supplemented with 10% FBS (Gibco, USA) and maintained in
a humidified incubator at 5% CO, at 37 °C.

Construction of Stable Cell Lines
The miR-612-overexpressing lentivirus (hU6-MCS-Ubiquitin-EGFP-IRES-puromycin) and the corresponding negative
control were purchased from GeneChem (Shanghai, China). HCCLM3 cells were infected with miR-612 virus and screened
with puromycin (3 pg/mL, Sigma—Aldrich, St. Louis, MO, USA) for two weeks. Huh7-miR-612-KO cells were provided by
RujiPhama (Shanghai, China). The endogenous miR-612 knockout sequence was created by CRISPR Biotech Engineering.
Briefly, the miR-612 knockout sequence was inserted into the PX459 plasmid vector. The plasmid was transfected into Huh7
cells. After screening with puromycin, the miR-612 knockout cell clone was verified by Western blotting and sequencing.
HADHA-overexpressing lentiviruses (Ubi-MCS-HADHA-3FLAG-SV40-Cherry), HADHA knockdown lentiviruses
(hU6-MCS-CMV-shRNA-eGFP), and their corresponding negative controls were purchased from GeneChem (Shanghai,
China). HADHA-overexpressing lentiviruses were used to infect Huh7 cells, while knockdown lentiviruses were used to
infect HCCLM3 cells. After infection, cells were selected with puromycin (3 pg/mL, Sigma—Aldrich, St. Louis, MO,
USA) for two weeks.

Cell Viability Assay

Cell viability was assessed with a Cell Counting Kit-8 (CCK-8; Dojindo, Japan). Cells (3000/well) were seeded in a 96-
well plate. After adherence, the cells were treated with RSL3 alone or in combination with different inhibitors
(ferrostatin-1 10 uM, Z-VAD-FMK 10 pM, Necstatin-1 1 uM) for 24 h. Each well was replaced with 100 pL of fresh
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DMEM plus 10 puL of CCK-8. Following incubation for 2 h at 37 °C, the optical density value was determined using
a microplate reader (Thermo Fisher Scientific, USA) at 450 nm.

Colony Formation Assay

Cells (1000 cells/plate) were seeded in 6-well plates and grown for 2 weeks before being fixed with 4% paraformalde-
hyde for 15 min at room temperature. The cells were washed three times with PBS and stained with crystal violet
(Sigma—Aldrich, USA). Cell colony images were captured, and the colony numbers were counted.

Transwell Migration and Invasion Assay

Cell migration and invasion were examined using Transwell migration and Matrigel invasion assays. Transwell chambers
(Corning, USA) were placed in 24-well culture plates. Two hundred microliters of FBS-free DMEM with 1x10* cells was
added to the upper Transwell chamber, and 600 pL. of DMEM with 10% FBS was added to the lower chamber. RSL3 (0.5
uM/L) or DMSO was also added to the upper chamber. After culturing for 48 h, the cells that passed through the Transwell
insert were fixed with 4% paraformaldehyde, stained with crystalline medium and then observed by microscopy.

RNA [solation and qRT-PCR

Total RNA was extracted from cell lines with an RNA purification kit (EZBioscience, USA). Then, 1 pg of total RNA
was used for first-strand DNA synthesis with a PrimeScript™ RT reagent kit (Takara, Japan). Real-time PCR was
performed employing a Hieff™ qPCR SYBR Green Master Mix kit (Yeasen, Shanghai, China) according to the
manufacturer’s instructions. GAPDH was used as an internal control. The primers for the genes of interest were
synthesized by Sangon Biotech, as shown in Table 1.

Western Blot Analysis

For Western blot assays, whole cell lysates were prepared in modified lysis buffer (50 mM Tris-HCI, pH 6.8, 2% SDS)
supplemented with phosphatase and protease inhibitors (Roche, Mannheim, Germany). Equal amounts of total proteins
were subjected to 10% SDS polyacrylamide gels and transferred to polyvinylidene difluoride membranes. The mem-
branes were incubated with primary antibodies at 4 °C overnight and horseradish peroxidase—conjugated secondary
antibodies at room temperature for 1 hour. Enhanced chemiluminescence assays were applied to detect the signal.
Antibodies that bind to HADHA (11,052-1-AP), SREBP2 (11,224-1-AP), HMGCSI (14,295-1-AP), HMGCR (11,064-
1-AP), MVD (11,880-1-AP), MVK (11,263-1-AP), FPPS (15,073-1-AP), and GGPS1 (26,158-1-AP) were purchased
from Proteintech (Wuhan, China). Goat anti-rabbit or anti-mouse secondary antibodies were obtained from Beyotime
Biotechnology (Shanghai, China).

Flow Cytometric Analysis

Cells were seeded in 6-well plates and treated with RSL3 (1 uM) for 6 h. Cells were collected and washed with Hanks
balanced salt solution (HBSS, Gibco). Cells were then resuspended in 400 pL. of HBSS containing 2 uM C11-BODIPY

Table | PCR Primer Sequences

Gene Sequence
Hsa-miR-612 5’- GCAGGGCTTCTGAGCTCCTTAA -3’
U6 small nuclear RNA (U6) | 5- CAAATTCGTGAAGCGTTCCATAT -3
HADHA
Forward 5-AGTAGAAGCGGTGATTCCAGA-3’
Reverse 5’-CCACGGGAGAGAAGTAGTGC-3
GAPDH
Forward 5’-CACCATGAAGATCAAGATCATTGC-3’
Reverse 5’-GGCCGGACTCATCGTACTCCTGC-3’
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and incubated for 10 min at 37 °C in a culture incubator. Subsequently, the supernatant was removed, and the cells were
resuspended in 500 puL of PBS. Finally, the lipid-ROS level was analyzed with a flow cytometer (Beckman Coulter).

Lipid ROS and Fe** Detection by High-Content Screening Microscopy

Cells were seeded in 96-well plates and treated with RSL3 (1 uM) or DMSO for 6 h. For lipid ROS detection, Liperfluo
(1 mM) was added to the culture, incubated for 30 min at 37 °C and then analyzed by high-content screening microscopy.
For Fe*" detection, cells were washed with HBSS 3 times and incubated in FerroOrange (1 pM) for 30 min at 37 °C.
Then, the cells were analyzed by high-content screening microscopy.

Xenograft Mouse Model

Five-week-old nude mice (BALB/c) were purchased from Shanghai Laboratory Animal Co. Ltd. (China) and randomly
divided into two groups (n = 12/group): (1) the NC group and (2) the HCCLM3 miR-6120E group. Cells (6x10°) were
subcutaneously injected into the nude mice. When the tumor sizes reached approximately >50 mm®, the mice in each
group were further randomly divided into 4 subgroups (n=3/group): (A) DMSO group; (B) lovastatin group; (C) RSL3
group; and (D) lovastatintRSL3 group. Group B was intraperitoneally injected with 50 mg/kg lovastatin every Tuesday
and Friday for 3 weeks. Group C was intratumorally injected with 100 mg/kg RSL3 every Thursday and Sunday for 3
weeks. Group D was treated with both Group B and Group C regimens. Mice in Group A were treated with an equal
volume of DMSO. Simultaneously, tumor formation was monitored, and the tumor size was calculated using the formula
V=05xLxW?(L, length and W, width). At the end of this experiment, the mice were euthanized, and their tumor
tissues were isolated. The animal experiments were carried out in accordance with the Guidelines for the Care and Use of
Laboratory Animals and approved by the Institutional Review Board of Zhongshan Hospital of Fudan University.

Mass Spectrometry Assay

Cells were seeded in 10 cm culture dishes and treated with RSL3 (1 uM) for 6 h. Cells were collected and washed with
PBS. Every sample collected 3 dishes of cells and counted to be 1x10%. Sample placed in liquid nitrogen for 2 min, then
thawed on ice for 5 min and vortex blending. Repeated 3 times, then centrifuged with 5,000 rpm at 4°C for 1 min.
Homogenized with 1mL mixture (include methanol, MTBE and internal standard mixture). Whirled the mixture for 15
min. Then added 200 pL of water and whirled the mixture for 1 min, and centrifuged with 12000 rpm at 4°C for 10 min.
Extracted 500 pL supernatant and concentrated it. Dissolved powder with 200 pL. mobile phase B, then stored in —80°C.
Finally took the dissolving solution into the sample bottle for LC-MS/MS analysis.

For the analysis of oxidized lipids, cells were spiked with 200 puL of oxidized lipid extract, vortexed for 5 minutes and
the protein was precipitated at low temperature (—20°C). Then spiked with 20 uL of 1 uM internal standard mixture to
each sample and vortexed for 10 min, centrifuged at 5000 rpm for 10 min at 4 °C, repeated the extraction once and
combined the supernatants. The eicosanoids in supernatants were extracted using Poly-Sery MAX SPEcolumns
(ANPEL). Prior to analysis, the eluent was dried under vacuum and redissolved in 100uL of methanol/water (1:1, v/v)
for UPLC/MS/MS analysis.

Statistical Analysis

Data were analyzed using SPSS 24.0 and GraphPad 8.0. Quantitative variables were expressed as the mean £+ SD.
Student’s ¢ test was used to compare differences between two groups. Comparisons among multiple groups were
performed by one-way ANOVA. p < 0.05 was considered statistically significant.

Results
RSL3 Induces Ferroptosis in HCC Cells

HCC cells with different metastatic potentials were treated with RSL3 at different concentrations (0, 0.1, 0.5, 1, 2 uM)
for 24 h. Cell viability was examined by CCK-8 assay. The results showed that RSL3 significantly reduced the viability
of HCC cells in a dose-dependent manner (Figure 1A). This process could be reversed by a ferroptosis inhibitor
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Figure | RSL3 induced ferroptosis in HCC cells. (A) RSL3 induced HCC cell death in a dose-dependent manner, and cells with lower metastatic potentials (Huh7, HepG2)
were more sensitive to RSL3. (B) Cell death induced by RSL3 could be reversed by Fer-1 but could not be reversed by ZVAD-FMK and necrostatin-|. ** p<0.01, *** p<0.001.
(C) Images of HCC cells treated with RSL3 (I uM) and DMSO (contrast) for 24 h observed by optical microscopy. (D) Transmission electron microscopy of HCCLM3 cells
treated with RSL3 (I uM, 6 h). (E) Representative images of HCCLM3 cells treated with | pM RSL3 for 6 h. Cells were fixed and stained after 6 h of RSL3 treatment. The images
were captured using high-content screening microscopy. Orange, FerroOrange. Green, Liperfluo. Scale bar, 100 um. (F). (G). Lipid ROS levels were analyzed by FCM in HCC
cells with different metastatic potentials. (H). (I). Lipid ROS levels were analyzed by FCM in HCCLM3 cells treated with RSL3 (I pM) tFer-1 (10 uM). **p<0.001.
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(ferrostatin-1 (Fer-1), 10 uM) but not an apoptosis inhibitor (ZVAD-FMK, 10 uM) or a necroptosis inhibitor (necrostatin-
1, 1 uM) (Figure 1B), showing that RSL3 could induce ferroptosis in HCC cells. Furthermore, we found that cells with
lower metastatic potential (Huh7 and HepG2) were more sensitive to ferroptosis than cells with higher metastatic
potential (HCCLM3 and MHCC97H), indicating that ferroptosis was related to HCC metastasis (Figure 1A). We next
observed morphological changes in HCC cells induced by RSL3. Most of the cells treated with RSL3 (1 uM) for 24
h were dead and detached from the plate by optical microscopy, while the control cells grew well (Figure 1C). Using
transmission electron microscopy, we observed the intracellular structure in RSL3-treated (1 uM, 6 h) HCCLM3 cells.
Compared to the DMSO-treated group, the RSL3-treated cells had smaller mitochondria with increased density, but the
cell membrane remained intact (Figure 1D).

Ferroptosis is characterized by the iron-dependent accumulation of ROS. Therefore, we investigated changes in iron and
lipid ROS levels in HCCLM3 cells. Following RSL3 treatment, both iron and lipid ROS levels were increased, as observed
by high-content screening microscopy (Figure 1E). We further analyzed lipid ROS levels by FCM. After RSL3 induction,
lipid ROS levels were increased in HCC cells. And cells with higher metastatic potential (HCCLM3, MHCC97H) had
much lower lipid ROS levels than cells with lower metastatic potential (Huh7, HepG2) (Figure 1F and G). The results also
showed that RSL3-induced lipid ROS accumulation could be abrogated by Fer-1 in HCCLM3 cells (Figure 1H and I).

miR-612 Enhances RSL3-Induced Ferroptosis in HCC Cells

In our previous study, we found that miR-612 was expressed at low levels in HCCLM3 cells and endogenously expressed
at high levels in Huh7 cells.?' To explore the effect of miR-612 on HCC ferroptosis, we overexpressed miR-612 in
HCCLM3 cells and knocked out miR-612 in Huh7 cells. Real-time PCR showed that miR-612 was significantly
upregulated in HCCLM3™R12OF ¢olls and downregulated in Huh7™R ¢'2KO cells (Figure 2A). Next, we treated
miR-612 OE and KO cells with RSL3 and examined their viability with a CCK-8 assay. The results showed that the
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Figure 2 miR-612 enhances RSL3-induced ferroptosis in HCC cells. (A) Real-time PCR analysis of miR-612 expression in HCCLM3MR61Z:OE ynd Hyh7™R-612:KO (g5,
p<0.01. (B) The effects of miR-612 on HCC ferroptosis induced by RSL3 (I uM, 24 h) analyzed by CCK8. * p<0.05, ** p<0.01. (C) Lipid ROS levels were increased in miR-
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viability of miR-612-OE cells was significantly decreased in the HCCLM3 cell group compared with the control group.
In the Huh7 cell group, the viability of miR-612 KO cells was increased compared with that of the control group,
indicating that miR-612 enhanced RSL3-induced ferroptosis in HCC cells (Figure 2B). FCM analysis showed that RSL3
increased lipid ROS levels in miR-612-OE cells compared to those in control cells (Figure 2C). Fe*" accumulation was
also observed by high-content screening microscopy (Figure 2D).

miR-612 Suppresses HCC Proliferation, Migration and Invasion by Promoting

Ferroptosis

The proliferation ability of cells is an important factor in promoting tumor metastasis. We performed a colony formation assay
and found that the number of cell colonies was significantly decreased in RSL3-treated HCCLM3 cells compared with control
HCCLM3 cells, (Figure 3A, 459.3+44.6 vs 197+36.76, p<0.01) and similar results were found in Huh7 cells (Figure 3A, 424.3
+26.01 vs 101.0+29.51, p<0.01). In miR-612-OE cells, cell colony numbers were further reduced (197+36.76 vs 71.33+18.23,
p<0.01), while they were increased in miR-612-KO cells treated with RSL3 (101.0+29.51 vs 239.3+33.01, p<0.01) (Figure 3A).
These results illustrated that miR-612 suppresses HCC cell proliferation by promoting RSL3-induced ferroptosis. We also
performed Transwell assays to investigate whether miR-612-enhanced ferroptosis could influence HCC cell migration and
invasion. The number of Huh7™R ®12-KO ¢els in the migration and invasion assays was approximately 3- or 2.6-fold greater than
that of the corresponding control cells (Figure 3B). In the HCCLM3™R 612-0F
invaded cells were approximately 0.3-fold higher than that of the corresponding control cells (Figure 3B). These results indicated

group, the numbers of successfully migrated and

that miR-612 could suppress HCC cell migration and invasion by promoting RSL.3-induced ferroptosis.

miR-612 Regulates HCC Ferroptosis via HADHA

In our previous study, we found that miR-612 directly targets HADHA.** miR-612 could suppress the mevalonate
(MVA) pathway by inhibiting HADHA, thus reducing the formation of cholesterol. CoQ10 acts as a key factor in
ferroptosis by deoxidizing free radicals and inhibiting oxidation. Ferroptosis suppressor protein 1 (FSP1) plays an
important role in suppressing ferroptosis. CoQ10 is mainly produced by the MVA pathway. Therefore, we hypothesized
that miR-612 may suppress the formation of CoQ10, thus promoting ferroptosis.

We have previously proven that HADHA was endogenously expressed at high levels in HCCLM3 cells and at low levels
in Huh7 cells.?* To explore the effect of HADHA on HCC ferroptosis, we generated HCCLMMAPHAKD 44 Hyp7HAPHA-OF
stable cell lines. Real-time PCR and Western blot assays showed that HADHA was significantly upregulated and down-
regulated in HCCLM"MAPHAKD aq Huh7HAPHACE ¢o|is (Figure 4A and B). Then, we treated HADHA-OE cells, HADHA-
KD cells and their control cells with RSL3 and examined their viability. The results showed that the viability of HADHA-OE
cells was significantly increased compared with that of control cells and that the viability of HADHA-KD cells was
significantly decreased compared with that of control cells (Figure 4C). FCM analysis showed that RSL3 decreased lipid
ROS levels in HADHA-OE cells and increased lipid ROS levels in HADHA-KD cells compared to those in control cells
(Figure 4D). To further confirm the effects of HADHA on miR-612-mediated ferroptosis, we generated HADHA synon-
ymous mutant cells. HADHA levels were largely rescued in HCCLM3™R ¢12OF ¢el|s after cotransfection with mutant
hadha. In contrast, HADHA levels were inhibited by hadha-shRNA in Huh7™R 612K cells. Indeed, ferroptosis resistance
of Huh7™R~612KO ¢e]is was partially compromised after cotransfection with hadha-shRNA (Figure 4E). Similarly, enhanced
sensitivity to ferroptosis in HCCLM3™R 612-0F
mutant of sadha (Figure 4E). Lipid ROS levels by FCM analysis showed consistent results and indicated ferroptosis after
RSL3 induction (Figure 4F). All these findings demonstrated that miR-612 promotes cell ferroptosis mediated by HADHA.

cells was partially compromised when cotransfected with a synonymous

HADHA Increased the Levels of CoQ10 via the MVA Pathway
3-Hydroxy-3-methylglutaryl-coenzyme A synthase 1 (HMGCS1), hydroxymethylglutaryl coenzyme A reductase

(HMGCR), mevalonate diphosphate decarboxylase (MVD), mevalonate kinase (MVK), farnesyl diphosphate synthase
(FPPS), geranylgeranyl diphosphate synthase 1 (GGPS1) and regulatory factor sterol regulatory element-binding protein
2 (SREBP2) are key enzymes in the MVA pathway. We examined the effect of miR-612 and HADHA on MVA pathway-
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Figure 4 miR-612 regulates HCC ferroptosis via HADHA. (A), (B) Real-time PCR and Western blot analysis of HADHA mRNA and protein expression in HCCLMMAPHA-
KD and Huh7HAPHACE cq|is, + p<0.01. (C) The effects of HADHA on HCC ferroptosis induced by RSL3 (I M, 24 h) were analyzed by CCK-8 assay. * p<0.05, **p<0.01.
(D) Lipid ROS levels were decreased in HADHA-OE cells and increased in HADHA-KD cells, as analyzed by FCM. *** p<0.001. (E) CCK-8 analysis of miR-612 on HCC
ferroptosis induced by RSL3 (I uM, 24 h) after HADHA rescue. * p<0.05, ** p<0.01. (F) FCM analysis of lipid ROS in miR-612 OE/KO cells after HADHA rescue. **p<0.01.
¥ p<0.001.

related proteins by Western blotting. The results showed that the expression of MVA pathway-related proteins was
significantly upregulated after miR-612 knockout or HADHA overexpression in Huh7 cells. These proteins were
downregulated in miR-612-OE or HADHA-KD HCCLM3 cells (Figure 5A). These results showed that HADHA
could promote MVA pathway activation. We further explored whether HADHA could regulate CoQ10, which is the
downstream metabolite of the MVA pathway. By mass spectrometry, we found that HADHA could affect the formation
of CoQ10. In Huh7"APHA-OE ¢ells CoQ10 levels were significantly increased compared with those in control cells, while
CoQ10 levels in HCCLM3HAPHAKD celis were significantly decreased compared with those in control cells (Figure 5B).
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Figure 5 Effects of HADHA on the MVA pathway and HCC cell lipid metabolism. (A) Western blot analysis of the effects of HADHA on key enzymes in the MVA pathway.
(B) HADHA upregulates CoQ0, as analyzed by mass spectrometry. *** p<0.001. (C) Heatmap showing that HADHA decreases the abundance of oxidized lipids after RSL3
induction. (D) Changes in lipid metabolites in HADHA-overexpressing cells.

HADHA Influences HCC Lipid Metabolism

It has been reported that lipid peroxides, especially hydrogen peroxide, can mediate ferroptosis by destroying the lipid bilayer
of the cellular membrane. Lipidomics has shown that phosphatidylethanolamines (PEs) and docosatetraenoic acid (DHA)
containing arachidonic acid (AA) are critical lipids that drive ferroptosis. Moreover, oxidative lipid metabolism plays an
important role in ferroptosis. Therefore, we further explored the impact of HADHA on HCC cell oxidative lipid metabolism.

We first tested Huh7"APHAOF cells and control cells using the widely targeted quantitative lipidomics method by
mass spectrometry. The results showed that the levels of lipids such as ceramide and diglyceride were significantly
increased in HADHA-overexpressing cells, whereas the levels of PUFAs such as DHA, epoxyeicosatrienoic acid (EPA),
and AA were significantly decreased (Figure 5D). These results clarified that HADHA could promote the formation of
saturated lipids and reduce the level of PUFAs, thus inhibiting ferroptosis.

Next, we quantitively examined 71 oxidized lipids, including downstream oxidized metabolites originating from AA,
linoleic acid (LA), a-linolenic acid (ALA), DHA, EPA and dihomo-gamma-linolenic acid (DGLA), in HCCLM3 cells
before and after RSL3 induction. The results showed that the abundance of oxidized lipids in HCC cells was significantly
enhanced after RSL3 induction, and this phenomenon was much more obvious in HADHA-KD cells (Figure 5C).
Conclusively, HADHA could effectively inhibit ferroptosis by reducing the abundance of oxidized lipids.

miR-612 Augments the Tumor Inhibitory Effect of RSL3 and Lovastatin in vivo

Our previous study demonstrated that RSL3-induced ferroptosis could inhibit HCC cells and that miR-612 could promote
ferroptosis by suppressing the MVA pathway. We further constructed a subcutaneous xenograft model in nude mice to
verify these data in vivo. Lovastatin is an effective HMG-CoA reductase inhibitor that inhibits the MVA pathway.
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Figure 6 Effects of miR-612 on RSL3 and lovastatin in vivo. Macrograph (A) and absolute volume (B) of subcutaneous xenograft tumors in different groups. * p<0.05.
Abbreviation: NS, not significant.

Control and miR-612-overexpressing HCCLM3 cells were subcutaneously injected into nude mice. We found that in both
the control and miR-6120E groups, RSL3 and lovastatin markedly suppressed the growth of tumors (Figure 6),
indicating that RSL3 and lovastatin effectively and synergistically inhibited tumors. We also found that compared with
tumor growth in the control group, tumor growth in the miR-6120E group were further suppressed (Figure 6), suggesting
that miR-612 could enhance ferroptosis induced by RSL3 and lovastatin and augment the tumor inhibitory effect of
RSL3 and lovastatin in vivo.

Discussion

Tumor metastasis is a complicated process and is still the main obstacle to treating cancers. Recent studies have provided
new insights into the relationship between ferroptosis and tumor metastasis.>> > Inducing ferroptosis in tumor cells could
be a potential way to inhibit tumor metastasis and thus treat cancer. Our study explored the of miR-612 on HCC cell
ferroptosis and HCC metastasis, which provides evidence for a new strategy for HCC treatment.

In our study, we found that HCC cells with high metastatic potential were more resistant to ferroptosis. By analyzing
lipid ROS Ilevels, we found that the level of lipid ROS was much lower in HCC cells with high metastatic potential,
showing that these cells possessed a more potent antioxidant system and were more resistant to ROS. It is well known
that ROS play important roles under both physiological and pathological conditions and directly initiate ferroptosis.
Recent studies suggest that tumor cells resistant to ROS can be more susceptible to the metastasis,”® which was in line
with our study. These results encourage us to find new ways to regulate ROS and ferroptosis to suppress HCC metastasis.

It has been established that miR-612 could regulate HCC metastasis by HADHA-mediated lipid reprogramming.**
HADHA promotes B-oxidation of fatty acids and cholesterol synthesis in HCC. CoQ10, also named ubiquinone, traps
oxygen radicals and prevents the oxidation of proteins, lipids and DNAs by transferring hydrogen to free radicals.”’”
CoQI10 acts as a crucial antioxidant factor as well as ferroptosis inhibitor by reducing the abundance of cellular lipid
peroxides.**>? Considering that both cholesterol and CoQ10 are mainly biosynthesized by the MVA pathway, we
hypothesized that miR-612 could regulate ferroptosis via the MVA pathway. Therefore, we explored the effect of miR-
612 on ferroptosis. The results showed that miR-612 could promote HCC ferroptosis by increasing lipid ROS levels, thus
inhibiting HCC cell proliferation and invasion. Furthermore, we explored the underlying mechanism and found that
HADHA overexpression upregulated the expression of CoQ10, which is the downstream metabolite of the MVA pathway;
thus, miR-612 could promote ferroptosis by downregulating CoQ10 via the HADHA-mediated MVA pathway. This finding
verified our hypothesis and provided insight into the treatment of HCC by targeting the miR-612-HADHA-MVA pathway.
In addition, we also found that HADHA down-expression could increase PUFA levels and lipid peroxide abundance, which
could facilitate the execution of ferroptosis.

The MVA pathway is an essential metabolic pathway that uses acetyl-CoA to produce sterols and isoprenoids. We
proved that HADHA upregulated the expression of MVA pathway-related enzymes (HMGCS1, HMGCR, MVD, MVK,
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FPPS, GGPS1) and the regulation factor SREBP2. Lovastatin is an MVA pathway inhibitor that can inhibit HMG-CoA
reductase, the key rate-limiting enzyme of the MVA pathway. Since lovastatin is commonly used in the clinic, we used

lovastatin in an HCC xenograft model to evaluate the effect of miR-612 and lovastatin on ferroptosis mediated by the

MVA pathway in vivo. The results showed that miR-612 and lovastatin could effectively and synergistically suppress

tumor growth. Moreover, miR-612 could enhance the antitumor effect of RSL3 and lovastatin by promoting ferroptosis.

Accumulating evidence has shown that statin drugs can affect tumor progression and metastasis.>* > Our study further

proved this effect and illustrated this effect by the mechanism of ferroptosis for the first time. These results suggest that

lovastatin could be a potential drug to treat cancer and that miR-612 could be an important factor facilitating this process.

Conclusions
In summary, our study revealed that miR-612 promoted HCC ferroptosis via the HADHA-mediated MVA pathway.
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