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Abstract
Background
In hepatocellular carcinoma (HCC), CD133+/CD44+ cells are one subgroup with high stemness and responsible for metastatic relapse and resistance to treatment. Our previous studies have demonstrated that osteopontin (OPN) plays critical roles in HCC metastasis. We further investigated the molecular mechanism underlying the role of OPN in regulating the stemness of HCC epigenetically and explored possible targeting strategy.

Methods
CD133+/CD44+ subgroup sorting from HCC cell lines and HCC tissues was used to investigate the effects of OPN knockdown on stemness. iTRAQ and MedIP-sequencing were applied to detect the protein profile and epigenetic modification of CD133+/CD44+ subgroup with or without OPN knockdown. The antitumor effects of 5 Azacytidine were examined in cultured HCC cells and patient derived xenograft (PDX) models.

Results
OPN was accumulated in CD133+/CD44+ subgroup of HCC cells. Knocking down OPN significantly inhibited the sphere formation and stemness-related genes expression, and delayed tumor initiation of CD133+/CD44+ subgroup of HCC cells. Employing MedIP-sequencing, dot blot and iTRAQ analyses of CD133+/CD44+ SCR and CD133+/CD44+ shOPN cells, we found that OPN knockdown leaded to reduction in DNA methylation with particular enrichment in CGI. Meanwhile, DNA (cytosine-5)-methyltransferase 1 (DNMT1), the main methylation maintainer, was downregulated via proteomics analysis, which mediated OPN altering DNA methylation. Furthermore, DNMT1 upregulation could partially rescue the properties of CD133+/CD44+ shOPN cells. Both in vitro and in vivo assays showed that CD133+/CD44+ cells with high OPN levels were more sensitive to DNA methylation inhibitor, 5 Azacytidine (5 Aza). The above findings were validated in HCC primary cells, a more clinically relevant model.

Conclusions
OPN induces methylome reprogramming to enhance the stemness of CD133+/CD44+ subgroup and provides the therapeutic benefits to DNMT1 targeting treatment in HCC.
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Background
Metastasis is a major hallmark of cancer, and the major death cause of cancer patients [1]. Many studies indicate that tumor heterogeneity is responsible for tumor metastasis, relapse and drug resistance of cancers including hepatocellular carcinoma (HCC) [2]. Cancer stem cells are conceited as the cells within the tumors possessing the capacities of self-renewal and heterogeneous lineages differentiation [3]. HCC cells sorted by CD133 [4] and CD44 [5] were regarded as a subpopulation of cells with stem cell properties [6]. It is convinced that specifically targeting cancer stem-cells is a promising approach for cancer treatment based on a detailed understanding of this unique sub-group biological features distinct from its parental counterparts [7]. Abnormally activated signal pathways and proteins in this subgroup could all be potential therapeutic targets [8, 9].
Stroma factors from tumor cells or stromal cells are critical for tumor metastasis [10]. Our previous studies have demonstrated OPN is a leading gene that promotes HCC metastasis [11, 12]. Intracellular/nuclear OPN regulated epithelial-mesenchymal plasticity, which contributes to the increased population of cancer stem-like cells (CSCs), to enhance tumor metastasis [13, 14]. In addition, OPN and its various cleavages in the tumor microenvironment serve as hematopoietic stem cell niche components that negatively regulates the anchorage and pool size of stem cells [15, 16]. OPN is also highly expressed in cancer stem cells isolated from HCC cell lines [17], and secreted OPN-CD44 signaling enhanced the phenotypes of cancer stem cells in glioma and colon cancer and promoted their aggressive tumor growth [18, 19]. These indicate OPN contributes to a cancer stem-like phenotype.
Epigenetic regulation has an important contribution in the development of adult stem cells, and its important roles in silencing tumor repressors and differentiation-associated genes in precancerous cells have drawn much attention recently [20]. Aberrant DNA methylation, the best studied epigenetic modification, has emerged as promising therapeutic targets to treat cancer. In ovarian cancer, epigenetic targeting agent can reprogram residual cancer stem-like cells [21]. DNMT1 is the most abundant type of DNMTs which catalyzes DNA methylation. In tumor tissues or cancer stem cells, DNMT1 is highly up-regulated [22, 23], and is required for maintaining the state of cancer stem cells [24]. DNMT1 inhibitor, 5 Aza, an FDA-approved drug to treat myelodysplastic syndromes (MDS), can eradicate cancer stem cells of solid tumor by inducing cell apoptosis or differentiation [25].
In the present study, we found that knockdown of OPN in CD133+/CD44+ cells inhibited sphere formation and migration through modulating the expression of DNMT1. Decreased levels of DNMT1 by OPN knockdown leaded to reduction in global DNA methylation, particularly in CpG island (CGI). In addition, CD133+/CD44+ subgroup from cell lines and HCC tissues with various OPN levels showed different sensitivities to 5 Aza. These results provide a potential significance of effective specific target therapy that epigenetic treatment is more effective for HCCs with high OPN expression.

Materials and methods
Magnetic activated cell sorting (MACS)
1 × 107 cells were prepared and incubated with CD133 microbeads for 30 min. 1-2 mL MACS running buffer was added and the sample was centrifugated at 2000 rpm, 3 min and resuspended in 500ul MACS running buffer. The cells were placed in the prepared LS column and the column was washed for 6 times. Cells were removed from the column with physical forces. Then the single positive cells were incubated with CD44 microbeads and repeat the steps as before.
Immunohistochemical staining was performed according to the previous work [11].

Cell culture and primary cells isolation
Huh7 and Hep3B were purchased from Chinese Academy, Shanghai and cultured in Dulbecco’s modified Eagle’s medium (DMEM) (Hyclone) with 10% FBS (Biowest). Primary cells were isolated from HCC tissues (from Huashan Hospital, Fudan University, Shanghai) by using IV type collagenase (Sigma) digested for 30 min and centrifugation for 1 min at 50 g.

Patients and clinical tissue samples
A total of 374 patients who underwent curative resection for HCC at the authors’ institute between 2005 and 2006, were enrolled in the present study. None of them received any preoperative adjuvant treatment. The clinical samples were collected from patients after obtaining informed consent in accordance with an established protocol approved by the Ethics Committee of Fudan University (Shanghai, China).

Spheroid-based migration assay on matrix protein
Flat-bottomed, 96-well plates (Corning) were coated with 0.1% gelatin (Sigma) in sterile water for 30 min at 37 °C. After removing the gelatin, 4-day spheroid was transferred into the plate cultured with 200ul/well medium supplemented with 2% FBS. Spheroids could adhere and migrate. Images were acquired at 0 h and 48 h using a stereomicroscope (Olympus, Shinjuku-ku, Tokyo, Japan) and analyzed by contrasting the area covered by migrating cells [26].

iTRAQ assay
iTRAQ-8plex labeling reagents (AB Sciex) were added to the peptide samples. And then the peptides were fractionated on a waters UPLC using a C18 column. The fraction was separated by Nano-HPLC (Eksigent Technologies) on the secondary RP analytical column (Eksigent, C18, 3 μm, 150mmx75μm). Peptides were subsequently analyzed by the mass spectrometer (QTOF 5600). For the data processing of iTRAQ experiments, protein identification and iTRAQ 8 plex quantification were performed with ProteinPilot4.5 software (AB Sciex).

MeDIP-sequencing
Genomic DNA of cells was purified, sonicated and then denatured. Denatured DNA was incubated with 5mC antibody (Active Motif) at 4 °C overnight. DNA-antibody complexes were captured by protein A/G beads (Santa Cruze). Harvested DNA was purified and sequenced followed by standard Illumina protocols. Read sequences were mapped to the human genome (hg38) using ELAND v2 in the CASAVA (Illumina, v1.6) package.

LC-MS/MS analysis
LC-MS/MS analysis Genomic DNA (8 μg) from cultured cells was digested with DNA Degradase Plus (Zymo Research) at 37 °C for 3 h. The dideoxycytidine (TCI) was added as an internal control. The digested samples were then subjected to LC-MS/MS analysis using a ShimazuLC (LC-20AB pump) system coupled with TSQ-Vantage triple quadrupole mass spectrometer (Thermo). A C18 column (250 mm × 2.1 mm I.D., 3 μm particle size, ULTIMATE) was used. The mass spectrometer was optimized and set up in selected reaction monitoring (SRM) scan mode for monitoring the [M + H+] of 5-mC (m/z 242.1 → 126.1), 5-hmC (258.1 → 142.1), 5-fC (256.1 → 140.1), 5-caC (272.1 → 156.1) and dideoxycytidine (212.1 → 112.1). The Analyst Software was used for analysis.

Xenograft assay
For detection of the ability of tumor initiation, diluted cells mixed with matrigel were subcutaneously implanted into the 4–6 weeks-old NOD SCID mice. Tumor formation was monitored each week. To evaluate the rate of inhibition of 5 Aza, 30 mg/kg 5 Aza was intraperitoneally injected into the nude mice when they burdened a tumor in almost the same volume for five times a week.

Methylated DNA immunoprecipitation sequencing data analysis
Sequencing adapters were removed and low-quality bases (quality < 20) were trimmed from the 5′ and 3′ ends of reads using an in-house Perl script. The obtained clean reads were then mapped to the human reference genome (hg38) using the default parameters of the BWA program (version 0.7.7). Peaks of MeDIP-seq were identified by MACS2, then we merge the peak of CSCs-SCR and CSCs-shOPN samples. Static the fragments of each samples in enriched regions. Then we identified differentially methylated regions refer to a previously published method of differentially expressed genes [27]. p values were adjusted by false discovery rate (FDR) for multiple tests. A threshold of FDR < 0.05 and fold change > 2 was applied.

Statistics analysis
All data are expressed as the mean ± standard deviation. Error bars represent ± standard deviation for triplicate experiments. The difference between groups was analyzed using Student t-test when comparing only two groups or one-way analysis of variance when comparing more than two groups. The level of significance was set at p < 0.05(*p < 0.05, **p < 0.01, ***p < 0.001).

                  Plasmids construction and transfection
                
The plasmids of OPN and DNMT1 were constructed as described in the Additional file 1.

                  Sphere formation
                
Sphere formation assay was assessed as detailed in the Additional file 1.

                  RNA isolation, Reverse-transcription, and quantitative PCR analysis
                
Quantitative PCR analysis (qPCR) were carried out as detailed in the Additional file 1.

                  Western blot assay
                
Whole cell lysis was produced by using RIPA buffer containing protease inhibitor. Western blot was performed as described in the Additional file 1.

                  Flow cytometry
                
Flow cytometry analysis was performed as described in the Additional file 1.

                  Dot blot assay
                
Genomic DNA was extracted by using phenol-chloroform and diluted into the same concentration. The detailed method was described in the Additional file 1.

                  Methylation-Specific PCR, MSP
                
Genomic DNA was isolated from the cells. MSP assay was done as described in the Additional file 1.


Results
OPN enhances the stemness of CD133+/CD44+ subgroup
CD133+/CD44+ cells had been approved to have stem/progenitor cell properties in HCC. Our previous studies have demonstrated that OPN is one of the leading genes that promote HCC metastasis [11, 12, 28]. By analyzing the data from The Cancer Genome Atlas (TCGA) database, OPN was found to be significantly correlated with the expression of CD133 and CD44 (Fig. 1a). Therefore, we focused on the function and regulation mechanism of OPN in CD133+/CD44+ subgroup of HCC.[image: A13046_2018_832_Fig1_HTML.png]
Fig. 1OPN regulates the properties of CD133+/CD44+ cells. a OPN was tightly correlated with the expression of CD133 and CD44 in the clinical samples (Data from TCGA). b The expression level of OPN during generation passaging. c OPN knockdown in CD133+/CD44+ cells decreased the number of sphere formation significantly, 100×, **, p < 0.01. d Knockdown of OPN impeded the migration on gelatin of CD133+/CD44+ cells. e Stemness-related genes were down-regulated by comparing with CD133+/CD44+ SCR and CD133+/CD44+ shOPN. f In vivo, 5000 cells of CD133+/CD44+ SCR and CD133+/CD44+ shOPN were subcutaneously implanted, shOPN delayed the emergency and slowed down the increase rate of tumor, *, p < 0.05 and ***, p < 0.001




We sorted CD133+/CD44+ cells from Huh7 by magnetic activated cell sorting (MACS). In this subgroup, the level of OPN was accumulated during generation passaging (Fig. 1b). Knockdown of OPN by shRNA (shOPN) significantly suppressed the abilities of sphere formation and migration of CD133+/CD44+ cells (Additional file 2: Figure S1, Fig. 1c, d), and down-regulated the key genes related to the pluripotency (OCT4, Nanog), stemness (CD133, CD44, CYP61) and EMT (beta-Catenin, Vimentin, N-cadherin, E-cadherin, ZO-1) (Fig. 1e). And it also dramatically delayed the in vivo tumor initiation and diminished the tumor sizes of CD133/CD44+ cells from Huh7 (Fig. 1f). Moreover, putting-back OPN recovered the sphere formation ability and the expression levels of the down-regulated genes in CD133+/CD44+ cells with shOPN separated from Huh7 (Additional file 2: Figure S2A, B). Comparable results were also observed in CD133+/CD44+ cells from Hep3B (Additional file 2: Figure S2 C, D, E, F, G and H).
In contrast, the sphere formation potential and the expression levels of the stemness-related genes were significantly elevated in CD133+/CD44+ subgroup from Huh7 with over expressed OPN (Additional file 2: Figure S3 A, B and C). And both the in vivo tumor formation latency and tumor size were closely correlated with OPN level of CD133+/CD44+ cells. Remarkably, CD133+/CD44+ cells with high-OPN generated tumors earlier and their tumor sizes were larger than the controls (Additional file 2: Figure S3 D). All these findings demonstrate that OPN plays important roles in enhancing the capacities of CD133+/CD44+ cells in HCC.

OPN knockdown reduces DNA methylation in CD133+/CD44+ subgroup
Many evidences show that OPN genetically enhances tumor growth and metastasis in HCC. Whether OPN had epigenetic function was still unknown. To examine if OPN was involved in the regulation of DNA methylation, we performed MeDIP-sequencing (MeDIP-seq) assay in HCC tissues, and found an increasing tendency in 5-methylcytosine (5mC) differentially modified peaks in HCCs with high OPN expression than that of low-OPN ones (Fig. 2a). And in CD133+/CD44+ cells, we also mapped genomic methylation changes by conducting MeDIP-seq of CD133+/CD44+ SCR and CD133+/CD44+ shOPN, and found a significantly decreased global DNA methylation in CD133+/CD44+ cells with shOPN compared with that of the control group (Fig. 2b). To further analyze MeDIP-seq data sets, the distribution of differentially methylated regions (DMRs) were mostly enriched in CpG island (CGI) rather than the retrotransposon elements (Fig. 2c). The CGIs comprise a substantial proportion of the genome and function as important modulators of host gene expression [29]. Detailed analysis on DMRs in CGIs revealed that knockdown of OPN in CD133+/CD44+ cells resulted in a distinct density pattern (Fig. 2d). With KEGG and GO analyses, differentially methylated genes were enriched in some key signaling pathways (Fig. 2e).[image: A13046_2018_832_Fig2_HTML.png]
Fig. 2MeDIP-seq analysis of OPN knockdown in CD133+/CD44+ cells. a Normalized 5mC tag density distribution across the genebody. Each gene was normalized to 0–100%. b The heatmap of differentially methylated tiles (left) and normalized 5mC tag density distribution (right) in CD133+/CD44+ cells with SCR or shOPN from Huh7 using MeDIP-seq. c Average percentile changes in methylation in the different elements. d Distribution of methylation density within retrotransposon elements. Red lines presented median values. e KEGG and GO analyses of MeDIP-seq in CD133+/CD44+ cells with SCR or shOPN




This was confirmed by dot blot assay and LC-MS/MS assay in CD133+/CD44+ subgroup isolated from Huh7 and Hep3B cells (Fig. 3a, b). In addition, we investigated DNA methylation in subcutaneous models of CD133+/CD44+ SCR and CD133+/CD44+ shOPN. Immunohistochemical (IHC) staining demonstrated that 5-methylcytosine (5mC) was down-regulated in subcutaneous tumor tissues from implantation models of CD133+/CD44+ shOPN compared with CD133+/CD44+ SCR. Accordingly, staining intensities for Ki67 were greatly decreased in tumor tissues from mice with subcutaneous HCC implantation of CD133+/CD44+ shOPN cells (Fig. 3c). RASSF1, GATA4 and CDKL2 were examples of differentially methylated genes (Additional file 2: Figure S4). OPN knockdown reduced methylation of these three genes using methylation-specific PCR (MSP) (Fig. 3d).[image: A13046_2018_832_Fig3_HTML.png]
Fig. 3OPN alters DNA methylation in CD133+/CD44+ cells. a The ratio of mC in total cytosine in CD133+/CD44+ cells with SCR or shOPN from Huh7 and Hep3B, *, p < 0.05. b Dot blot of DNA isolated from CD133+/CD44+ cells with SCR or shOPN from Huh7 and Hep3B probed with anti-5mC antibody. Quantified signal was normalized to total DNA as measured by methylene blue staining, *, p < 0.05. c IHC staining for 5mC and Ki67 in the tumor tissues formed by CD133+/CD44+ cells with SCR or shOPN from Huh7. d MeDIP-seq results of RASSF1, CDKL2 and GATA4 genes (up) and confirmation by MSP-PCR (low)




These data further support that OPN induces aberrations in genomic methylation of CD133+/CD44+ cells in HCC.

DNMT1 mediates OPN altering DNA methylation in CD133+/CD44+ subgroup
To elucidate the detailed molecular mechanisms of OPN in modulating DNA methylation, the proteome profiles of CD133+/CD44+ cells with shOPN and the control group were constructed by iTRAQ assay. In agreement with our observation in HCC tissues, ITA6 and EGFR were found to be significantly decreased in CD133+/CD44+ cells with shOPN (Fig. 4a). After statistical analysis, differentially expressed proteins were almost enriched to cellular growth and proliferation consistent with previous studies (Additional file 2: Figure S5A). Besides, some signaling pathways related to chromosome stability and regulating gene expression epigenetically were also enriched (Additional file 2: Figure S5B). Noticeably, DNMT1, an essential regulator maintaining both epigenetic reprogramming during DNA replication and genome stability, was identified by this mass spectrum data with an average of 1.5-fold down-expression in CD133+/CD44+ shOPN (Fig. 4a). Immunoblot and IHC results showed the expression of DNMT1 was decreased by OPN knockdown in CD133+/CD44+ cells (Fig. 4b). To confirm the alteration of genomic methylation caused by OPN-DNMT1 axis, DNMT1 over expression plasmid was induced into CD133+/CD44+ cells with shOPN from Huh7 and Hep3B. With dot blot assays and LC-MS/MS analysis, the effect of shOPN on DNA methylation was reversed by DNMT1 over expression in CD133+/CD44+ subgroup. (Fig. 4c-e).[image: A13046_2018_832_Fig4_HTML.png]
Fig. 4DNMT1 mediates OPN altering DNA methylation in CD133+/CD44+ cells. a Compared the protein file of CD133+/CD44+ SCR with that of CD133+/CD44+ shOPN sorted from Huh7, the top different proteins were picked up. b Using IHC and western blot, DNMT1 was down-regulated when knocking down OPN. c The ratio of mC in total cytosine in CD133+/CD44+ cells with SCR or shOPN/EV or shOPN/DNMT1 from Huh7 and Hep3B, *, p < 0.05, ns, no significance. d Dot blot of DNA isolated from CD133+/CD44+ cells with SCR or shOPN/EV or shOPN/DNMT1 from Huh7 and Hep3B probed with anti-5mC antibody. e Quantified signal was normalized to total DNA as measured by methylene blue staining, ns, no significance. f IHC analysis of histone 3 methyl marks, H3K4me3, H3K9me3 and H3K27me3 in the tumor tissues formed by CD133+/CD44+ cells with SCR or shOPN from Huh7




Meanwhile, there was no significant change in expression levels of H3K4me3, H3K9me3 and H3K27me3, which excluded the function of histone methylation on gene expression (Fig. 4f). That means OPN mainly induced aberrant DNA methylation by regulating DNMT1 expression.

OPN knockdown decreases the stemness of CD133+/CD44+ subgroup through down-regulating DNMT1
As DNMT1 is essential for tumorigenesis and stemness maintenance, we postulated that OPN might modulates the properties of CD133+/CD44+ cells through DNMT1. The potential of sphere formation could be rescued by introduction of DNMT1 in CD133+/CD44+ cells with shOPN (Fig. 5a, Additional file 2: Figure S6A). In addition, the downstream of DNMT1 including E-cadherin and GATA4 were significantly changed after knocking down OPN in CD133+/CD44+ cells sorted from Huh7 (Additional file 2: Figure S7 A, B). And as the key downstream effectors of OPN for cancer stemness [30, 31], the expression levels of BMI1 and HIF1α were increased when DNMT1 was up-regulated in CD133+/CD44+ cells with shOPN (Fig. 5b). To further confirm these findings, we treated OPN-up-regulated CD133+/CD44+ cells with 5 Aza and found it could neutralize the increased sphere formation of CD133+/CD44+ cells induced by OPN over expression (Fig. 5c), as did by blockade of DNMT1 (Fig. 5d).[image: A13046_2018_832_Fig5_HTML.png]
Fig. 5OPN modulates the properties of CD133+/CD44+ cells through regulating DNMT1. a When CD133+/CD44+ cells with shOPN was transfected with DNMT1 from Huh7 and Hep3B, the ability of sphere forming was rescued compared to the shOPN group, 40X. b The expression of indicated genes down regulated in CD133+/CD44+ cells from Huh7 and Hep3B transfected with shOPN compared to the control, were reversed in part by DNMT1 transfection. c The number of spheres formed by CD133+/CD44+ cells with EV, CD133+/CD44+ cells with OPN and CD133+/CD44+ cells with OPN treated by 5 Aza, **, p < 0.01, ***, p < 0.001. d The number of spheres formed by CD133+/CD44+ cells with EV/SCR, CD133+/CD44+ cells with OPN/SCR and CD133+/CD44+ cells with OPN/shDNMT1, **, p < 0.01. e CD133+/CD44+ SCR/EV, CD133+/CD44+ shOPN/EV and CD133+/CD44+ cells shOPN/DNMT1 from Huh7 were injected subcutaneously into the mice, and recorded the time of tumor initiation, tumor weight and tumor volume, **, p < 0.01, ***, p < 0.001, NS, no significance. f IHC staining of stemness-related markers, OCT4 and Nanog in the tumor tissues derived from CD133+/CD44+ cells with SCR/EV or shOPN/EV or shOPN/DNMT1




To further determine the in vivo effect of DNMT1 on the increased stemness of OPN-over expressed HCC, CD133+/CD44+ cells with SCR/EV, CD133+/CD44+ cells with shOPN/EV and CD133+/CD44+ cells with shOPN/DNMT1 were subcutaneously implanted into NOD SCID mice. No significant difference was found in tumor initiation and the formed tumor sizes between CD133+/CD44+ cells with shOPN/DNMT1 and those with SCR/EV (Fig. 5e). And the expression of stemness markers, OCT4 and Nanog, which were down-regulated in tumor tissues from the subcutaneous implantation models of CD133+/CD44+ cells with shOPN/EV, were partly rescued by introduction of DNMT1 (Fig. 5f). Moreover, it is very interesting that OPN related tightly to DNMT1 only in the tumor tissue with grade four and macro vascular invasion in TCGA database (Additional file 2: Figure S7C). Further, we evaluated the association between OPN and DNMT1 in HCC tissues. Western blot and IHC showed that OPN expression was positively correlated with DNMT1 expression (Fig. 6a, b). Based on the expression of OPN and DNMT1, Kaplan-Meier analysis showed that patients with low OPN and high or low DNMT1 expression had no difference in prognosis (Fig. 6c). But patients with both high OPN and high DNMT1 expression had the shorter overall survival times (OS) than those with high OPN and low DNMT1 (Fig. 6d). Collectively, these data suggest that the OPN-DNMT1 signaling pathway promoted HCC stemness.[image: A13046_2018_832_Fig6_HTML.png]
Fig. 6Prognostic significance of OPN and DNMT1 in HCC tissues. a Western blot analyses of OPN and DNMT1 in the HCC tissues. b The association between the expression of OPN and DNMT1 in HCC tissues. c Kaplan-Meier survival analysis of HCC tissues according to high OPN and high or low DNMT1 expression levels





HCCs with high OPN are more sensitive to DNMT1 inhibitor, 5 Aza
5 Aza, a specific inhibitor of DNMT1, can lead to a reduction in DNA methylation and activation of transcriptionally silenced genes [32]. We sought to evaluate the functional implications of OPN expression in tumor sensitivity towards 5 Aza treatment of HCCs. 5 Aza treatment, even at a minimal dosage, could markedly suppress the sphere formation of CD133+/CD44+ cells with up-regulated OPN (Fig. 7a), and knockdown of OPN significantly diminished the sensitivity of CD133+/CD44+ cells to 5 Aza treatment (Additional file 2: Figure S8A). In addition, we further evaluated the effect of 5Aza treatment in three primary cell lines derived from HCC tissues with high or low OPN (Fig. 7b). CD133+/CD44+ cells from high-OPN tissues were more sensitive to 5 Aza than the other two with lower OPN (Fig. 7c, d). Moreover, in subcutaneous implantation nude mice models, 5 Aza induced a higher inhibition rate on tumor growth of CD133+/CD44+ cells with high-OPN compared with the low-OPN controls (Fig. 8a). These indicate that OPN is closely related to the sensitivity of CD133+/CD44+ cells to 5Aza.[image: A13046_2018_832_Fig7_HTML.png]
Fig. 7HCCs with high OPN are more sensitive to DNMT1 inhibitor, 5 Aza, in vitro. a The inhibition rate of 5 Aza in CD133+/CD44+ cells with EV or OPN from Hep3B and Huh7, 200×. b Immunoblot analysis of DNMT1 and OPN in the lysates from primary HCC cells. c IC50 values of three primary HCC cells. d The inhibition rate of 5 Aza in CD133+/CD44+ cells from primary HCC cells, 200×, *, p < 0.05



[image: A13046_2018_832_Fig8_HTML.png]
Fig. 8HCCs with high OPN are more sensitive to DNMT1 inhibitor, 5 Aza, in vivo. a Volume of subcutaneous tumors derived from Huh7 cells and CD133+/CD44+ cells with EV or OPN isolated from Huh7 treated with PBS or 5 Aza (left), and body weight of mice with subcutaneous implantation of Huh7 cells and CD133+/CD44+ cells with EV or OPN (right). b Two HCC primary xenograft models treated with PBS or 5 Aza. Tumor size and volume between the PBS-treated and 5 Aza-treated tumors, **, p < 0.01, ***, p < 0.001. c-d A mean tumor volume ratio (PBS:5 Aza) and a mean tumor mass ratio (PBS:5 Aza) were seen in PDTX, *, p < 0.05, ***, p < 0.001. (E) IHC staining of DNMT1 and Ki67 in the subcutaneous tumor tissues from HCC primary xenograft models treated with PBS or 5 Aza




To further confirm that DNMT1 inhibitor could offer therapeutic benefit to HCC patients with high OPN, we established two HCC primary xenograft (PDX) models. Tissue sections from these models were characterized using IHC analysis for OPN (Additional file 2: Figure S8B). They were subjected to the same 5 Aza treatment as subcutaneous implantation models. PDTX#2 from high OPN HCC showed a remarkable tumor-suppressive response to 5 Aza (Fig. 8b). In contrast, the tumor volume in PDTX#1 from low-OPN HCC was still increased moderately after 5 Aza treatment. Comparing with the PBS controls, in the 5 Aza-treatment group, the differences in both the mean tumor volume ratio (Fig. 8c) and mean tumor mass ratio (Fig. 8d) were greater in PDTX#2 than PDTX#1. And a greater reduction of Ki67 protein was found in PDTX#2 after 5 Aza treatment (Fig. 8e).


Discussion
High probabilities of metastatic relapse and drug resistance remain the major obstacle to further prolong the survival of patients with HCC [33]. CD133+ and CD44+ were proposed to be markers of tumor-initiating cells (TICs) in liver cancers [34]. Targeting TICs may provide a practical approach for cancer treatment [35]. Many clinical trials and pre-clinical studies that specifically target TICs are under processing [36]. Acyclic retinoid (ACR), a selective chemopreventive agent, selectively cleared MYCN+ liver CSCs [37]. However, great breakthrough may be arduous to achieve for the dynamics and biomarkers uncertainty of HCC CSCs. Therefore, it is crucial to uncover the biology and phenotype regulation of CD133+/CD44+ subgroup in HCC.
OPN had been reported to be highly expressed in cancer stem cells and its secreted form regulated the self-renewal of cancer stem cells genetically. Cancer stem cells are able to undergo self-renewing division and differentiate into other kinds of cells [38]. With these properties of malignancy, cancer stem cells display phenotypical and functional heterogeneity accounting for therapeutic refractoriness and tumor dormancy [39]. Cancer stem cells were often distinguished and sorted by relevant specific biomarkers. The heterogeneity of CSCs is universal. CD44 has been reported to be marker of CSCs in many tumors. Ectopic expression of CD44v6 in colorectal CSCs by activating the Wnt/β-catenin pathway, promotes migration and metastasis. However, in gastric cancer, CD44v8–10 enriched at the invasive front attenuates redox-stress-induced canonical Wnt activation [40, 41]. The plasticity of CSCs depends on the cancer types and cell context. In this work, CD133+/CD44+ cells were approved to have the properties of cancer stem cells as reported. We found that OPN could enhance the self-renewal of CD133+/CD44+ cells via regulating DNMT1. Therefore, apart from the secreted form, intracellular OPN also contributes to the stemness of CD133+/CD44+ cells.
Aberrations in DNA methylation patterns contribute to cancer pathogenesis and malignancy, usually with a global DNA hypomethylation and local hypermethylation at specific tumor suppressor genes or differentiation-related genes. Abnormal DNA methylation at the 5 position of cytosine (5mC) is a well-known epigenetic feature of cancer [42]. Meanwhile, epigenetic transcriptional regulation is also crucial in the development and maintenance of cancer stem cells. However, whether OPN affected DNA methylation remained unknown. Using MeDIP-seq, we found that OPN altered DNA methylation landscape of CD133+/CD44+ cells via regulating the expression of DNMT1, a key enzyme of DNA methylation. With aberrant DNA hypermethylation due to low expression of DNMT1, the expressions of some tumor suppressors, involving genes aberrantly methylated in HCC and those as drivers of other cancers, were significantly up-regulated, which could break down the balance of self-renewal and differentiation of CD133+/CD44+ cells. Considering that epigenetic alteration precedes gene expression, OPN-induced differentially methylated genes are speculated to have strong potential as epigenetic biomarkers for cancer diagnosis, prognostication and therapeutic interventions. Collectively, these demonstrate that OPN induces genome-wide methylome alterations. This may be a mechanism exploited by OPN to enhance the stemness of CD133+/CD44+ cells via methylome reprogramming to antagonize apoptosis or differentiation.
When TICs are eradicated thoroughly by targeting the abnormally activated signaling pathways or protein, tumor can be possibly cured [43]. Targeting OPN can be a strategy for elimination of CD133+/CD44+ subgroup. Our lab has reported that neutralizing antibody to OPN can inhibit the in vitro invasion and in vivo lung metastasis of highly metastatic HCC cells. And microRNA against OPN led to an obvious inhibition of both in vitro invasion and in vivo lung metastasis of HCC-LM3 cells [11]. But OPN-specific inhibitory compounds are not available yet. Thus, there is no ideal targeting therapeutic strategy. We have to explore an alternative strategy that indirectly targets OPN by the signaling cascade components, leading to OPN-dependent HCC stemness. DNMT1 can be an ideal subrogation of targeting OPN in terms of the epigenetic therapeutic strategy. We found that CD133+/CD44+ cells with high OPN expression up-regulated DNMT1, which made CD133+/CD44+ cells more sensitive to DNMT1 inhibitor, 5Aza. This work also provides an evidence that 5 Aza can be used to treat CD133+/CD44+ cells from solid tumor and HCC cells with high OPN expression. However, DNMT1 has been reported to be with multiple functions. High DNMT1 was related with a dismal prognosis of HCC patients. However, some else reports demonstrated that low DNMT1 contributed to the stemness of cancer stem cell-like cells and treatment with 5 Aza in HCC cells could increase the number of cancer stem cell-like cells [44]. The real reason of the controversial results is not clear, and the possible mechanisms involved deserve further investigation. In a recent report, 5 Aza in combination with alendronate could reduce the dose of 5 Aza [45], and the combination of 5 Aza and HDAC inhibitors result in a better curative effect in mouse model. Our findings at least in part support that 5 Aza can be used to treat HCC, especially for those with OPN over-expression.

Conclusions
Based on both in vitro and in vivo studies, OPN is proved to induce methylome reprogramming to enhance the stemness of CD133+/CD44+ cells and provides the therapeutic benefits to DNMT1 targeting treatment. Our findings reveal that OPN-DNMT1 axis plays important roles in the regulation of stemness through modulating DNA methylation of CD133+/CD44+ cells. These implicate OPN as a promising indicator for HCC treatment with 5 Aza.

Acknowledgements
We thank Lei Zhang and Guoquan Yan from Biomedical Core Facility, Fudan University, for technical support.
Funding
This work was supported by China National Natural Science Foundation (81372647, 81672820, 81772563), the National Key Basic Research Program of China (2013CB910500), the National Key Research and Development Program of China (2017YFC1308604) and China National Key Projects for Infectious Disease (2012ZX10002–012).

Availability of data and materials
The datasets supporting the conclusions of this article are included within the article and its additional files.


Authors’ contributions
X-MG and JY performed the experiments, analyzed the data and prepared the manuscript. Y-YS and C-QW aided the data analysis and manuscript preparation. YZ contributed to IHC. ZZ and H-TS helped with xenograft assay. S-CY and XW contributed data from TCGA analysis. K-LZ, YZ, QL, YZ and YZ contributed data analysis. RZ conducted dot blot assay. X-XY and J-WW contributed RT-PCR assay. PQ performed MACS assay. Q-ZD supervised the project. L-XQ conceived the idea, designed and supervised the study, analyzed the data, prepared and revised the manuscript. All authors read and approved the final manuscript.

Ethics approval and consent to participate
All animal experiments were performed in compliance with the Guide for the Care and Use of Laboratory Animals (Nation-al Academies Press, 2011) and were approved by The Animal Care and Use Committee of Fudan University, China. Clinical samples were collected from these patients after obtaining informed consent according to an established protocol approved by the Ethics Committee of Fudan University (Shanghai, China). All cell lines used here are available at ATCC.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

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


[image: Creative Commons]Open AccessThis article is distributed under the terms of the Creative Commons Attribution 4.0 International License (http://​creativecommons.​org/​licenses/​by/​4.​0/​), which permits unrestricted use, distribution, and reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, and indicate if changes were made. The Creative Commons Public Domain Dedication waiver (http://​creativecommons.​org/​publicdomain/​zero/​1.​0/​) applies to the data made available in this article, unless otherwise stated.

References
1.
GP Gupta JM. Cancer metastasis: building a framework. CELL. 2006;127(4):679–95.Crossref

2.
Jordan CT, Guzman ML, Noble M. Cancer stem cells. N Engl J Med. 2006;355:1253–61.CrossrefPubMed

3.
Reya T, Morrison SJ, Clarke MF, Weissman IL. Stem cells, cancer, and cancer stem cells. NATURE. 2001;414:105–11.

4.
Tang KH, Ma S, Lee TK, Chan YP, Kwan PS, Tong CM, Ng IO, Man K, To KF, Lai PB, et al. CD133(+) liver tumor-initiating cells promote tumor angiogenesis, growth, and self-renewal through neurotensin/interleukin-8/CXCL1 signaling. HEPATOLOGY. 2012;55:807–20.CrossrefPubMed

5.
Takaishi S, T Okumura ST, Wang SS, Shibata W, Vigneshwaran R, Gordon SA, Shimada Y, Wang TC. Identification of gastric cancer stem cells using the cell surface marker CD44. Stem Cells. 2009;27:1006–20.CrossrefPubMedPubMedCentral

6.
Hou Y, Zou Q, Ge R, Shen F, Wang Y. The critical role of CD133(+) CD44(+/high) tumor cells in hematogenous metastasis of liver cancers. Cell Res. 2012;22:259–72.CrossrefPubMed

7.
Ajani JA, Song S, Hochster HS, Steinberg IB. Cancer stem cells: the promise and the potential. Semin Oncol. 2015;42(Suppl 1):S3–17.

8.
Takebe N, Harris PJ, Warren RQ, Ivy SP. Targeting cancer stem cells by inhibiting Wnt, notch, and hedgehog pathways. Nat Rev Clin Oncol. 2011;8:97–106.CrossrefPubMed

9.
Khan IN, Al-Karim S, Bora RS, Chaudhary AG, Saini KS. Cancer stem cells: a challenging paradigm for designing targeted drug therapies. Drug Discov Today. 2015;20(10):1205–16.CrossrefPubMed

10.
Plaks V, Kong N, Werb Z. The cancer stem cell niche: how essential is the niche in regulating stemness of tumor cells? Cell Stem Cell. 2015;16:225–38.CrossrefPubMedPubMedCentral

11.
Sun BS, Dong QZ, Ye QH, Sun HJ, Jia HL, Zhu XQ, Liu DY, Chen J, Xue Q, Zhou HJ, et al. Lentiviral-mediated miRNA against osteopontin suppresses tumor growth and metastasis of human hepatocellular carcinoma. HEPATOLOGY. 2008;48:1834–42.CrossrefPubMed

12.
Ye QH, Qin LX, Forgues M, He P, Kim JW, Peng AC, Simon R, Li Y, AI Robles YC, et al. Predicting hepatitis B virus-positive metastatic hepatocellular carcinomas using gene expression profiling and supervised machine learning. Nat Med. 2003;9:416–23.CrossrefPubMed

13.
Yoshida GJ. Emerging role of epithelial-mesenchymal transition in hepatic cancer. J Exp Clin Cancer Res. 2016;35:141.CrossrefPubMedPubMedCentral

14.
Dong Q, Zhu X, Dai C, Zhang X, Gao X, Wei J, Sheng Y, Zheng Y, J Y, Xie L, et al. Osteopontin promotes epithelial-mesenchymal transition of hepatocellular carcinoma through regulating vimentin. ONCOTARGET. 2016;7:12997–3012.PubMedPubMedCentral

15.
Stier S, Ko Y, Forkert R, Lutz C, Neuhaus T, Grunewald E, Cheng T, Dombkowski D, Calvi LM, Rittling SR, Scadden DT. Osteopontin is a hematopoietic stem cell niche component that negatively regulates stem cell pool size. J Exp Med. 2005;201:1781–91.CrossrefPubMedPubMedCentral

16.
Takafuji V, Forgues M, Unsworth E, Goldsmith P, Wang XW. An osteopontin fragment is essential for tumor cell invasion in hepatocellular carcinoma. ONCOGENE. 2007;26:6361–71.CrossrefPubMed

17.
Cao L, Fan X, Jing W, Liang Y, Chen R, Liu Y, Zhu M, Jia R, Wang H, Zhang X, et al. Osteopontin promotes a cancer stem cell-like phenotype in hepatocellular carcinoma cells via an integrin-NF-kappaB-HIF-1alpha pathway. ONCOTARGET. 2015;6:6627–40.PubMedPubMedCentral

18.
Pietras A, Katz AM, Ekstrom EJ, Wee B, Halliday JJ, Pitter KL, Werbeck JL, Amankulor NM, Huse JT, Holland EC. Osteopontin-CD44 signaling in the glioma perivascular niche enhances cancer stem cell phenotypes and promotes aggressive tumor growth. Cell Stem Cell. 2014;14:357–69.CrossrefPubMedPubMedCentral

19.
Todaro M, Gaggianesi M, Catalano V, Benfante A, Iovino F, Biffoni M, Apuzzo T, Sperduti I, Volpe S, Cocorullo G, et al. CD44v6 is a marker of constitutive and reprogrammed cancer stem cells driving colon cancer metastasis. Cell Stem Cell. 2014;14:342–56.CrossrefPubMed

20.
Marquardt JU, Factor VM, Thorgeirsson SS. Epigenetic regulation of cancer stem cells in liver cancer: current concepts and clinical implications. J Hepatol. 2010;53:568–77.CrossrefPubMedPubMedCentral

21.
Wang Y, Cardenas H, Fang F, Condello S, Taverna P, Segar M, Liu Y, KP Nephew DM. Epigenetic targeting of ovarian cancer stem cells. Cancer Res. 2014;74:4922–36.CrossrefPubMedPubMedCentral

22.
Kottakis F, BN Nicolay A, Roumane R, Karnik HG, JM Nagle MB, Hayward MC, YY Li TC, et al. LKB1 loss links serine metabolism to DNA methylation and tumorigenesis. NATURE. 2016;539:390–5.CrossrefPubMedPubMedCentral

23.
Zagorac S, Alcala S, Fernandez BG, Bou KT, Schoenhals M, Gonzalez-Neira A, Fernandez FM, Aicher A, Sainz B, Heeschen C. DNMT1 inhibition reprograms pancreatic cancer cells via upregulation of the miR-17-92 cluster. Cancer Res. 2016;76(15):4546–58.

24.
Pathania R, Ramachandran S, Elangovan S, Padia R, Yang P, Cinghu S, Veeranan-Karmegam R, Arjunan P, Gnana-Prakasam JP, Sadanand F, et al. DNMT1 is essential for mammary and cancer stem cell maintenance and tumorigenesis. Nat Commun. 2015;6:6910.CrossrefPubMedPubMedCentral

25.
Cowan LA, Talwar S, Yang AS. Will DNA methylation inhibitors work in solid tumors? A review of the clinical experience with azacitidine and decitabine in solid tumors. EPIGENOMICS-UK. 2010;2:71–86.Crossref

26.
Vinci M, Gowan S, Boxall F, Patterson L, Zimmermann M, Court W, Lomas C, Mendiola M, Hardisson D, Eccles SA. Advances in establishment and analysis of three-dimensional tumor spheroid-based functional assays for target validation and drug evaluation. BMC Biol. 2012;10:29.CrossrefPubMedPubMedCentral

27.
Audic S, Claverie JM. Detection of eukaryotic promoters using Markov transition matrices. Comput Chem. 1997;21:223–7.CrossrefPubMed

28.
Dong QZ, Zhang XF, Zhao Y, Jia HL, Zhou HJ, Dai C, HJ Sun YQ, Zhang WD, Ren N, et al. Osteopontin promoter polymorphisms at locus −443 significantly affect the metastasis and prognosis of human hepatocellular carcinoma. HEPATOLOGY. 2013;57:1024–34.CrossrefPubMed

29.
MN Ndlovu H, Denis FF. Exposing the DNA methylome iceberg. Trends Biochem Sci. 2011;36:381–7.

30.
Raja R, Kale S, Thorat D, Soundararajan G, Lohite K, Mane A, Karnik S, Kundu GC. Hypoxia-driven osteopontin contributes to breast tumor growth through modulation of HIF1alpha-mediated VEGF-dependent angiogenesis. ONCOGENE. 2014;33:2053–64.CrossrefPubMed

31.
Li NY, Weber CE, Wai PY, Cuevas BD, Zhang J, PC Kuo ZM. An MAPK-dependent pathway induces epithelial-mesenchymal transition via twist activation in human breast cancer cell lines. SURGERY. 2013;154:404–10.CrossrefPubMed

32.
Azad N, Zahnow CA, Rudin CM, Baylin SB. The future of epigenetic therapy in solid tumours--lessons from the past. Nat Rev Clin Oncol. 2013;10:256–66.CrossrefPubMedPubMedCentral

33.
Worns MA, Galle PR. HCC therapies--lessons learned. Nat Rev Gastroenterol Hepatol. 2014;11:447–52.CrossrefPubMed

34.
Zhu Z, Hao X, Yan M, Yao M, Ge C, J G, Li J. Cancer stem/progenitor cells are highly enriched in CD133+CD44+ population in hepatocellular carcinoma. Int J Cancer. 2010;126:2067–78.CrossrefPubMed

35.
Chiba T, Iwama A, Yokosuka O. Cancer stem cells in hepatocellular carcinoma: therapeutic implications based on stem cell biology. Hepatol Res. 2016;46:50–7.CrossrefPubMed

36.
Kaiser J. The cancer stem cell gamble. SCIENCE. 2015;347:226–9.CrossrefPubMed

37.
XY Qin H, Suzuki M, Honda H, Okada S, Kaneko I, Inoue E, Ebisui K, Hashimoto P, Carninci KK, et al. Prevention of hepatocellular carcinoma by targeting MYCN-positive liver cancer stem cells with acyclic retinoid. Proc Natl Acad Sci U S A. 2018;115:4969–74.Crossref

38.
Beck B, Blanpain C. Unravelling cancer stem cell potential. Nat Rev Cancer. 2013;13:727–38.CrossrefPubMed

39.
Visvader JE, Lindeman GJ. Cancer stem cells in solid tumours: accumulating evidence and unresolved questions. Nat Rev Cancer. 2008;8:755–68.CrossrefPubMed

40.
Yoshida GJ, Saya H. Inversed relationship between CD44 variant and c-Myc due to oxidative stress-induced canonical Wnt activation. Biochem Biophys Res Commun. 2014;443:622–7.CrossrefPubMed

41.
GJ Yoshida Y, Fuchimoto T, Osumi H, Shimada S, Hosaka H, Morioka M, Mukai Y, Masugi M, Sakamoto TK. Li-Fraumeni syndrome with simultaneous osteosarcoma and liver cancer: increased expression of a CD44 variant isoform after chemotherapy. BMC Cancer. 2012;12:444.Crossref

42.
CG Lian YX, Ceol C, F W, Larson A, Dresser K, W X, Tan L, Y H, Zhan Q, et al. Loss of 5-hydroxymethylcytosine is an epigenetic hallmark of melanoma. CELL. 2012;150:1135–46.Crossref

43.
Zhou G, Wilson G, George J, Qiao L. Targeting cancer stem cells as a therapeutic approach in liver cancer. CURR GENE THER. 2015;15:161–70.CrossrefPubMed

44.
Raggi C, Factor VM, Seo D, Holczbauer A, Gillen MC, Marquardt JU, Andersen JB, Durkin M, Thorgeirsson SS. Epigenetic reprogramming modulates malignant properties of human liver cancer. HEPATOLOGY. 2014;59:2251–62.CrossrefPubMedPubMedCentral

45.
Ilyas A, Hashim Z, Zarina S. Effects of 5′-azacytidine and alendronate on a hepatocellular carcinoma cell line: a proteomics perspective. Mol Cell Biochem. 2015;405:53–61.CrossrefPubMed




