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Abstract
Background
Forkhead box C1 (FOXC1), as a member of the FOX family, is important for promote HCC invasion and metastasis. FOX family protein lays a pivotal role in metabolism. ROS is involved in tumor progression and is associated with the expression of lots of transcription factors. We next explored the mechanism underlying FOXC1 modulating the metabolism and ROS hemostasis in HCC.

Methods
We used amino acids arrays to verify which metabolism is involved in FOXC1-induced HCC. The kits were used to detect the ROS levels in HCC cells with over-expression or down-expression of FOXC1. After identified the downstream target genes and candidate pathway which regulated by FOXC1 during HCC progression in vitro and in vivo, we used western blot, immunohistochemistry, bisulfite genomic sequencing, methylation-specific PCR, chromatin immunoprecipitation analysis and luciferase reporter assays to explore the relationship of FOXC1 and downstream genes. Moreover, the correlation between FOXC1 and target genes and the correlation between target genes and the recurrence and overall survival were analyzed in two independent human HCC cohorts.

Results
Here, we reported that FOXC1 could inhibit the cysteine metabolism and increase reactive oxygen species (ROS) levels by regulating cysteine metabolism-related genes, cystathionine γ-lyase (CTH). Overexpression of CTH significantly suppressed FOXC1-induced HCC proliferation, invasion and metastasis, while the reduction in cell proliferation, invasion and metastasis caused by the inhibition of FOXC1 could be reversed by knockdown of CTH. Meanwhile, FOXC1 upregulated de novo DNA methylase 3B (DNMT3B) expression to induce DNA hypermethylation of CTH promoter, which resulted in low expression of CTH in HCC cells. Moreover, low levels of ROS induced by N-acetylcysteine (NAC) which is an antioxidant inhibited the cell proliferation, migration, and invasion abilities mediated by FOXC1 overexpression, whereas high levels of ROS induced by L-Buthionine-sulfoximine (BSO) rescued the suppression results mediated by FOXC1 knockdown. Our study demonstrated that the overexpression of FOXC1 that was induced by the ROS dependent on the extracellular regulated protein kinases 1 and 2 (ERK1/2)- phospho-ETS Transcription Factor 1 (p-ELK1) pathway. In human HCC tissues, FOXC1 expression was positively correlated with oxidative damage marker 8-hydroxy-2′-deoxyguanosine (8-OHdG), p-ELK1 and DNMT3B expression, but negatively correlated with CTH expression. HCC patients with positive co-expression of 8-OHdG/FOXC1 or p-ELK1/FOXC1 or FOXC1/DNMT3B had the worst prognosis, whereas HCC patients who had positive FOXC1 and negative CTH expression exhibited the worst prognosis.

Conclusion
In a word, we clarify that the positive feedback loop of ROS-FOXC1-cysteine metabolism-ROS is important for promoting liver cancer proliferation and metastasis, and this pathway may provide a prospective clinical treatment approach for HCC.

Supplementary Information
The online version contains supplementary material available at https://​doi.​org/​10.​1186/​s13046-021-01829-6.
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Background
Metabolic reprogramming is one of the essential features of tumors [1]. Specific metabolic processes can be directly involved in the transformation process or biological processes that support tumor growth [2]. Amino acids play a number of roles in tumor cell growth and survival, including providing carbons to the tricarboxylic acid cycle (TCA cycle), nitrogen to nucleobase synthesis, in maintaining redox homeostasis and other metabolic activities [3]. Meanwhile, amino acids can regulate the development of tumor cells by activating some oncogenes [4]. The liver is the key organ for coordinating metabolic activities, including nitrogen metabolism, detoxification and energy metabolism. In physiological and pathological conditions, the liver provides the energy necessary to maintain the function of different organs. Abnormalities in circulating amino acid metabolite levels were observed in hepatocellular carcinoma (HCC). Recently, clinical studies showed that circulating levels of some biogenic amines and branched-chain, aromatic and glucogenic amino acids were closely associated with the risk of HCC [5]. Therefore, further studies of molecular mechanism underlying amino acid metabolism with HCC which are able to assist with developing novel therapeutic strategies are urgently needed.
Moreover, another risk factor associated with tumorigenesis and tumor progression is an increase in reactive oxygen species (ROS) abundance, which is caused by the production and elimination of an imbalance in the composition of reactive oxygen species [6]. An increase in ROS has been detected in various cancers and has been shown to have multiple roles in activating pro-tumorigenesis signals, driving DNA damage and genetic instability, and enhancing cell survival and proliferation. Counterintuitively ROS can also promote anti-tumorigenic signaling, and trigger tumor cell death induced by oxidative stress. Furthermore, as the important messenger, ROS is associated with the expression of lots of transcription factors [7].
The forkhead box (FOX) protein family consists of a group of evolutionarily- conserved transcription factors characterized by a common DNA-binding domain known as the forkhead box domain [8]. FOX family proteins involve in cell growth, differentiation and other biological processes [9]. The deregulation of Fox family transcription factors is important for the development and progression of tumors [8]. Some researchers have shown that abnormal expression of FOX family protein plays a pivotal role in metabolism. The forkhead box O (FOXO) family participates in the regulation of a large number of biological activities from development, cell signal transduction, tumorigenesis to cell metabolism [10]. FOXO1 induced CIC promoter activity, which involved in lipid synthesis and OXOPHOS [11]. The balance of FOXO and FOXM1 transcription factors integrates Adenosine 5′-monophosphate (AMP)-activated protein kinase (AMPK)-mediated metabolic status and cell cycle regulation through competitive regulation of target genes (including Insulin-like growth factor-1 (IGF1)) in neonatal cardiomyocytes [12]. FOXK1 and FOXK2 are important in the regulation of mitochondrial function, metabolism and apoptosis [13]. FOXO family facilitated the cellular antioxidant defense, and on the other hand, ROS may regulate FOXO activity by regulating phosphorylation, lysine acetylation and ubiquitination and regulate FOXO expression by transcriptional regulation, posttranscriptional regulation and transcriptional coregulators [14]. Therefore, FOX family proteins involve in the development of diseases by altering the activities of cell metabolism and the accumulation of ROS.
As a member of FOX family proteins, FOXC1 was first found to be associated with the ocular dominant genetic disease Axenfeld-Rieger syndrome (ARS) [15]. FOXC1 regulated normal embryonic development and is involved in the development and function of multiple organs [16]. Some research has shown that FOXC1 is positively correlation with poor prognosis of a variety of tumors, including pancreatic ductal adenocarcinoma, acute myeloid leukemia, basal-like breast cancer, gastric cancer and colon cancer [17–21]. Our previous research indicated that FOXC1 is important for promoting HCC metastasis [22, 23]. Nevertheless, whether FOXC1 promotes HCC progression through amino acid metabolism is unclear. Using amino acid metabolism RT2 Profiler PCR array (Supplementary Table S1), we found that FOXC1 downregulated cystathionine γ-lyase (CTH) expression, which is associated with cysteine metabolism. Cysteine metabolism is involved in redox balance by regulating the ROS level.
In this study, we demonstrated that FOXC1 upregulated DNA methylases 3B (DNMT3B) to induce DNA hypermethylation of CTH promoter and CTH gene silencing, which resulted in the decrease of cysteine levels and increases of ROS levels.
Moreover, the high level of ROS increased the expression of FOXC1 through extracellular regulated protein kinases 1 and 2 (ERK1/2)- phospho-ETS Transcription Factor 1 (p-ELK1) pathway, which formed a ROS-FOXC1-cysteine metabolism-ROS positive feedback loop to promote HCC proliferation and metastasis.
Materials and methods
Patients and follow-up
This study was approved by the Ethics Committee of Tongji Medical College. All patients provided full consent for the study. Cohort I included 280 adult patients with HCC who underwent curative resection between 2003 and 2005 at the Tongji Hospital of Tongji Medical College (Wuhan, China). Cohort II included 210 adult patients with HCC who underwent curative resection between 2006 and 2008 at the Tongji Hospital of Tongji Medical College (Wuhan, China). A preoperative clinical diagnosis of HCC was based on the diagnostic criteria of the American Association for the Study of Liver Diseases. The inclusion criteria were as follows: (a) distinctive pathologic diagnosis; (b) no preoperative anticancer treatment or distant metastases; (c) curative liver resection; and (d) complete clinicopathologic and follow-up data. The differentiation statuses were graded according to the method of Edmondson and Steine. The pTNM classification for HCC was based on The American Joint Committee on Cancer/International Union Against Cancer staging system (6th edition, 2002). Follow-up data were summarized at the end of December 2013 (Cohort I) and December 2016 (Cohort II, range 4–96 months) respectively. The patients were evaluated every 2–3 months during the first 2 years and every 3–6 months thereafter. All follow-up examinations were performed by physicians who were blinded to the study. During each check-up, the patients were monitored for tumor recurrence by measuring the serum AFP levels and by performing abdominal ultrasound examinations. A computed tomography and/or magnetic resonance imaging examination was performed every 3–6 months, together with a chest radiographic examination. The diagnostic criteria for HCC recurrence were the same as the preoperative criteria. The time to recurrence and overall survival were the primary endpoints. The time to recurrence was calculated from the date of resection to the date of a diagnosis with tumor recurrence. The overall survival was calculated from the date of resection to the date of death or of the last follow-up.
In vivo metastatic model and bioluminescent imaging
BALB/C nude mice (5 weeks old) were housed under standard conditions and cared for according to the institutional guidelines for animal care. All animal experiments were approved by the Committee on the Use of Live Animals in Teaching and Research (CULATR), Huazhong University of Science and Technology. For in vivo metastasis assay, human luciferase labeled HCC cells (4.0 × 106) in the 100 μl of phosphate-buffered saline that were mixed with 100 μl Matrigel were injected into the right lobes of livers of the nude mice under anesthesia (10 for each group). The in vivo tumor formation and metastases were monitored using the bioluminescence. For in vivo signal detection, D-luciferin (Perkin-Elmer) at 100 mg/kg was injected intraperitonially into the nude mice. Bioluminescent images were captured using an IVIS 100 Imaging System (Xenogeny). At the 9 weeks, the mice were sacrificed and the livers and lungs were collected and underwent histological examination.
Plasmid construction
Plasmid construction was performed according to standard procedures as outlined in our previous study. The primers are presented in Supplementary Table S7. For instance, the DNMT3B promoter construct, (− 1303/+ 109) DNMT3B, was generated from human genomic DNA. This construct corresponds to the sequence from − 1303 to + 109 (relative to the transcriptional start site) of the 5′-flanking regions of the human DNMT3B gene. It was generated with forward and reverse primers incorporating KpnI and HindIII sites at the 5′ and 3′-ends, respectively. The polymerase chain reaction (PCR) product was cloned into the KpnI and HindIII sites of the pGL3-Basic vector (Promega). The 5′-flanking deletion constructs of the DNMT3B promoter, (− 924/+ 109) DNMT3B, (− 808/+ 109) DNMT3B, (− 195/+ 109) DNMT3B, were similarly generated using the (− 1303/+ 109) DNMT3B construct as the template. The FOXC1 binding sites in the DNMT3B promoter were mutated using the QuikChange II Site-Directed Mutagenesis Kit (Stratagene). The constructs were confirmed by DNA sequencing. Other promoter constructs were cloned in the same manner.
DNA methylation analyses
Genomic DNA was isolated from cells using Genomic DNA Purification kit following the manufacturer’s instructions (Promega). Bisulfite modification of genomic DNA was carried out using the EZDNA methylation Kit (Zymo Research). Briefly, 1 μg of genomic DNA was denatured by NaOH (final concentration, 0.2 mol/L) for 10 min at 37 °C. Hydroquinone (10 mmol/L, 30 μl) and 520 μl of 3 mol/L sodium hydroxide (pH 5) were added, and samples were incubated at 50 °C for 16 h. Modified DNA was purified using Wizard DNA Clean-Up System following the manufacturer’s instructions (Promega) and eluted into 50 μl water. DNA was treated with NaOH (final concentration, 0.3 mol/L) for 5 min at room temperature, ethanol precipitated, and resuspended in 20 μl water. Modified DNA was used immediately or stored at − 20 °C. Primer sequences specific to unmethylated and methylated promoter sequences are listed in Table S6. Each methylation-specific PCR reaction incorporated 100 ng of bisulfite-treated DNA as template, 10 pmol/L of each primer, 100 pmol/L deoxynucleoside triphosphate, 10 PCR buffer, and 1 unit of JumpStart Red Taq Polymerase (Sigma-Aldrich, St. Louis, MO) in a final reaction volume of 25 μl. Cycle conditions were as follows: 95 °C 5 min; 35 cycles (95 °C 30 s, 60 °C 30 s, and 72 °C 30 s); and 72 °C 5 min. Methylation-specific PCR products were analyzed with nondenaturing 6% polyacrylamide gel electrophoresis and stained with ethidium bromide.
Bisulfite genomic sequencing (BGS)
For bisulfite cloning and sequencing, the amplification was performed using primers designed by the online program (http://​www.​urogene.​org/​cgi-bin/​methprimer/​methprimer.​cgi). Bisulfite genomic sequencing was performed to characterize the methylation density in the promoter of CTH using the BigDye Terminator Cycle Sequencing kit version 1.0 (Applied Biosystems). Thirteen CpG sites spanning − 260 to − 20 of the CTH gene were evaluated. Sequences were analyzed by using SeqScape software (Applied Biosystems) and Bioedit (http://​www.​mbio.​ncsu.​edu/​BioEdit/​bioedit.​html). The nucleotide sequences of the primers used for BGS are provided in Supplementary Table S7.
ROS levels measurement
The 2′,7′- dichlorofluorescein diacetate (DCFH-DA) (Beyotime, China) was used to detect the ROS levels. Firstly, added DCFH-DA to DMEM (without FBS) in a ratio of 1:1000, and then a volume of 2 mL mixed solution was added to the HCC cells, which were washed 2 times by PBS. Then we put the cells into incubator for 30 min at 37 °C in dark. Then HCC cells were washed again with DMEM (without FBS) for three times, we measured the ROS levels by fluorescence microscope and flow cytometry.
GSH/GSSG, GSH and cysteine levels measurement
The GSH/GSSG ratio, GSH levels and cysteine levels were detected by Reduced glutathione (GSH) assay kit (Nanjing jiancheng, China), Total glutathione / Oxidized glutathione assay kit (Nanjing jiancheng, China) and Cysteine content test kit (Nanjing jiancheng, China) on the basis of the manufacturer’s instructions. The transfected cells were lysed in culture dishes containing a lysis buffer, and 0.5 ml supernatant was taken from the resulting lysates which were centrifuged. Two ml of the application solution was added and mixed evenly, and then centrifuged at 3000 g for 10 min. Lastly 1 ml of the supernatant was taken for color reaction. The measurements were conducted with a UV–visible spectrophotometer.
A detailed description of the materials and methods used in this study can be found in the online supplementary material.
Results
Overexpression of FOXC1 downregulates CTH expression and increases ROS levels
To explore whether FOXC1 participates in the regulation of amino acid metabolism in HCC cells, we first constructed four stable cell lines, Huh7-FOXC1 and MHCC97H-shFOXC1 and their control groups. Then, we performed an amino acid metabolism RT2 Profiler PCR array to examine transcriptome changes mediated by FOXC1 overexpression in Huh7 cells (Supplementary Table S1) and FOXC1 down-expression in MHCC97H cells (Supplementary Table S2). Using twofold as a cut-off to designate differentially expressed genes, 21 out of the 158 amino acid metabolism genes were down-regulated in Huh7 cells which overexpressed FOXC1, while 30 genes were up-regulated in MHCC97H cells which down-expressed FOXC1. Among the overlap of down-regulated genes in Huh7-FOXC1 compared with Huh7-Control cells and up-regulated genes in MHCC97H-shFOXC1 compared with MHCC97H-shControl cells (Fig. 1a), there are 10 genes listed. CTH attracted our attention, which is strongly inhibited by FOXC1 overexpression. We used the western blot analysis to confirm the relationship between CTH and FOXC1, the results demonstrated that up-regulation of FOXC1 expression meaningfully inhibited the expression of CTH, whereas down-regulation of FOXC1 increased the CTH levels (Fig. 1b and Supplementary Fig. S2B). According to the PCR array result, FOXC1 could regulate the mRNA level of cystathionine-β-synthase (CBS), which converted homocysteine to cystathionine [24]. But we found the protein level of CBS have no significant changes with the different expression of FOXC1 by western blot analysis (Supplementary Fig. S2C). Moreover, homocysteine is a part of methionine cycle, which contain methionine, S-adenosylmethionine (SAM) and S-adenosylhomocysteine (SAH). SAM donates its methyl group to DNA, RNA, proteins, or other cellular metabolites, generating SAH [25]. The results of LC/MS showed that SAM levels slightly increased with the upregulation of FOXC1 and decreased by downregulation of FOXC1 (Supplementary Fig. S2D). CTH is the key enzyme for cysteine synthesis (Supplementary Fig. S2A), acted on cystathionine to generate cysteine, and cysteine is the precursor of ROS scavenger [26]. We found that the levels of ROS increased in HCC cells with FOXC1 overexpression and decreased when FOXC1 is down-regulated (Fig. 1c and Supplementary Fig. S2E). Moreover, when FOXC1 overexpressed, the ratio of glutathione (GSH)/ Glutathione (Oxidized) (GSSG) and the level of cysteine and GSH decreased. Correspondingly, the ratio of GSH/GSSG and the level of cysteine and GSH increased when FOXC1 is down-regulated (Fig. 1d).
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Fig. 1FOXC1 regulates ROS levels and cysteine metabolism through inhibiting CTH expression in HCC cells. a Venn diagrams showing the overlap between down-regulated genes in Huh7-FOXC1 and up-regulated genes in MHCC97H-shFOXC1 cells (fold change > 2.0). b Western blot analysis showing FOXC1 and CTH protein levels in the HCC cells with upregulation or downregulation of FOXC1. c The level of ROS was detected in the indicated HCC cells by immunofluorescence. d The GSH/GSSG ratio (left panel), GSH (middle panel) and cysteine (right panel) levels in the indicated cells. e Western blot analysis confirmed the stable HCC cell lines have been established. f-g CCK8 assays detected the proliferation capacities of the indicated HCC cells. h-i Plate clone formation assay showed the proliferation abilities of the indicated HCC cells. j-k The migration and invasion abilities of the indicated HCC cells were analyzed by Transwell assays. l-m In vivo tumorigenesis assays, nude mice were divided into 4 groups (n = 10 mice per group). The volume and weight of tumors from different groups were showed. n-o Representative bioluminescent images and bioluminescence time course of the indicated groups are shown. p The number of metastatic lung nodules from different groups. q Typical images of hematoxylin and eosin h & e) stained tissues for each group. Data are represented as mean ± S.D. of three experiments. *P < 0.05


According to the data from The Cancer Genome Atlas dataset (TCGA), we found that compared with mRNA level of the CTH in normal liver tissues, the mRNA levels of CTH was markedly lessened in HCC specimens. Furthermore, based on TCGA data, the mRNA expression of CTH decreased in cholangiocarcinoma (CHOL), kidney renal clear cell carcinoma (KIRC) and thyroid carcinoma (THCA) tissues (Supplementary Fig. S1A). Human Protein Atlas program database showed high or medium CTH staining intensity in normal liver samples, whereas liver cancer samples showed low staining of CTH by immunohistochemistry (IHC) tissue microarray data (Supplementary Fig. S1B). Kaplan-Meier analysis based on TCGA data showed that HCC patients who had low CTH mRNA level, their overall survival time of were significantly shorter than that with high CTH mRNA level (Supplementary Fig. S1C). These studies suggested that low levels of CTH indicated poor prognosis, and CTH may act as an important tumor suppressor gene (TSG) in human HCC.
FOXC1 facilitates HCC proliferation and metastasis by inhibiting CTH expression
We upregulated the expression of CTH in Huh7-FOXC1 cells and knocked down CTH in MHCC97H-shFOXC1 cells with lentivirus transfection (Fig. 1e and Supplementary Fig. S2F). The results of CCK8 assays (Fig. 1f), plate clone formation assays (Fig. 1h) and soft agar clone formation assay (Supplementary Fig. S2G) showed that up-regulation of CTH abolished FOXC1-facilitated cell proliferation. Cell cycle analysis showed that overexpressed CTH decreased the cell numbers at S phase which increased by FOXC1 (Supplementary Fig. S2H, upper panel). Meanwhile, CTH attenuated the FOXC1-mediated cell migration and invasion (Fig. 1j). Conversely, knockdown of CTH recovered the proliferative ability inhibited by overexpression of FOXC1 (Fig. 1g and i), increased the cell numbers at the S phase (Supplementary Fig. S2H, lower panel), and reversed the migration and invasion capacities (Fig. 1k).
Up-regulation of CTH significantly inhibited tumor growth induced by Huh7-FOXC1 cells, whereas down-regulated CTH rescued the decreased tumor growth mediated by FOXC1 knockdown by In vivo tumorigenicity assays (Fig. 1l-m). The tumors were detected by Ki67 staining, it also indicated that over-expressed CTH inhibited the proliferation of HCC, and knockdown of CTH had an opposite result (Supplementary Fig. S2I). Consistently, in vivo metastasis assay indicated that overexpression of CTH reduced the HCC metastasis with Huh7-FOXC1 cells (Fig. 1n, p-q, Supplementary Fig. S2J), which prolonged overall survival time (Supplementary Fig. S2K). In contrast, the down-regulation of CTH recused the inhibition of HCC metastasis in the MHCC97H-shFOXC1 group (Fig. 1o-q, Supplementary Fig. S2J). These studies showed that FOXC1 facilitated HCC proliferation and metastasis via inhibiting CTH expression.
FOXC1 upregulates DNMT3B expression, which results in the DNA hypermethylation of CTH promoter and CTH gene silencing
Epigenetic modifications such as DNA methylation of TSG promoters contribute to the progression and metastasis of HCC [27]. Recent studies indicated that the inhibition of CTH gene transcription resulted from DNA hypermethylation of CpG rich region in the CTH promoter [28–30]. To determine whether promoter DNA hypermethylation results in CTH gene silencing in FOXC-overexpressing HCC cells, the methylation status of CpG island in the CTH promoter was analyzed by bisulfite genome sequencing (BGS) analysis, which covered 13 CpG sites from − 206 to − 20 of the CTH promoter (Fig. 2a). Hypermethylation at CpG sites in the CTH promoter region was detected in Huh7-FOXC1 cells, whereas less methylation was detected in MHCC97H-shFOXC1 (Fig. 2a and b). Compared with adjacent nontumor tissues, HCC tissues showed much higher methylation levels at CpG sites in the CTH promoter region (Fig. 2c). In addition, treatment with a demethylation agent, the DNA methyltransferase inhibitor 5-aza-2′-deoxycytidine (5-Aza), restored CTH expression in Huh7-FOXC1 cells, indicating that promoter DNA hypermethylation contributes to the transcriptional silencing of CTH gene (Fig. 2d and Supplementary Fig. S3A).
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Fig. 2FOXC1 induces DNA hypermethylation of CTH promoter and CTH gene silencing through upregulating DNMT3B expression. a BGS detected the methylation status of the CTH promoter in the indicated HCC cells. A typical CpG island is presented at the promoter region of CTH. Each red vertical bar represents a single CpG site. The transcription starts site (TSS) is indicated by a curved arrow. Black spots represent 75–100% methylated CpGs, yellow spots denote 50–75% methylated CpGs, orange spots denote 25–50% methylated CpGs and hollow dots represent 0–25% methylated CpGs. b-c DNA methylation status of the CTH promoter was examined by MSP in the indicated HCC cells and in 10 pairs of HCC tissues (T1-T10) and tumor-adjacent tissues (N1-N10). U, unmethylated DNA; M, methylated DNA. d After the cells were treated with 5-Aza (5 μM, 72 h), western blots were used to detect the protein levels of CTH. e-f Western blotting analysis of DNMT1, DNMT3A, DNMT3B and FOXC1 expression in the indicated cells. g Relative luciferase activity in Huh7 cells after the co-transfection of a construct containing the DNMT3B promoter with an FOXC1-overexpressing construct was examined by luciferase reporter assay. h DNMT3B promoter constructs with serially truncated and mutated sequences which were cloned into pGL3-luciferase reporter plasmids were transfected into Huh7 cells. Then, pCMV-FOXC1 plasmids were co-transfected to determine the relative activity of luciferase. The structure of the diagram is shown (left) and the histogram shows the relative level of luciferase activity in each sample (right). i ChIP assays clarified the direct binding of FOXC1 to the DNMT3B promoter in Huh7-FOXC1 cells (upper panel) and the enriched binding of endogenous FOXC1 to the DNMT3B promoter in primary HCC tissues (lower panel). Hepatocytes were isolated from the liver tissues of HCC patients (n = 6) and healthy controls (n = 3). j Correlation analysis of the expression of CTH and promoter methylation status of CTH in HCC patients in cohort I (left) and cohort II (right). k Kaplan-Meier analysis of the correlation between promoter methylation status of CTH and the recurrence or overall survival in patients with HCC in cohort I (left) and cohort II (right). Data are represented as mean ± S.D. of three experiments. *P < 0.05


Besides DNA methylation, the metabolism-related genes could be regulated by histone acetylation [31]. We assumed that CTH may also regulated by histone acetylation. To verify the assumption, we use Trichostatin A (TSA), the inhibitor of histone deacetylase, to detect the influence of histone acetylation on expression of CTH. We found that TSA treatment can increase the expression of CTH in Huh7-Control cells, but have no significant changes in Huh7-FOXC1 cells (Supplementary Fig. S3B). It indicated that histone acetylation didn’t contribute to the expression of CTH mediated by FOXC1.
As the important DNA methyltransferases, DNMT3A and DNMT3B are involved in de novo methylation patterns, which are maintained by DNMT1 [32]. Therefore, the DNA hypermethylation of CTH promoter may be induced by DNMTs. We found that the expression of DNMT3B is increased in Huh7-FOXC1 cells, whereas DNMT3B expression is downregulated in MHCC97H-shFOXC1 cells. However, the expression of DNMT1 and DNMT3A had no significant change in Huh7-FOXC1 and MHCC97H-shFOXC1 cells compared to control cells (Fig. 2e and Supplementary Fig. S3C). Moreover, ectopically overexpression of DNMT3B decreased the expression of CTH in MHCC97H-shFOXC1 cells, whereas knockdown of DNMT3B increased CTH expression in Huh7-FOXC1 cells (Fig. 2f and Supplementary Fig. S3D). Furthermore, the BSP results showed that knockdown DNMT3B expression could decrease the DNA methylation levels of CTH mediated by upregulation of FOXC1, whereas overexpression of DNMT3B had the opposite results (Supplementary Fig. S3E). These studies suggested that FOXC1 upregulated DNMT3B expression, which resulted in CTH gene silencing in HCC cells.
DNMT3B is a direct transcriptional target of FOXC1
The mechanism by which FOXC1 upregulated DNMT3B expression is still unclear. We hypothesized that FOXC1 may directly transactivate DNMT3B. A dual-luciferase reporter assay showed that overexpression of FOXC1 enhanced the transcription of the luciferase reporter in the DNMT3B plasmid constructs compared to that of the controls (Fig. 2g). In order to clarify the regulation mechanism of DNMT3B, the promoter sequence of DNMT3B was analyzed and we found 3 putative FOXC1 binding motifs. To further confirm whether FOXC1 targets these potential binding sites to regulate DNMT3B, we designed a series of reporter plasmids containing truncated or mutated DNMT3B promoter sequences and used them in luciferase reporter assay. Huh7 cells were transfected with these plasmids to assess their reaction to FOXC1 overexpression. The results suggested that FOXC1-induced luciferase reporter expression was significantly eliminated by deletion in the − 195 ~ + 109 bp region compared to that of the controls. Consistently, compared with the control group, mutations at the putative binding sites 2&1 of the DNMT3B promoter significantly reduced the activity of the FOXC1 overexpressed luciferase reporter gene, suggesting that these binding sites were essential for FOXC1 transactivation (Fig. 2h). A chromatin immunoprecipitation (ChIP) assay demonstrated the direct binding of FOXC1 to the putative site in the DNMT3B promoter in Huh7-FOXC1 cells (Fig. 2i upper). Moreover, we investigated whether FOXC1 binds to the same regions in patient samples, and the results revealed that compared to healthy controls, FOXC1 binding sites in the HCC samples were indeed enriched in these regions. (Fig. 2i, lower).
Then we examined the protein levels of CTH and promoter methylation levels of CTH in two independent cohorts of human HCC tissues. Microvascular invasion, poor tumor differentiation, and higher TNM stage were positively associated with the depletion of CTH (Table 1). Loss of CTH expression was an independent and meaningful risk factor for recurrence and reduced survival according to the multivariate analysis (Table 2). The expression of CTH was inversely correlated with promoter methylation levels of CTH in both cohorts (Fig. 2j). In addition, promoter methylation of CTH gene was positively correlated with aggressive tumor behaviors (Supplementary Table S3). HCC patients with promoter methylation of CTH had higher recurrence rates and shorter overall survival time than HCC patients without promoter methylation of CTH (Fig. 2k).
Table 1Correlation between CTH expression and clinicopathological characteristics of HCCs in two independent cohorts of human HCC tissues


	Clinicopathological variables
	Cohort I
	P Value
	Cohort II
	P Value

	Tumor CTH expression
	Tumor CTH expression

	Negative (n = 152)
	Positive (n = 128)
	Negative (n = 109)
	Positive (n = 101)

	Age
	51.63 (9.148)
	52.85 (10.966)
	0.283
	50.95 (10.857)
	54.59 (9.943)
	0.546

	Sex

	 female
	25
	20
	0.872
	20
	19
	1.000

	 male
	127
	108
	 	89
	82
	 
	Serum AFP

	  ≤ 20 ng/ml
	24
	25
	0.433
	19
	31
	0.034

	  > 20 ng/ml
	128
	103
	 	90
	70
	 
	Virus infection

	 HBV
	108
	85
	0807
	76
	82
	0.129

	 HCV
	22
	22
	 	11
	8
	 
	 HBV + HCV
	9
	7
	 	5
	5
	 
	 none
	13
	14
	 	17
	6
	 
	Cirrrhosis

	 absent
	38
	41
	0.230
	28
	29
	0.644

	 present
	114
	87
	 	81
	72
	 
	Child-pugh score

	 Class A
	122
	114
	0.049
	81
	77
	0.752

	 Class B
	30
	14
	 	28
	24
	 
	Tumor number

	 single
	91
	100
	0.001
	56
	68
	0.024

	 multiple
	61
	28
	 	53
	33
	 
	Maximal tumor size

	  ≤ 5 cm
	78
	84
	0.021
	45
	54
	0.097

	  > 5 cm
	74
	44
	 	64
	47
	 
	Tumor encapsulation

	 absent
	54
	21
	< 0.001
	62
	24
	< 0.001

	 present
	98
	107
	 	47
	77
	 
	Microvascular invasion

	 absent
	81
	91
	0.003
	41
	75
	< 0.001

	 present
	71
	37
	 	68
	26
	 
	Tumor differentiation

	 I-II
	100
	107
	0.001
	76
	91
	< 0.001

	 III-IV
	52
	21
	 	33
	10
	 
	TNM stage

	 I-II
	101
	122
	< 0.001
	73
	97
	< 0.001

	 III
	51
	6
	 	36
	4
	 


Table 2Univariate and Multivariate Analysis of Factors Associated with Time To Recurrence and Overall Survival in Cohort I HCC Patients (n = 280) and Cohort II HCC Patients (n = 210)


	Cohort I (n = 280)
	Time To Recurrence
	Overall Survival

	Clinical Variables
	HR(95%CI)
	P value
	HR(95%CI)
	P value

	Univariate Analysis

	 Age
	0.994 (0.979–1.009)
	0.427
	0.989 (0.973–1.004)
	0.152

	 Sex (female versus male)
	0.861 (0.574–1.293)
	0.861
	0.902 (0.592–1.373)
	0.630

	 Serum AFP (≤20 versus > 20 ng/ml)
	1.418 (0.927–2.170)
	0.108
	1.301 (0.849–1.994)
	0.227

	 Virus infection (no versus yes)
	0.986 (0.796–1.222)
	0.896
	1.002 (0.808–1.243)
	0.986

	 Cirrhosis (absent versus present)
	1.039 (0.741–1.456)
	0.825
	1.132 (0.797–1.606)
	0.489

	 Child-pugh score (A versus B)
	1.254 (0.835–1.884)
	0.274
	1.247 (0.824–1.887)
	0.296

	 Tumor number (single versus multiple)
	2.596 (1.903–3.540)
	< 0.001
	0.343 (0.250–0.470)
	< 0.001

	 Maximal tumor size (≤5 versus > 5 cm)
	0.583 (0.482–0.706)
	0.013
	0.696 (0.509–0.951)
	0.023

	 Tumor encapsulation (absent versus present)
	0.341 (0.248–0.469)
	< 0.001
	3.065 (2.221–4.230)
	< 0.001

	 Microvascular invasion (absent versus present)
	2.338 (1.720–3.179)
	< 0.001
	0.405 (0.296–0.554)
	< 0.001

	 Tumor differentiation (I-II versus III-IV)
	0.295 (0.241–0.361)
	< 0.001
	0.317 (0.229–0.439)
	< 0.001

	 TNM stage (I-II versus III)
	3.032 (2.193–4.191)
	< 0.001
	0.145 (0.102–0.205)
	< 0.001

	 CTH (negative versus positive)
	6.289 (4.444–8.901)
	< 0.001
	3.733 (2.629–5.299)
	< 0.001

	Multivariate analysis

	 Tumor number (single versus multiple)
	0.707 (0.473–1.057)
	0.091
	0.616 (0.413–0.920)
	0.018

	 Maximal tumor size (≤5 versus > 5 cm)
	1.050 (0.749–1.471)
	0.778
	1.085 (0.766–1.537)
	0.645

	 Tumor encapsulation (absent versus present)
	1.448 (0.937–2.238)
	0.096
	1.392 (0.889–2.178)
	0.148

	 Microvascular invasion (absent versus present)
	0.674 (0.469–0.968)
	0.033
	0.631 (0.436–0.912)
	0.014

	 Tumor differentiation (I-II versus III-IV)
	0.858 (0.514–1.435)
	0.560
	0.933 (0.548–1.587)
	0.798

	 TNM stage (I-II versus III)
	0.357 (0.197–0.645)
	0.001
	0.335 (0.184–0.611)
	< 0.001

	 CTH (negative versus positive)
	2.759 (1.941–3.922)
	< 0.001
	2.969 (2.054–4.293)
	< 0.001

	 Cohort II (n = 210)
	Time To Recurrence
	Overall Survival

	 Clinical Variables
	HR(95%CI)
	P value
	HR(95%CI)
	P value

	Univariate Analysis

	 Age
	0.987 (0.970–1.004)
	0.122
	0.985 (0.968–1.002)
	0.076

	 Sex (female versus male)
	0.769 (0.499–1.184)
	0.232
	0.722 (0.468–1.115)
	0.722

	 Serum AFP (≤20 versus > 20 ng/ml)
	1.199 (0.788–1.825)
	0.397
	1.248 (0.809–1.927)
	0.316

	 Virus infection (no versus yes)
	0.959 (0.700–1.313)
	0.792
	0.923 (0.669–1.275)
	0.628

	 Cirrhosis (absent versus present)
	0.873 (0.595–1.282)
	0.489
	0.860 (0.583–1.271)
	0.450

	 Child-pugh score (A versus B)
	0.973 (0.649–1.460)
	0.896
	0.981 (0.649–1.482)
	0.927

	 Tumor number (single versus multiple)
	1.984 (1.398–2.817)
	< 0.001
	0.484 (0.338–0.691)
	< 0.001

	 Maximal tumor size (≤5 versus > 5 cm)
	1.328 (0.934–1.888)
	0.114
	0.705 (0.491–1.012)
	0.058

	 Tumor encapsulation (absent versus present)
	0.354 (0.249–0.505)
	< 0.001
	3.085 (2.148–4.431)
	< 0.001

	 Microvascular invasion (absent versus present)
	2.319 (1.629–3.301)
	< 0.001
	0.389 (0.271–0.559)
	< 0.001

	 Tumor differentiation (I-II versus III-IV)
	2.128 (1.422–3.184)
	< 0.001
	0.431 (0.287–0.647)
	< 0.001

	 TNM stage (I-II versus III)
	7.507 (4.967–11.345)
	< 0.001
	0.124 (0.082–0.188)
	< 0.001

	 CTH (negative versus positive)
	0.261 (0.178–0.382)
	< 0.001
	4.409 (2.950–6.588)
	< 0.001

	Multivariate analysis

	 Tumor number (single versus multiple)
	1.011 (0.667–1.534)
	0.958
	0.986 (0.638–1.523)
	0.949

	 Maximal tumor size (≤5 versus > 5 cm)
	0.856 (0.510–1.436)
	0.556
	0.787 (0.462–1.340)
	0.377

	 Tumor encapsulation (absent versus present)
	1.679 (1.012–2.786)
	0.045
	1.636 (0.976–2.742)
	0.062

	 Microvascular invasion (absent versus present)
	1.111 (0.660–1.871)
	0.693
	1.000 (0.591–1.694)
	1.000

	 Tumor differentiation (I-II versus III-IV)
	0.851 (0.547–1.324)
	0.475
	0.778 (0.499–1.212)
	0.267

	 TNM stage (I-II versus III)
	0.173 (0.094–0.321)
	0.001
	0.172 (0.091–0.323)
	< 0.001

	 CTH (negative versus positive)
	3.403 (2.243–5.164)
	< 0.001
	3.816 (2.467–5.903)
	< 0.001




DNMT3B is critical for FOXC1-induced HCC proliferation and metastasis
To explore whether DNMT3B was involved in FOXC1-mediated HCC proliferation and metastasis, we knocked down DNMT3B in Huh7-FOXC1 cells and ectopically upregulated DNMT3B expression in MHCC97H-shFOXC1 cells with lentivirus transfection (Fig. 2f). Down-regulation of DNMT3B inhibited FOXC1-facilitated HCC proliferation, migration, and invasion abilities, while up-regulation of DNMT3B had the opposite result (Fig. 3a-d and Supplementary Fig. S4A-F). In vivo tumorigenicity assays suggested that down-regulated DNMT3B significantly inhibited tumor growth induced by Huh7-FOXC1 cells (Fig. 3e), whereas upregulation of DNMT3B salvaged the suppression tumor growth induced by FOXC1 knockdown (Fig. 3f). Representative Ki67-stained images are shown (Supplementary Fig. S4G). In vivo metastatic assay suggested that down-regulated DNMT3B eliminated HCC metastasis with Huh7-FOXC1 cells, which prolonged overall survival time. In contrast, overexpression of DNMT3B rescued the inhibition of HCC metastasis in the MHCC97H-shFOXC1 groups (Fig. 3g-i and Supplementary Fig. S4H-I). Representative H&E-stained images are shown (Fig. 3j). These results identified that FOXC1 facilitated HCC proliferation and metastasis through upregulating DNMT3B expression.
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Fig. 3DNMT3B is critical for FOXC1-induced HCC proliferation and metastasis. a-b Plate clone formation assay showed the proliferation abilities of the indicated HCC cells. c-d The migration and invasion abilities of the indicated HCC cells were analyzed by Transwell assays. e-f In vivo tumorigenesis assays, nude mice were divided into 4 groups (n = 10 mice per group). The volume and weight of tumors from different groups were showed. g-h Representative bioluminescent images and bioluminescence time course of the indicated groups are shown. i The number of metastatic lung nodules from different groups. j Typical images of hematoxylin and eosin (H&E) stained tissues for each group. Data are represented as mean ± S.D. of three experiments. *P < 0.05


FOXC1 expression is positively correlated with DNMT3B expression and negatively correlated with CTH expression in human HCC tissues
Immunohistochemical (IHC) analysis was used to verify the clinical relevance of FOXC1 and DNMT3B or CTH in human HCC specimens from two independent cohorts. The representative images of FOXC1, DNMT3B, and CTH expression were showed by IHC staining (Fig. 4a). Compared to adjacent nontumor tissues, DNMT3B expression was observably increased in HCC tissues, whereas CTH expression was observably decreased in HCC tissues. FOXC1 expression was positively associated with DNMT3B expression but negatively associated with CTH expression in both cohorts (Fig. 4b). Up-expression of DNMT3B was positively correlation with poor prognosis (Fig. 4c and e, upper panel) and aggressive tumor behavior (Supplementary Table S4). Both TCGA database and Human Protein Atlas program database showed that compared to the normal liver tissues, the mRNA and protein levels of DNMT3B in liver cancer tissues were much higher (Supplementary Fig. S1D-E). Kaplan–Meier analysis based on TCGA data displayed that compared to HCC patients with low DNMT3B mRNA levels, patients who have high DNMT3B mRNA levels had shorter overall survival time and disease-free survival time (Supplementary Fig. S1F). In addition, the reduced expression of CTH indicated poor prognosis (Fig. 4d and f upper panel). Patients who had both of high expression of FOXC1 and DNMT3B endured the highest recurrence rates and lowest overall survival time (Fig. 4c and e, lower panel). Consistently, patients with the FOXC1(+)/CTH (−) expression pattern had the highest recurrence rates and lowest overall survival time (Fig. 4d and f, lower panel).
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Fig. 4FOXC1 expression is positively correlated with DNMT3B expression and negatively correlated with CTH expression in human HCC tissues. a Representative images showing the FOXC1, DNMT3B and CTH expression in adjacent nontumor tissues and HCC tissues evaluated by IHC staining. Scale bars represent 400 μm (low magnification) and 100 μm (high magnification). b Correlation analysis of the expression of FOXC1 and DNMT3B or CTH in HCC patients in cohort I (left) and cohort II (right). c and e Kaplan-Meier analysis of the association between DNMT3B expression or the concurrent FOXC1 and DNMT3B expression and the recurrence rate or overall survival in both cohorts. d and f Kaplan-Meier analysis of the association between CTH expression or the concurrent FOXC1 and CTH expression and the recurrence rate or overall survival in both cohorts


High levels of ROS are critical for FOXC1-mediated HCC cell proliferation, migration and invasion
To explore whether ROS regulate FOXC1-mediated HCC proliferation, migration and invasion, N-acetylcysteine (NAC) which is an antioxidant [33] and L-Buthionine-sulfoximine (BSO) which decreases GSH levels [34], were used to treat Huh7 -FOXC1 cells and MHCC97H-shFOXC1 cells, respectively. NAC (0.2 mM) treatment abolished high levels of ROS induced by FOXC1 overexpression, whereas BSO (30 μM) treatment rescued the decreased ROS levels induced by FOXC1 knockdown (Fig. 5a and Supplementary Fig. S5A-B). Meanwhile, low levels of ROS induced by NAC inhibited the cell proliferation, migration, and invasion abilities mediated by FOXC1 overexpression and high levels of ROS induced by BSO rescued the suppression results mediated by FOXC1 knockdown (Fig. 5b-c).
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Fig. 5ROS upregulates FOXC1 expression through ERK1/2-p-ELK1 pathway. a After the cells were treated with BSO (30 μM, 24 h) or NAC (0.2 mM, 24 h), the ROS levels were detected by immunofluorescence. b After the cells were treated with BSO (30 μM, 24 h) or NAC (0.2 mM, 24 h), the migration and invasion abilities of the indicated HCC cells were detected by Transwell assays. c CCK8 assays indicated that NAC (upper panel) abolished FOXC1-mediated cell proliferation and BSO (lower panel) rescued cell proliferation inhibition by FOXC1 knockdown. d Immunofluorescence detection of the ROS levels when PLC/PRF/5 and Huh7 cells were preprocessed with BSO (30 μM, 24 h) or NAC (0.2 mM, 24 h). e After PLC/PRF/5 and Huh7 cells were treated with BSO (30 μM, 24 h) or NAC (0.2 mM, 24 h), western blot was used to detect the protein level of FOXC1. f Huh7 cells followed by BSO disposing (30 μM, 24 h) were transfected with FOXC1 promoter construct, and then to examine the relative luciferase activity. g Continuous truncated and mutated FOXC1 promoter constructs were transfected into cells stimulated by BSO to determine the relative activity of luciferase. h ROS induces FOXC1 expression by activating ELK1. Huh7 cells followed by BSO disposing and infected with the lentivirus LV-shELK1 were transinfected with the FOXC1 promoter construct, and then use luciferase reporter assays to detect the relative luciferase activity. i Huh7 cells were treated with BSO and then transfected with lentivirus LV-shELK1 to inhibit the expression of ELK1. After treated with BSO for twenty-four hours, western blotting analysis detected the protein levels of FOXC1 expression. j The protein levels of total and phosphorylated Akt, ERK1/2, JNK, p38 and p65 and FOXC1 expression upon BSO stimulation and indicated inhibitor treatment were analyzed by western blot. (K) ChIP assays demonstrated that ROS promoted the direct binding of ELK1 to the FOXC1 promoter through the ERK1/2 pathway. Data are represented as mean ± S.D. of three experiments. *P < 0.05


High levels of ROS upregulates FOXC1 expression through ERK1/2-pELK1 pathway
We have elucidated that overexpression of FOXC1 increased ROS levels by inhibiting cysteine metabolism and ROS promotes HCC progression and metastasis. Meanwhile, we previously reported that FOXC1 is over-expressed in human HCC tissues and promoted HCC progression and metastasis [22, 23]. Therefore, we determined whether high levels of ROS regulate FOXC1 expression in HCC cells. Treatment with BSO and NAC could increase and decrease ROS levels respectively (Fig. 5d and Supplementary Fig. S5C). BSO treatment significantly increased FOXC1 expression and NAC treatment decreased FOXC1 expression at protein level in HCC cells (Fig. 5e and Supplementary Fig. S5D). Notably, with the stimulation of BSO, FOXC1 promoter activity was significantly increased, indicating that high levels ROS transactivated FOXC1 promoter to elevated the expression of FOXC1 (Fig. 5f).
To verify the accurate location of cis-regulatory elements in the FOXC1 promoter sequence that reacted to ROS, we generated a series of truncated mutants of the FOXC1 promoter (Fig. 5g). Dramatic suppression in FOXC1 promoter activity were found in mutants with two deletions from nt-1058 to nt-422 and nt-422 to nt-66, suggesting that these sequences are important in allowing ROS-enhanced FOXC1 activation. The prior region contains one ELK1 binding site, one specificity protein 1 (SP1) binding site and one ATF2 binding site. And the later region contains one SP1 binding site and ELK1 binding site. Notably, site-directed mutagenesis at the ELK1 binding sites inhibited the ROS-promoted FOXC1 activity, while no effect was found for mutations at the SP1 binding site and ATF2 binding site (Fig. 5g). Meanwhile, knockdown of ELK1 abolished FOXC1 promoter activity which is increased by BSO (Fig. 5h). We found that BSO didn’t increase the expression of ELK1 but activate phosphorylation of ELK1 when activated FOXC1 expression (Fig. 5i and Supplementary Fig. S5E).
ROS activates Nuclear factor kB (NF-kB), c-Jun N-terminal kinase (JNK), ERK1/2, p38 kinases and Phosphoinositide 3-kinase (PI3K)/ protein kinase B (Akt) pathways to promote cancer progression [35]. To verify that ROS regulate FOXC1 expression via which pathway, we treated cells with PI3K, p38 kinases, JNK, NF-κB and ERK1/2 inhibitors. Preconditioning cells with ERK1/2 inhibitor decreased ROS-induced FOXC1 expression (Fig. 5j and Supplementary Fig. S5F). Nevertheless, there was on effect on ROS regulating FOXC1 expression when cells were pretreated with other inhibitors. Further, ChIP assays showed that the ERK1/2 inhibitor dramatically weakened ELK1 binding to the FOXC1 promoter, while there were on significant changes on the binding of ELK1 to the FOXC1 promoter by other inhibitors (Fig. 5k). These results demonstrated that ROS induced FOXC1 over-expression via the ERK1/2-p-ELK1 signaling pathway.
8-OHdG is the oxidative damage marker [36]. IHC was used to detect 8-OHdG, phospho-ELK1 (activated ELK1) expression in two independent cohorts of human HCC tissue arrays. Compared to adjacent nontumor tissues, both 8-OHdG and p-ELK1 levels was markedly elevated in HCC tissues. 8-OHdG and p-ELK1 levels were localized in the nucleus (Fig. 6a). FOXC1 expression was positively associated with both 8-OHdG level and p-ELK1 expression in two cohorts (Fig. 6b). patients with elevated 8-OHdG formation (Fig. 6c and e, upper panel) and high expression of p-ELK1(Fig. 6d and f, upper panel), compared to patients with low level of 8-OHdG and p-ELK1, had shorter overall survival and higher recurrence rates. Elevated level of both 8-OHdG and p-ELK1 were positively correlated with loss of tumor encapsulation, microvascular invasion, poor tumor differentiation, and a higher TNM stage (Supplementary Table S5, S6). Furthermore, patients with positive co-expression of 8-OHdG (Fig. 6c and e, lower panel) and FOXC1 or co-expression of p-ELK1 ((Fig. 6d and f, upper panel)) and FOXC1 had the highest recurrence rates and lowest overall survival times.
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Fig. 6FOXC1 expression is positively correlated with 8-OHdG and p-ELK1 expression in human HCC tissues. a Representative images showing the 8-OHdG level, p-ELK1 level and FOXC1 expression in adjacent nontumor tissues and HCC tissues evaluated by IHC staining. Scale bars represent 400 μm (low magnification) and 100 μm (high magnification). b Association between the level of 8-OHdG or p-ELK1 and FOXC1 in HCC patients in cohort I (left) and cohort II (right). c-e Kaplan-Meier analysis of the correlation between the recurrence rate or overall survival time and 8-OHdG level or the concurrent 8-OHdG and FOXC1 expression in both cohorts. d-f Kaplan-Meier analysis of the correlation between the recurrence rate or overall survival time and p-ELK1 expression or the concurrent p-ELK1 and FOXC1 expression in both cohorts


Discussion
Hepatocellular carcinoma has a high rate of cancer-related death [37]. Early recurrence and metastasis often occur after radical resection of HCC, which leads to poor prognosis of HCC patients [38]. Thus, the molecular mechanism of HCC metastasis needs to be further elucidated to develop novel therapeutic strategies. As we all know, dysregulated metabolism is a hallmark of cancer, manifested through alterations in metabolites [1]. Studies reported that the progression of HCC is associated with the aberrant levels of amino acids [5]. However, how deregulation of amino acid metabolism affect HCC proliferation and metastasis remains unclear. Cysteine is a semi-essential amino acid, which can be acquired from the diet or synthesized from methionine through the reverse transsulfuration pathway by cystathionine γ-lyase (CTH) [26]. Depletion of CTH results in oxidative stress, vascular defects, abnormal stress responses, and hyperhomocysteinemia [39, 40]. Cysteine produced the ROS scavenger glutathione, which decrease ROS levels, by the enzymes GCLC, GCLM [41]. Cysteine levels determines the GSH levels and influence the ROS levels. Uncontrolled increase in ROS production result in damage to large molecules such as DNA, proteins and lipids, leading to genomic instability and changes in cell growth [42]. As a messenger, ROS also affect several transcription factors, such as HIF1-α, NF-κB, AP-1, NRF2, which are important for cancer development [6].
FOX family play different roles in HCC development and progression. FOXA1 and FOXA2 have controversial roles in HCC, they can act as a target of no-coding RNAs to promote HCC [43, 44] and suppressing PIK3R1 to inhibit the HCC proliferation, migration and invasion [45]. FOXC transcription factors promote the progression of HCC by regulating MMPs [23, 46]. FOXM1 could regulate the cell cycle and EMT related molecules expression to facilitate HCC progression [47]. FOXO1 and FOXO3a act as both of suppressor and oncogene in HCC determined by the phosphorylation status and subcellular location [48, 49]. FOXP3 could inhibit or promote HCC by regulating the tumor microenvironment, mutation, post-translational modification or alternative RNA splicing [50–53]. Our previous studies showed that FOXC1 is important for promoting HCC metastasis [22, 23]. In this study, our amino acid metabolism RT2 Profiler PCR array indicated that FOXC1 inhibited CTH expression, which is involved in cysteine pathways. Overexpression of FOXC1 decreased the cysteine level and increased the ROS level in HCC cells. Overexpression of CTH significantly decreased FOXC1-mediated HCC proliferation and metastasis, while knockdown of CTH recused the suppression of cell proliferation and metastasis that was induced by the down-regulation of FOXC1. In human HCC tissues, FOXC1 expression was negatively associated with CTH expression, and the patients with high expression of FOXC1 and low expression of CTH exhibited the worst prognosis. These results indicated that FOXC1 facilitated HCC proliferation and metastasis through inhibiting CTH expression and increasing ROS levels.
Although we found that overexpression of FOXC1 inhibited CTH expression, its underlying mechanism remains unclear. Some researchers reported that the attenuation of CTH gene transcription is resulted from DNA hypermethylation of CpG rich region in CTH promoter [28, 30]. DNA methylation, driven by DNMT1, DNMT3A and DNMT3B, can inhibit gene expression. DNMT1 has high affinity for hemi methylated DNA and maintain the constitutive methylation status of DNA [54]. DNMT3A and DNMT3B act primarily as de novo methyltransferases to constitute DNA methylation [55]. Our study indicated that the CpG island of CTH promoter was highly methylated and the expression of DNMT3B was markedly increased in FOXC1-overexpressing HCC cells (Huh7-FOXC1) than the control groups. In contrast, the expression of DNMT3B was downregulated and the DNA hypermethylation of CTH promoter was inhibited in FOXC1-knockdown cells (MHCC97H-shFOXC1) as compared to control cells. Interestingly, FOXC1 upregulated DNMT3B expression through directly binding to its promoter and transactivated its promoter activities. Moreover, downregulation of DNMT3B decreased FOXC1-mediated HCC proliferation and metastasis, whereas upregulation of DNMT3B reversed the inhibition of HCC proliferation and metastasis caused by FOXC1 down-regulated. In human HCC tissues, FOXC1 expression was positively associated with DNMT3B expression, and the patients with positive co-expression of FOXC1 and DNMT3B had the worst prognosis. These studies indicated that overexpression of FOXC1 induced the DNA hypermethylation of CTH promoter and CTH gene silencing through upregulating DNMT3B expression, which resulted in HCC proliferation and metastasis.
Although we identified FOXC1 altered the cysteine metabolism and ROS levels, and FOXC1-mediated high level of ROS promoted HCC proliferation and metastasis, the mechanism underlying FOXC1 overexpression in HCC needs to be clarified. In this study, we observed that high level ROS upregulated FOXC1 expression via the ERK1/2-pELK1 pathway in HCC cells. Overexpression of FOXC1 increased ROS levels through regulating cysteine metabolism, which formed a positive feedback loop to facilitate HCC progression. Our in vitro study showed that the antioxidant NAC inhibited ROS-mediated FOXC1 upregulation, thereby inhibiting ROS-FOXC1-cysteine-ROS signaling-mediated HCC proliferation and invasion. Furthermore, FOXC1 expression was positively correlated with 8-OHdG (oxidative damage marker) and p-ELK1 (activated ELK1) expression in human HCC tissues. HCC patients with positive coexpression of 8-OHdG/FOXC1 or p-ELK1/FOXC1 exhibited the worst prognosis. These studies indicated that ROS-ERK1/2-p-ELK1 signaling mediated FOXC1 overexpression promoted HCC progression.
Conclusions
In conclusion, we found the ROS-ERK1/2-p-ELK1 signaling axis upregulated FOXC1 expression in HCC cells. Overexpression of FOXC1 induced the DNA hypermethylation of CTH promoter and CTH gene silencing through upregulating DNMT3B expression, which resulted in the decrease of cysteine levels and increases of ROS levels (Fig. 7). Thus, we demonstrated that the positive feedback loop of OS-FOXC1-cysteine metabolism-ROS is important for promoting liver cancer proliferation and metastasis, and this pathway may provide a prospective clinical treatment approach for HCC.
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Fig. 7Schematic diagram. A schematic diagram of the role of ROS-FOXC1-cysteine-ROS positive feedback loop in HCC proliferation and metastasis. ROS upregulates FOXC1 expression through the ERK1/2-p-ELK1 signaling pathway. High-expression of FOXC1 induced the DNA hypermethylation of CTH promoter and CTH gene silencing through upregulating DNMT3B expression, which resulted in the decrease of cysteine levels and increases of ROS levels. The antioxidant NAC inhibits ROS-mediated FOXC1 upregulation, thereby inhibiting ROS-FOXC1-cysteine-ROS signaling-mediated HCC proliferation, migration and invasion


Acknowledgments
Not applicable.

Authors’ contributions
Zhuoying Lin performed experiments, analyzed data and wrote manuscript. Wenjie Huang, Qin He, and Dongxiao Li assisted in plasmid construction and luciferase reporter assay. Zhihui Wang performed the statistical analysis. Yangyang Feng, Danfei Liu, Tongyue Zhang, and Yijun Wang gave assistance in immunohistochemistry staining and animal experiments. Meng Xie, Xiaoyu Ji and Mengyu Sun assisted in collecting tissues samples. Dean Tian participated in conceiving experiments and analyzing data. Limin Xia and Zhuoying Lin designed studies and wrote the paper. All authors read and approved the final manuscript.

Funding
Research was supported by grants from the National Key Research and Development Program of China 2018YFC1312103 (L.X.), National Natural Science Foundation of China No. 81972237 (L.X.), No. 81772623 (L.X.), and No. 81871911 (W.H.).

Availability of data and materials
The data supporting our conclusion were obtained from the TCGA database (https://​cancergenome.​nih.​gov) and Human Protein Atlas online database (https://​www.​proteinatlas.​org).

Ethics approval and consent to participate
This study was approved by the Ethics Committee of Tongji Hospital of Tongji Medical College, Huazhong University of Science and Technology. All patients provided full consent for the study. All animal experiments are conducted in accordance with the principles and procedures approved by the Ethics Committee of Tongji Hospital of Tongji Medical College, Huazhong University of Science and Technology for animal experiments.

Consent for publication
All authors have agreed to publish this manuscript.

Competing interests
The authors declare no conflict of interests.


References
	1.
Hanahan D, Weinberg RA. Hallmarks of cancer: the next generation. Cell. 2011;144(5):646–74.

	2.
Vander Heiden MG, DeBerardinis RJ. Understanding the intersections between metabolism and Cancer biology. Cell. 2017;168(4):657–69.PubMed

	3.
Counihan JL, Grossman EA, Nomura DK. Cancer metabolism: current understanding and therapies. Chem Rev. 2018;118(14):6893–923.PubMed

	4.
Yue M, Jiang J, Gao P, Liu H, Qing G. Oncogenic MYC activates a feedforward regulatory loop promoting essential amino acid metabolism and tumorigenesis. Cell Rep. 2017;21(13):3819–32.PubMed

	5.
Stepien M, Duarte-Salles T, Fedirko V, Floegel A, Barupal DK, Rinaldi S, et al. Alteration of amino acid and biogenic amine metabolism in hepatobiliary cancers: findings from a prospective cohort study. Int J Cancer. 2016;138(2):348–60.PubMed

	6.
Helfinger V, Schroder K. Redox control in cancer development and progression. Mol Asp Med. 2018;63:88–98.

	7.
Wang K, Jiang J, Lei Y, Zhou S, Wei Y, Huang C. Targeting Metabolic-Redox Circuits for Cancer Therapy. Trends Biochem Sci. 2019.

	8.
Hannenhalli S, Kaestner KH. The evolution of fox genes and their role in development and disease. Nat Rev Genet. 2009;10(4):233–40.PubMedPubMedCentral

	9.
Benayoun BA, Caburet S, Veitia RA. Forkhead transcription factors: key players in health and disease. Trends Genet. 2011;27(6):224–32.PubMed

	10.
Ma J, Matkar S, He X, Hua X. FOXO family in regulating cancer and metabolism. Semin Cancer Biol. 2018;50:32–41.PubMed

	11.
Kolukula VK, Sahu G, Wellstein A, Rodriguez OC, Preet A, Iacobazzi V, et al. SLC25A1, or CIC, is a novel transcriptional target of mutant p53 and a negative tumor prognostic marker. Oncotarget. 2014;5:1212–12225.PubMedPubMedCentral

	12.
Sengupta A, Kalinichenko VV, Yutzey KE. FoxO1 and FoxM1 transcription factors have antagonistic functions in neonatal cardiomyocyte cell-cycle withdrawal and IGF1 gene regulation. Circ Res. 2013;112(2):267–77.PubMed

	13.
Sakaguchi M, Cai W, Wang CH, Cederquist CT, Damasio M, Homan EP, et al. FoxK1 and FoxK2 in insulin regulation of cellular and mitochondrial metabolism. Nat Commun. 2019;10(1):1582.PubMedPubMedCentral

	14.
Klotz LO, Sanchez-Ramos C, Prieto-Arroyo I, Urbanek P, Steinbrenner H, Monsalve M. Redox regulation of FoxO transcription factors. Redox Biol. 2015;6:51–72.PubMedPubMedCentral

	15.
Honkanen RA, Nishimura DY, Swiderski RE, Bennett SR, Hong S, Kwon YH, et al. A family with Axenfeld-Rieger syndrome and Peters anomaly caused by a point mutation (Phe112Ser) in the FOXC1 gene. Am J Ophthalmol. 2003;135(3):368–75.PubMed

	16.
Han B, Bhowmick N, Qu Y, Chung S, Giuliano AE, Cui X. FOXC1: an emerging marker and therapeutic target for cancer. Oncogene. 2017;36:28.

	17.
Jensen TW, Ray T, Wang J, Li X, Naritoku WY, Han B, et al. Diagnosis of Basal-Like Breast Cancer Using a FOXC1-Based Assay. J Natl Cancer Inst. 2015;107:8.

	18.
Liu J, Zhang Z, Li X, Chen J, Wang G, Tian Z, et al. Forkhead box C1 promotes colorectal cancer metastasis through transactivating ITGA7 and FGFR4 expression. Oncogene. 2018.

	19.
Somerville TD, Wiseman DH, Spencer GJ, Huang X, Lynch JT, Leong HS, et al. Frequent Derepression of the Mesenchymal transcription factor gene FOXC1 in acute myeloid leukemia. Cancer Cell. 2015;28(3):329–42.PubMed

	20.
Wang L, Gu F, Liu C-Y, Wang R-J, Li J, Xu J-Y. High level of FOXC1 expression is associated with poor prognosis in pancreatic ductal adenocarcinoma. Tumor Biol. 2013;34(2):853–8.

	21.
Xu Y, Shao QS, Yao HB, Jin Y, Ma YY, Jia LH. Overexpression of FOXC1 correlates with poor prognosis in gastric cancer patients. Histopathology. 2014;64(7):963–70.PubMed

	22.
Xia L, Huang W, Tian D, Zhu H, Qi X, Chen Z, et al. Overexpression of forkhead box C1 promotes tumor metastasis and indicates poor prognosis in hepatocellular carcinoma. Hepatology. 2013;57(2):610–24.PubMed

	23.
Huang W, Chen Z, Zhang L, Tian D, Wang D, Fan D, et al. Interleukin-8 induces expression of FOXC1 to promote transactivation of CXCR1 and CCL2 in hepatocellular carcinoma cell lines and formation of metastases in mice. Gastroenterology. 2015;149(4):1053–1067 e14.

	24.
Sbodio JI, Snyder SH, Paul BD. Regulators of the transsulfuration pathway. Br J Pharmacol. 2019;176(4):583–93.PubMed

	25.
Parkhitko AA, Jouandin P, Mohr SE, Perrimon N. Methionine metabolism and methyltransferases in the regulation of aging and lifespan extension across species. Aging Cell. 2019;18(6):e13034.PubMedPubMedCentral

	26.
Paul BD, Sbodio JI, Snyder SH. Cysteine metabolism in neuronal redox homeostasis. Trends Pharmacol Sci. 2018;39(5):513–24.PubMedPubMedCentral

	27.
Pogribny IP, Rusyn I. Role of epigenetic aberrations in the development and progression of human hepatocellular carcinoma. Cancer Lett. 2014;342(2):223–30.PubMed

	28.
Du HP, Li J, You SJ, Wang YL, Wang F, Cao YJ, et al. DNA methylation in cystathionine-gamma-lyase (CSE) gene promoter induced by ox-LDL in macrophages and in apoE knockout mice. Biochem Biophys Res Commun. 2016;469(3):776–82.PubMed

	29.
Giannakopoulou E, Konstantinou F, Ragia G, Tavridou A, Karaglani M, Chatzaki E, et al. Epigenetics-by-Sex Interaction for Coronary Artery Disease Risk Conferred by the Cystathionine γ-Lyase Gene Promoter Methylation. Omics. 2017.

	30.
Li JJ, Li Q, Du HP, Wang YL, You SJ, Wang F, et al. Homocysteine triggers inflammatory responses in macrophages through inhibiting CSE-H2S signaling via DNA Hypermethylation of CSE promoter. Int J Mol Sci. 2015;16(6):12560–77.PubMedPubMedCentral

	31.
Infantino V, Dituri F, Convertini P, Santarsiero A, Palmieri F, Todisco S, et al. Epigenetic upregulation and functional role of the mitochondrial aspartate/glutamate carrier isoform 1 in hepatocellular carcinoma. Biochim Biophys Acta Mol basis Dis. 2019;1865(1):38–47.PubMed

	32.
Dawson MA, Kouzarides T. Cancer epigenetics: from mechanism to therapy. Cell. 2012;150(1):12–27.PubMed

	33.
Rushworth GF, Megson IL. Existing and potential therapeutic uses for N-acetylcysteine: the need for conversion to intracellular glutathione for antioxidant benefits. Pharmacol Ther. 2014;141(2):150–9.PubMed

	34.
Kim SJ, Kim HS, Seo YR. Understanding of ROS-inducing strategy in anticancer therapy. Oxidative Med Cell Longev. 2019;2019:5381692.

	35.
Zhang J, Wang X, Vikash V, Ye Q, Wu D, Liu Y, et al. ROS and ROS-mediated cellular signaling. Oxidative Med Cell Longev. 2016;2016:4350965.

	36.
Dalle-Donne I, Rossi R, Colombo R, Giustarini D, Milzani A. Biomarkers of oxidative damage in human disease. Clin Chem. 2006;52(4):601–23.PubMed

	37.
Siegel RL, Miller KD, Jemal A. Cancer statistics, 2019. CA Cancer J Clin. 2019;69(1):7–34.

	38.
El-Serag HB. Hepatocellular carcinoma. N Engl J Med. 2011;365(12):1118–27.PubMed

	39.
Mustafa AK, Sikka G, Gazi SK, Steppan J, Jung SM, Bhunia AK, et al. Hydrogen sulfide as endothelium-derived hyperpolarizing factor sulfhydrates potassium channels. Circ Res. 2011;109(11):1259–68.PubMedPubMedCentral

	40.
Sbodio JI, Snyder SH, Paul BD. Transcriptional control of amino acid homeostasis is disrupted in Huntington's disease. Proc Natl Acad Sci U S A. 2016;113(31):8843–8.PubMedPubMedCentral

	41.
Bansal A, Simon MC. Glutathione metabolism in cancer progression and treatment resistance. J Cell Biol. 2018.

	42.
Moloney JN, Cotter TG. ROS signalling in the biology of cancer. Semin Cell Dev Biol. 2018;80:50–64.PubMed

	43.
Zhang S, Liu Q, Zhang Q, Liu L. MicroRNA-30a-5p suppresses proliferation, invasion and tumor growth of hepatocellular cancer cells via targeting FOXA1. Oncol Lett. 2017;14(4):5018–26.PubMedPubMedCentral

	44.
Dou C, Wang Y, Li C, Liu Z, Jia Y, Li Q, et al. MicroRNA-212 suppresses tumor growth of human hepatocellular carcinoma by targeting FOXA1. Oncotarget. 2015;6:13216–28.PubMedPubMedCentral

	45.
He S, Zhang J, Zhang W, Chen F, Luo R. FOXA1 inhibits hepatocellular carcinoma progression by suppressing PIK3R1 expression in male patients. J Exp Clin Cancer Res. 2017;36(1):175.PubMedPubMedCentral

	46.
Xu ZY, Ding SM, Zhou L, Xie HY, Chen KJ, Zhang W, et al. FOXC1 contributes to microvascular invasion in primary hepatocellular carcinoma via regulating epithelial-mesenchymal transition. Int J Biol Sci. 2012;8(8):1130–41.PubMedPubMedCentral

	47.
Zhang T, Guo J, Gu J, Chen K, Wang Z, Li H, et al. KIAA0101 is a novel transcriptional target of FoxM1 and is involved in the regulation of hepatocellular carcinoma microvascular invasion by regulating epithelial-mesenchymal transition. J Cancer. 2019;10(15):3501–16.PubMedPubMedCentral

	48.
Ceballos MP, Parody JP, Quiroga AD, Casella ML, Frances DE, Larocca MC, et al. FoxO3a nuclear localization and its association with beta-catenin and Smads in IFN-alpha-treated hepatocellular carcinoma cell lines. J Interf Cytokine Res. 2014;34(11):858–69.

	49.
Zeng YB, Liang XH, Zhang GX, Jiang N, Zhang T, Huang JY, et al. miRNA-135a promotes hepatocellular carcinoma cell migration and invasion by targeting forkhead box O1. Cancer Cell Int. 2016;16:63.PubMedPubMedCentral

	50.
Du J, Huang C, Zhou B, Ziegler SF. Isoform-specific inhibition of ROR alpha-mediated transcriptional activation by human FOXP3. J Immunol. 2008;180(7):4785–92.PubMed

	51.
Lin F, Luo X, Tsun A, Li Z, Li D, Li B. Kaempferol enhances the suppressive function of Treg cells by inhibiting FOXP3 phosphorylation. Int Immunopharmacol. 2015;28(2):859–65.

	52.
Bacchetta R, Barzaghi F, Roncarolo MG. From IPEX syndrome to FOXP3 mutation: a lesson on immune dysregulation. Ann N Y Acad Sci. 2018;1417(1):5–22.PubMedPubMedCentral

	53.
Wang Y, Deng B, Tang W, Liu T, Shen X. TGF-beta1 secreted by hepatocellular carcinoma induces the expression of the Foxp3 gene and suppresses antitumor immunity in the tumor microenvironment. Dig Dis Sci. 2013;58(6):1644–52.PubMed

	54.
Li E, Bestor TH, Jaenisch R. Targeted mutation of the DNA methyltransferase gene results in embryonic lethality. Cell. 1992;69(6):915–26.PubMed

	55.
Okano M, Bell DW, Haber DA, Li E. DNA methyltransferases Dnmt3a and Dnmt3b are essential for de novo methylation and mammalian development. Cell. 1999;99(3):247–57.PubMed



Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.


OEBPS/navigation.xhtml

    
      Contents


      
        		FOXC1 promotes HCC proliferation and metastasis by Upregulating DNMT3B to induce DNA Hypermethylation of CTH promoter


      


    
    
      Landmarks


      
        		Body Matter


      


    
  

OEBPS/images/13046_2021_1829_Fig1_HTML.png
A CTH Huh? _ MHCCOTH
ACY1 CDO1 Control FOXC1 shControl _ __ShFOXC1
MAT1A GAD2
HAAO SAT1
MPST MTAP
Down-regulated genes  Up-regulated genes of
of Huh7-FOXC1 MHCCE7H-shFOXC1
MHCC-07H Huh7 ® == Huh?
£uhe QS O 20 %MHC097H . P 20 %M'ﬁccgm 5 2.0 155 MHCCo7H
B SO0 & D g 15 8.5 : 2 s T
& O S i 5 g "
FOXCL 70D 2 210 3
] K 3
10 97 42 17 4] °
I 2
cru 45KkD % k4
e ]
10 0504 07 8
—~e-Huh7-ControkControl
041 e Hang ot E —e-MHCC97H-shControl+shControl
MHCCO7H MHCC7H »
Eum- Huh7-  MRCERTH MHSRRTH F —&—Huh7-FOXC1+Control a8 s
ontiol_FOXG1 ST —*-Huh7-FOXC14CTH ity ey
R 97H-shFOXC1+shCTH
% ,\~<>~ o° o‘& S & 03
ol o & & -
FOXC] - - | | - ‘70KD
1.0 1.0 11.4 108 1.0 0.9 0.3 0 -
m-Hl__, _| R }ASKD
102403 11, 10 02 1904
Bractin| =———— ‘ ‘ - - ‘ASKD 00 ? = = = = = -
Time(h) Time(h)
g @ 4= MHCCO7H-shControl
£2.01 mmHun7 Control | shControl ~ shCTH & 4] S MHCCo7H-shFOXCH
5 o | H
815 K 8
s g s
210 E[8F 5
5|2 2
] o=@ E
30s 2l 2
2
e 2|2 2
2 S £
oo [ K]
g« ] &
< B
3 B mHoliT-Cotd K = 150) ESHEETHEheeYS!
£ < 200 ST s
‘,3 2150 T § 100-
5|5 = 5|E%
HE 5 100 -1 -
gls 5 50 £l 8
2| o = = € OF
B8 3 ol §123 o
[ € > 3 2
£ 2 OSSR 3 s
z <& By
g 51501 SN L8YSH st < 1507 ESMHGCOHShESKE!
s ] gl 8 i
Q Z 100 l £Q £100
o= £ 5% £
S5 3 : §|3°. =
gz g % 3|2~ § %
2| & 2 i Z|S 38 5
¢ 2SS E | ¢ g o
e S S 2 > S
g 5 O ES £ £ O eR
< L% =z e
S & S s
H B B
Huh7-FOXC1
14
@ .
208
g
Eos
Soa
5 B
go2
=
! 0.0
o 10 2 S S J
Time (days) © o ‘\0«
& B
N Huh7-FOXC1
Control CTH -+ HUh7-FOXC1+Control shControl ___shCTH +-MHCCI7H-ShFOXC14shControl
ptirtatse i 507 ZNiSemsnroxctsnTH
w =5 g 40
% 30
&
520
-y /1 210
BERE] 1
0 2 fwes® 0
Huh7-FOXC1 MHCCO7H-shFOXC1
P Control CTH shControl shCTH

3
2
3
3
8
8
k-]
3
2
g
7
s
T
E
k-l
5
2
E
H
2






OEBPS/images/13046_2021_1829_Fig6_HTML.png
Cohorh |

Cohorh Il

A 8-OHdG p-ELK XC1
<] 77/
]
2
g
8 :
I £
8
8
5=}
<
s 2403
Correlation analysis of FOXC1 and 8-OHdG and p-ELK1 Correlation analysis of FOXC1 and 8-OHdG and p-ELK1
expression in 280 HCCs (Cohort ) expression in 210 HCCs (Cohort Il)
FOXC1 Foxer
positive(n=148) negative(n=132) positive(n=108) negative(n=102)
- it =157, it =
8-OHdG Posi I\fe(n ) 106 51 p<0.001 8-OHdG Positive(n=110) 74 36 p<0.001
negative(n=123) 42 81 negative(n=100) 34 66
p-ELKA positive(n=132) 87 45 p<0.001 p-ELK1 positive(n=97) 70 27 p<0.001
negative(n=148) 61 87 negative(n=113) 38 75
21.0 P<0.001 1.0 P<0.001 81.0 P<0.001 1.0 P<0.001
c f=4 —_ | ) n=
Los T 08 GEOn=123|  C08| pELKI() net2 Sos ELK1() n=148
8 206 3 s
Sos 30 206 306
[s] = =
204 go4 204 So4
= > = = p-ELK1(+) n=
goz “OHdG() n=123 | © O2|  8-OHdG(+)n=157 o2 O o2
&o.0 0.0 oo 0.0
0 20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 80 100
Month after operation Month after operation Month after operation Month after operation
i 8-OHdG(+)FOXC1(+) n=106 —+ p-ELK1+)FOXC1(+) n=87
—+8-OHdG(+)FOXC1(-) n=51 —+ p-ELK1(+)FOXC1
8-OHdG(-)FOXC1(+) n=42 p-ELK1(-)FOXC1
~+8-OHdG(-)FOXC1(-) n=81 —+ p-ELK1(-)FOXC1
31.0 P<0.001 1.0 p<0.001] &1 P<0.001 1.0 P<0.001
S = S p-ELK1(+)FOXC1 -
soe HFoxcis) | 208 0 208
206 206 20.6 206
5 = 5 =
204 So4 204 So4
= 2 = 2
go.2 Oo.2 g0.2 Oo.
ol 8-OHdG(+)FOXCT(+ 8 p-ELK1(+)FOX
a 0.0 0.0 a 0.0 0.0
20 40 60 80 100 0 40 60 80 100 0 20 40 60 80 100 0 20 40 60 80 100
Month after operation Month after operation Month after operation Month after operation
$1.0 P<0.001] 1.0 P<0.001 81.0 P<0.001] 10 P<0.001
S _ S _ LK1(-) n=113
£08{  8OHIG()n=1 Sos -) n=100 £08|  pELKI()n=97 $0.8
g 2
Eos Sose 806 §o.s
204 Tos 204 To.4
= 2 o
3 P = 2 p-ELK1(+) n=
502 ©02|  gOHAG() n=110 §02 Oo2
3 -OHdG(-) n=100 (+) g FELKI() n=113
% m s 5 % 4 & BT S0 00
. : 0 20 40 60 80 100 0 20 40 60 80 100
Month after operation Month after operation Month after operation Month after operation
—+ 8-OHdGi +;FOXC1E+) n=74 —+p-ELK1+)FOXC1(+) n=70
—— 8- OHdG +)FOXC —+p-ELK1(+)FOXC1(-) n=2
8-OHd ;FOXC1E p-ELK1(-)FOXC1(+,
—+ 8- OHdG FOXCH1(-) n=6t —+p-ELK1(-)FOXC1(-
81.0 P<0.001 1.0 P<0.001 810 P<0.001] 1.0 P<0.001
5 — " —
8og| &OHAG(+FOXC Tos qé 0.8] PELK1(+)FOXCi(s Tos
3 2 o
20.6 206 206 20.6
5 = 5 =
204 S04 204 o4
= 8 S é
0.2 0.2 © 0.2 0.2
§ 8-OHdG(+)FOXC1(+ 3 p-ELK1(+)FOXC1(+)
£0.0 0.0 & 00 0.0
0O 20 40 60 80 100 0 60 80 100 0 20 40 60 80 100 0 40 60 80 100
Month after operation Momh after operation Month after operation Momh after operation





OEBPS/images/13046_2021_1829_Fig3_HTML.png
migration

invasion

>
@

MHCC97H-shControl
shControl shDNMT3B 57 SHun7-Caol Control DNMT3B 51 ESMHRESTHShEsS!
s g, i g 5° :
£ €9 zls €8 5
38 2€ 3 5|e B
~ 2 Qla [
< 0 ] >°
s 2e 2
2 55 2 z ©o
< 2|5 kol
- & Q o«
9] 1 5
< o
o 1
O
&
— shControl EounT-Control s Control DNMT3B = -
3 Control . 5 200 SHRFSRES B e wrger ram w sz pre 5 150 SMREMNENS
£ £ = .
S 150 3 g
S 2 £100
< I 3
£ 100 HE: 3 .
g2 " 5 50
A =]
5 50 3|5 2
< £ >o< 8
e 0 £ 5 o8 3
b @ R A 4
S o T S & &
T By [ Q Q
> E==Huh7-Control B! E=IMHCCY7H-shControl
= 51507 JHuh7-FOXC1 T COMHCC97H-shFOXC1
c o
o
3 |5 ;
% 100 8 £
z s[5 .
=
5 50 Els
I X
o o
T 0 =
~ ? &
E £ S
s s
E MHCC97-shFOXC1
£12) THISSIISRE [ S o127 TMHESHARGEIBMITe S 10
51 C .
1 os
.
A -
X
- 0.0
10 20 10 20, 30 > Q0
Time (days) IS Time (days) 0{\*@ ééa
e} <
S ‘\Qé Q
G Huh7-FOXC1 @ MHCC97H-shFOXC1
shControl shDNMT3B -+ Huh7-FOXC1+shControl Control DNMT3B -+ MHCC97H-shFOXC1+Control
" < w 5O -+-Huh7-FOXC1+shDNMT3B 507 -+ MHCCO7H-shFOXC1+DNMT38
5
S 40
%30
o’ 2
=™ T g
=
W 21

o o

Huh7-FOXC1 MHCC97H-shFOXC1
—_— shControl shDNMT3B Control DNMT3B

)
S
<

number of metastasis
nudes per lung
- N
o o
s

o
.
0,
)
o






OEBPS/css/envelope.png





OEBPS/images/13046_2021_1829_Fig5_HTML.png
Huh7-Control Huh7-FOXC1

=3 Control
Huh? F =850 J
22 .
© £ 18-
B 16
E
FOXC1 g 14
@ 12
70 510 FOXC1
S &
Practin HR
£ &
3 2 p-Akt
<0
Huh7 " PLC/PRF/5
Akt
G FOXC1 promoter Relative luciferase activity
L o A 10 15 20
LB @ S &P 2ee ] S
oS Pl § — - _——
170 ga [ N PERK 42,4860
e S Il ——— 0 71 73 08 70 75 73
2 —{00] R -
Gsh L ERK | SR SR TN =5 S 42,44kD
NN R+
£ §100 § s a1
g 8 80 [LUC] |+ S e pre—g—
H éso — X ——H—d] . P-INK —— — S s | 4854KD
S0 : + 4 uc] 10 22 21 21 07 23 21
- 5 20 . — 43— = e B - _
g E 0 JINK 46,54kD
£- 2 EOF S fog] " CIDMSO =
¥ N (0] |+ mBSO
o 38 —— . — J—
MHOCO7H-shControl Control  FOXC1 Control FOXC1 H | PP ‘ 43kD
+DMSO) . BSO — + + + 10 42 40 39 37 08 38
5200 g
§ g I - > —
< § . H shControl + o35 | —— -— 30
s 2150 g ShELKI - - - +
-3 £ g
H 3 g
. 3 P65 - - 65kD
8 B 70 36 84 37 89 387 09
8 2
g s p55‘-—-.—_—-—-——_65kD
&
shControl  shFOXC1 shControl shFOXC1 B
..o womws — — 4 - e P ———
0.37 -=Control+NAC hELK1 — - 3
“-FOXC1+DMSO D ¢
“*"FOXC1+NAC
o [ anti-lgG
. K 100 [ anti-ELK1
= 80
oo & 5
24 48 72 2 60
Time(h) s
MHCCO7H ® 40
- ShControl+DMSO
0.47 = shControl+BSO ©
- SFQXCT+DMSO 2 -
03 shFOXC1+BSO g ﬂlj rl rl r]
- S
& > o S e
N Q@@ r&“& & (&@
A
B £ £ o e
24 48 72 +BSO

Time(h)





OEBPS/images/13046_2021_1829_Fig4_HTML.png
Cohorh |

Cohorh I

DNMT3B

28

CTH

Adjacent nontumor

Correlation analysis of FOXC1 and DNMT3B and CTH
expression in 280 HCCs (Cohort I)

DNMT3B

Correlation analysis of FOXC1 and DNMT3B and CTH
expression in 210 HCCs (Cohort II)

FOXC1 FOXct
positive(n=148) negative(n=132) positive(n=108) negative(n=102)
DNMT3B Positive(n=145) g9 46 p<0.001 DNMT3B Positive(n=103) 71 32 p<0.001
negative(n=135) 49 86 negative(n=107) 37 70
CTH  Positive(n=128) 54 74 p<0.001 CTH  Positive(n=101) 32 69 p<0.001
negative(n=152) 94 58 negative(n=109) 76 33
§ 1.0 P<0.001 1.0 P<0.001 § 1.0 P<0.001 1.0 P<0.001
€08  DNMTaB(s) n=t Sos 3B() n=135 Sos{  CTHO)n=182 T08 (1) n=128
g 2 o 2
3 0.6 Sos6 So6 S06
5 = K 2
> 0.4 S04 204 T04
= 2 3 2
E 0.2 DNWT3B(-) n=135 | O g2 DNMT3B(+) n=14 § 0.2 CFH(+) n=128 302 CTH(-) n=152
[<] o
& 0.0 0.0 a 00 0.0
0 20 40 60 80 100 0O 20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 80 100
Month after operation Month after operation Month after operation Month after operation
~+ FOXC1(+)DNMT3B(+) n=99 —+ FOXC1 +;CTH2+) n=54
—+ FOXC1(+)DNMT3B(-) n=49 ——FOXC1(+)CTH, -g n=94
FOXC1(-)DNMT3B(+) n=46 - FOXC1 -gCTHE+ n=74
~+ FOXC1(-)DNMT3B(-) n=86 —+FOXC1(-)CTH(-) n=58
$1.0 P<0.001 1.0 P<0.001 81.0 P<0.001 1.0 P<0.001
S FOXC1(+)DNMT3B, = H
£o. Sos £08{ FOXO1(HCTH() Sos
o (5]
20.6 20.6 206 % 0.6
5 = B s
20.4] So4 204 So4
= > = o
g02 Qo2 §o02 So
S FOXC1(+)DNMT3B(+) g FOXC1(+)CTl
& 0.0 0.0 & 0.0 0.0
0 20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 80 100
Month after operation Month after operation Month after operation Month after operation
8 1.0 P<0.001 1.0 P<0.001 8 1.0 P<0.001 1.0 P<0.001
8 Tos B()n=107 | &
£08{  DNMT3B(+) n= £ T08
806 306 206 1
= 2]
204 So4 T04
= > [
go2 SGoz2 DNMT3B(+) n=103 302{  CTH()n=109
00 0.0 0.0
0 20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 80 100
Month after operation Month after operation Month after operation Month after operation
~+ FOXC1(+)DNMT3B(+) n=71 =
- FOXG1 JDNMTsEs}-g =37 B e
. FOXC1 -;DNMTSBS+ n=32 - FOXC1(-)CTHi +g n=69
~+ FOXC1(-)DNMT3B(-) n=70 —+— FOXC1 -;CTHS-) n=33
81.0 P<0.001 1.0 P<0.001 8
3 <0. 810 P<0.001 1.0 P<0.001
S FOXC1(+)DNMT3B(+) ] S FOXC1(+)CTH(- —
:5- 0. >08 £0.8 $0.8
5 2
8 5 3 e
L0.6 20.6 206 5 0.6
5 3 5 =
204 504 204 T 0.4
= > = [
Qo el >
§02 Co2 go2 o2
3 FOXC1(+)DNMT3B(+) S FOXC1(+)CTH(-)
a 0.0 0.0{ o 0.0] 0.0
0 20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 80 100
Month after operation Month after operation Month after operation Month after operation






OEBPS/images/13046_2021_1829_Fig2_HTML.png
A TSS

CTH
CpG island -20 20=_
I | - | I |
T T T

|
T T T T

-

Qo25% 25-50%

050-75% @ 75-100%

Cc M T1 N2 T2 N3 T3 N4 T4
B UM UMUMUMUMUMUMUMUM
Huh7 MHCC97H
Control  FOXC1 shControl shFOXC1
u M U Uu M U M
N6 T6 N7 T7 N8 T8 N9 T9 N10 T10
u M U MU M UM U M UM UM U MUMUM
Huh7 ~ MHCC97H Huh7-Control  Huh7-FOXC1
O\, G'\ —% T
GO DS S & 97H-shControl 97H-shFOXC1
Sk SE AN SESES T @
o QO Q0 S S
Huh7-Control Huh7-FOXC1 FOXC1EI7OI<D LY S S
o) o 01369 6
N KRS DNMﬂ FOXC1‘ --‘ — e s | 70KD
E 0T 0T 1o 180kD 1.0 1.0 9.8 10.2 1.0 0.8 0.4 0.4
e el == == o
[s-ac(inASkD 00T 0T
TET S 10 37 02 1.0

p-actin l- - o —‘ ‘— — _ _| 43kD

H | ;E)[; ——=Huh7-Control
G DNMT3B promoter Eg W Huh7-FOXC1
i " k]
DNMT3B promoter + Putative FOXC1 binding  Relative luciferase activity QE, i
3 21 09 01020304050 o3
-1303. +1 b 2
250 52
o1
-924 [+
LUC] b 0
— o & & O © O
- & ) )
a ms|d o o o
-195 ) Distant Binding Bindin
—00) region sie & site 1&:
00] e
-’—*—- Luc) b € 7] healthy control
3 — £ 6 mmHOC y
h S k] i
. =pCMV-Tag &
LUC| mmpCMV-FOXC1 @ g
Binding site 3:TAAACA Mutation: TcggtA % 1
Binding site 2:TATTTA Mutation: TgccgA o
Binding site 1:TAAACA Mutation: TggctA 0 o o 0\ o 0\
O 9 4P O 5
b & <
Distant Binding Bindin,
region site 3 site 1&

Correlation analysis of CTH expression and CTH methylation
in 280 HCCs (Cohort I)

Correlation analysis of CTH expression and CTH methylation

in 210 HCCs (Cohort Il)

CTH expression
positive(n=128) negative(n=152)

CTH expression
positive(n=101) negative(n=109)

CTH metylation(n=81 CTH metylation(n=57,
etylation(n=81) 14 67 p<0.001 etylation(n=57) 10 47 <0.001
CTH unmethylation(n=199) 114 85 CTH unmethylation(n=153) g1 62
K Cohort | Cohort II
P<0.001 1.0 310 P<0.001 1.0 P<0.001
_ e _ .
o8 Sos Tos unin?gi/lauon
06 3 2
3 0. o6 206
g 0.4 ;0.4 §0.4
> = >
TH unmethylation | © 0-2 § 0.2 unmethylation | ©0.2
(n=199{ ° (n=153{
0.0 a 0.0 0.0
0 20 40 60 80 10 0 20 40 60 80 100 0 20 40 60 80 100
Month after operation Month after operation Month after operation 0 l\/%gmh“aoftersé)pergx?ic'n1 0o





OEBPS/css/sidebar.gif





OEBPS/images/13046_2021_1829_Fig7_HTML.png
.

FOXC
NN\ ,\Y,

Il
|—> DNMT3B

CpG islands l

!

CTH silencing

!

}
A

HCC proliferation and metastasis

ROS





