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Abstract

:

Tumors are intricate ecosystems where cancer cells and non-malignant stromal cells, including cancer-associated fibroblasts (CAFs), engage in complex communication. In this study, we investigated the interaction between poorly (HLE) and well-differentiated (HuH7) hepatoma cells and LX2 fibroblasts. We explored various communication channels, including soluble factors, metabolites, extracellular vesicles (EVs), and miRNAs. Co-culture with HLE cells induced LX2 to produce higher levels of laminin β1, type IV collagen, and CD44, with pronounced syndecan-1 shedding. Conversely, in HuH7/LX2 co-culture, fibronectin, thrombospondin-1, type IV collagen, and cell surface syndecan-1 were dominant matrix components. Integrins α6β4 and α6β1 were upregulated in HLE, while α5β1 and αVβ1 were increased in HuH7. HLE-stimulated LX2 produced excess MMP-2 and 9, whereas HuH7-stimulated LX2 produced excess MMP-1. LX2 activated MAPK and Wnt signaling in hepatoma cells, and conversely, hepatoma-derived EVs upregulated MAPK and Wnt in LX2 cells. LX2-derived EVs induced over tenfold upregulation of SPOCK1/testican-1 in hepatoma EV cargo. We also identified liver cancer-specific miRNAs in hepatoma EVs, with potential implications for early diagnosis. In summary, our study reveals tumor type-dependent communication between hepatoma cells and fibroblasts, shedding light on potential implications for tumor progression. However, the clinical relevance of liver cancer-specific miRNAs requires further investigation.
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1. Introduction


Cancer is a complex organization, an ecosystem of tumor cells surrounded by stromal components. The stroma is built up by non-tumorous cells like fibroblasts, inflammatory cells, and blood vessels, all embedded in extracellular matrix [1,2]. In the last 15 years, it became evident that these stromal components are all but innocent bystanders in the development and progression of malignant disease [3]. They can produce cytokines and growth factors, secrete matrix proteins, and feed the tumor cells [4,5]. In the end, they collectively create a microenvironment that fosters the growth and invasion of tumor cells.



However, there seems to be no general pattern that characterizes this microenvironment in every tumor [2]. The stroma is highly variable and specific for each particular tumor type and largely influences the success of cancer treatment [6]. Hence, to improve the efficacy of cancer management we must unravel the secrets of the tumor microenvironment.



Carcinogenesis is a multistep process initiated by genetic or epigenetic injuries of genes implicated in cell cycle regulation. But as prospective cancer cells undergo a gradual progression, so does the host microenvironment [7]. Thus, when Hanahan’s classical concept of carcinogenesis underwent revision and mechanisms that do not implicate genetic alterations were added as new hallmarks [8], epigenetic alteration of the tumor microenvironment was one of them, along with the role of the microbiome and cellular senescence.



The cellular components of the tumor stroma include endothelial cells and pericytes of preexisting or neoangiogenic blood vessels as well as tumor-associated fibroblasts. Although the latter most frequently originate from normal fibroblasts, several other cell types such as stromal cells of the bone marrow [9], pericytes, and hepatic or pancreatic stellate cells can transform into cancer-associated fibroblasts (CAF). This implies that CAF constitutes a heterogeneous cell population with properties depending on the cellular origin and localization in the body [10]. It is still debated whether different CAFs are different types of cells or if they specialize to different functions as a result of their plasticity [11,12,13]. However, irrespective of their origin, they become active participants in the tumor stroma which contribute to tumor progression in a variety of ways. By secreting collagens, fibronectin, and hyaluronic acid they modulate the stiffness of the tumor matrix; by synthesizing TGF-beta they contribute to the epithelial-to-mesenchymal transition (EMT), facilitate the upregulation of SMAD, and activate cytokines such as CXCL12. Moreover, by providing lactate and other metabolites to proliferating tumor cells, they effectively regulate the intermediate metabolism of the cells [1,10].



The tumor stroma typically also contains representative cell types of the innate and adaptive immune system. Whereas the innate immune system tends to promote tumorigenesis via inflammation and angiogenesis [14], adaptive immunity is poised towards hampering tumor progression through the action of dendritic cells and T cells [15]. In the realm of innate immunity, there exists the potential for harnessing its capabilities in the fight against immune evasion [16].



This in vitro study focuses on the communication of two hepatoma cell lines with the immortalized LX2 fibroblast cells. One key inquiry pertains to the rationale guiding the selection of specific signaling pathways and proteins for investigation. This decision was made with the aim of shedding light on fundamental aspects of hepatocellular carcinoma (HCC) progression. The signaling pathways and proteins chosen are known to play crucial roles in regulating key processes such as cell proliferation, matrix remodeling, and intercellular communication in hepatocellular carcinoma. In this study, we aimed to explore the intricate communication channels between poorly (HLE) and well-differentiated (HuH7) hepatoma cells and LX2 fibroblasts, mimicking the tumor microenvironment in vitro. Through a comprehensive examination of secreted soluble factors, metabolites, extracellular vesicles (EVs), and miRNAs, we aim to elucidate the tumor type-dependent communication network that underlies HCC progression. These findings have the potential to inform therapeutic strategies and may open new avenues for early diagnosis and intervention.




2. Results


2.1. Morphology, Proliferation, and Invasion of HLE and HuH7 Hepatoma Cell Lines and LX2 Liver Fibroblast Cells


Characterization of the two hepatoma cell lines revealed that HLE consists of fast-growing dedifferentiated cells, in contrast with HuH7 cells that are more differentiated and grow slower (Figure 1 and Figure 2). Both hepatoma cell lines expressed vimentin and α-smooth muscle actin (α SMA) and HLE was negative for cytokeratin (Figure 1a,b).



The proliferation rate of HLE and LX2 cells was high, with the number of cells increasing more than eightfold within four days (Figure 1c); as a contrast, HuH7 cells only doubled within the same time interval and displayed modest proliferation (Figure 1c). The conditioned medium of LX2 cells did not further promote the proliferation of HLE cells (Figure 1c), whereas compared to control HuH7 cells that started to decline after 72 h, HuH7 cells growing in the LX2 medium continued to proliferate until the end of the experiment. However, it is important to note that this difference was not statistically significant (Figure 1c).



HLE and LX2 cells, but not HuH7, were able to migrate through the Boyden chamber when attracted by Matrigel (Figure 2a). Although all three cell lines were active in the wound healing assay, only HLE closed the wound within 24 h. LX2 immortalized liver fibroblasts retained their fibroblast phenotype (Figure 2b).




2.2. Crosstalk between Hepatoma Cells and LX2 via Soluble Mediators Mutually Modulates Signal Transduction and Downregulates Cyclin-Dependent Kinase Inhibitor p21


An undiluted conditioned medium of LX2 cells was applied to HLE and HuH7 cells, and conversely, the conditioned media of hepatoma cells was applied to LX2. After 2 days of treatment, the effect on the expression of regulatory proteins was assessed (Figure 3). Control HLE and HuH7 cell lines were grown in DMEM containing 10% (v/v) fetal calf serum. In both HLE and HuH7 cells, the LX2-conditioned medium increased activating phosphorylation of ERK1/2, Akt, and NF-κB as well as inhibitory phosphorylation of GSK3-α/β. In the case of β-catenin, it increased in HuH7 cells and decreased in HLE cells in response to the LX2-conditioned medium. The latter change was accompanied by the activation of β-catenin in HuH7 but not in HLE. In the reciprocal setup, the conditioned media of hepatoma cell lines activated ERK1/2, Akt(T308), and GSK3-α/β but downregulated β-catenin and NF-κB. LX2-conditioned medium suppressed the expression of the CDK inhibitor p21 in both hepatoma cell lines (Figure 4), albeit only marginally in the more aggressive HLE cells where baseline expression of p21 was low to start with.




2.3. Contact Co-Culture of Hepatomas and Fibroblasts Alters the Expression of ECM Proteins


Hepatomas and LX2 cells were grown alone or in contact co-culture and ECM proteins were quantified in the media of single cultures and co-cultures (Figure 5). HLE alone secreted a modest amount of laminin-β1 and it facilitated laminin secretion of LX2 cells when grown in co-culture, which resulted in high amounts of laminin in the co-culture medium. On the other hand, isolated HuH7 cells secreted hardly any laminin-β1; thus, laminin in the co-culture medium was likely derived from LX2 cells.



HLE in isolation did not secrete fibronectin; thus, all fibronectin in the co-culture medium was likely secreted by LX2 cells. HuH7 cells, as a contrast, displayed autonomous secretion of fibronectin, contributing to the high total amount of fibronectin jointly produced by HuH7 and LX2 in the co-culture. HLE, but not HuH7, secreted a considerable amount of CD44 into the culture medium, which increased further in the medium of co-culture. Only low amounts of thrombospondin were secreted by any of the cell cultures alone but the same amount was abundant in the HuH7/LX2 co-culture medium. LX2, but neither HLE nor HuH7, secreted type IV collagen, and all cell cultures shed syndecan-1 into the culture media.




2.4. Expression of Matrix Metalloproteases (MMPs) Is Enhanced by Co-Culturing Hepatoma Cells with LX2 Fibroblasts


Matrix metalloproteases secreted into the supernatants of single cultures and co-cultures were detected by zymography. Pro-MMP-2 was the dominant protease in HLE cells whereas LX2 expressed more pro-MMP-9. Pro-MMP-9 was markedly induced in the HLE+LX2 co-culture whereas the co-culture of HuH7 and LX2 resulted in the activation and upregulation of MMP-1 (Figure 6).




2.5. The Expression of Integrins and Their Cooperation with Adhesive Glycoproteins Are Hepatoma Cell Type-Dependent


Integrins are pivotal to the cooperation between cells and matrix proteins. Integrins are heterodimeric transmembrane receptors on the surface of epithelial cells that selectively bind to their matrix ligands and these interactions modulate cell behavior. Integrin–matrix interactions can facilitate the proliferation, migration, and invasion of tumor cells. Here, invasive HLE cells were compared with less aggressive HuH7 cells with respect to the expression of integrin components that bind to two adhesive glycoproteins, the basement membrane resident laminin, and the ECM protein fibronectin. Tumor cells were grown either alone, in direct co-culture with LX2 cells, or in the presence of LX2-conditioned media. Compared to the HLE cells grown alone, fibronectin receptors α5β1 and αVβ1 were upregulated both in direct and indirect co-culture whereas the laminin receptor α6β4 increased considerably in the direct co-culture only. In HuH7 cells, α5β1 was increased in direct co-culture whereas components of the laminin receptor did not show coordinate changes in expression (Figure 7).




2.6. Conditioned Medium of LX2 Cells Upregulates CXCL12 in the Hepatoma Cell Lines


HLE and HuH7 control cells were compared to those that were grown in a conditioned medium of LX2 as well as to those that shared medium with LX2 cells through co-culture inserts. Conversely, LX2 cells were grown alone or in the conditioned medium of hepatoma cells. Following treatment with a conditioned medium or indirect co-culture, the medium was replaced and allowed to be conditioned by the treated cells alone and then CXCL12 was quantified in this conditioned medium. Initially, low concentrations of CXCL12 were found to be increased by 60% and 30% in the medium of HLE cells and by 100% and 150% in the medium of HuH7 cells upon treatment with LX2-conditioned medium and upon co-culture with LX2, respectively. High baseline secretion of CXCL12 by LX2 cells remained unaltered following treatment with hepatoma-conditioned media (Figure 8).




2.7. Hepatoma Cell Lines and Fibroblasts Communicate by EVs


2.7.1. Hepatoma EVs Activate ERK1/2 and Inhibit GSK3 Function in LX2 Cells


EVs isolated from the media of hepatoma cells upregulated pERK1/2 signaling and inhibited GSK3-α/β signaling in LX2 cells whereas LX2-derived EVs caused a moderate increase in pERK1/2 activity in HLE but no other effect was detected (Figure 9).




2.7.2. LX2 EVs Alter the Cargo Composition of Hepatoma EVs


First, control EVs were isolated from the conditioned media of untreated hepatomas and LX2 cells. Subsequently, hepatoma cell lines were exposed to LX2-derived EVs and LX2 was exposed to hepatoma-derived EVs for two days. Finally, the medium was replaced and the cells were allowed to produce their own EVs again. Both control and challenged EVs were analyzed by mass spectrometry. Treatment with LX2 EVs elicited marked changes in the cargo composition of hepatoma EVs (Figure 10). The most prominent change was a more than tenfold upregulation of SPOCK1/testican-1 in the EVs of both hepatoma cell lines. (A complete list is available in Supplementary Table S1). Furthermore, conversely, the treatment with hepatoma EVs also resulted in notable modifications to the cargo composition of LX2 EVs (detailed results in Supplementary Figure S1).



LX2 EVs also affected cell morphology and the distribution of testican-1 in hepatoma cells (Figure 11). Following exposure to LX2-derived EVs, previously round-shaped hepatoma cells grew elongated projections and testican-1 that displayed dominantly perinuclear unilateral localization in control HLE cells became more evenly dispersed in the cytoplasm. Testican-1 also appeared in the nucleus of HLE cells after LX2 EV treatment.




2.7.3. LX2 EVs Modify the Expression of miRNA of Hepatoma Cell Lines


To further clarify the effect of LX2-derived EVs on hepatoma cells, miRNA expression was profiled in control and LX2 EV-treated hepatoma cells using a TaqMan array. Out of 373 miRNAs on the TaqMan card, 18 showed upregulation and 11 showed downregulation in HLE cells (comprehensive results from the TaqMan Array Card real-time PCR experiment are presented in Supplementary Table S2). Selected hits were validated by individual qRT-PCR assays (Figure 12 and Supplementary Table S3). Validation confirmed more than 3-fold upregulation of miR-24, 222, and 125 and a nearly 3-fold upregulation of miR-210 but failed to confirm upregulation of miR-221. Three downregulated miRs (423, 502, and 200) were confirmed by real-time PCR.



In HuH7, of 14 differentially regulated miR hits from the TaqMan card, miR-423 and 502 were validated by qRT-PCR and only downregulation of miR-200 was confirmed (detailed findings from the TaqMan Array Card real-time PCR experiment can be found in Supplementary Table S4). Albeit not detected by the TaqMan card, upregulation of miR-24, 210, 221, and 222, all known to be involved in the regulation of liver cancers, was demonstrated by individual qRT-PCR assays. Additional experimental data regarding miRNAs are provided in Supplementary Table S5 and Figure S2.





2.8. Conditioned Media of Tumor Cells and Fibroblasts Mutually Alter the Intermediary Metabolism


Based on our metabolite concentration studies, the extra- and intracellular levels of certain metabolites and the amount of different metabolic proteins showed alteration in replaced conditioned media. The most aggressive HLE cell line released the highest level of lactate and citrate, while only minor differences were detected among the studied cells in the levels of pyruvate and malate release into the extracellular space (Figure 13a).



Lactate and pyruvate levels were increased intracellularly in LX2 cells after exposure to hepatoma-derived conditioned media, suggesting that medium-derived lactate is converted back to pyruvate by a reverse Warburg effect. LX2-conditioned media containing lower levels of lactate could increase intracellular lactate in the hepatoma cultures but no increase in pyruvate occurred, suggesting lactate efflux in hepatomas. Additionally to the increased citrate in the two hepatomas and the reduced lipid synthetic activity regarding decreasing fatty acid synthase (FASN) in parallel, acetyl-CoA carboxylase (ACC) protein expression may indicate a temporary decrease in fatty acid formation, while the increase in malate in HLE and LX2 cells may indicate increased OXPHOS activity in these cells. The lactate/malate ratio is a sensitive indicator of the metabolic state of cells which correlates with glycolytic activity. In all three cell lines, the intracellular (IC) lactate/malate ratio increased as a result of the conditioned media, which may indicate increased glycolysis. However, in LX2, this increase could be the reason for the uptake of lactate from the tumor cell-conditioned media (Figure 13a,b, and detailed LCMS data available in Supplementary Table S6).



We further investigated the metabolic changes induced by the conditioned media at the protein level using the WES simple technique, which revealed that lactate dehydrogenase B (LDHB), responsible for the lactate–pyruvate conversion, significantly increased in LX2 cells under the influence of the HLE medium. In addition, the protein levels of ACC and FASN, which are important in fatty acid formation, indicate a decrease in fatty acid formation in HCC cell lines, as we previously mentioned (raw WES simple electropherograms and corresponding densitometry graphs are available in Supplementary Materials, Figure S3) (Figure 13a,b). In contrast, these two proteins were elevated in LX2, suggesting fatty acid synthesis in the fibroblasts. We observed a parallel trend between the amount of cytochrome c oxidase subunit IV (COX IV) and IC-malate, which indicates a change in mitochondrial activity in HLE and LX2 cells after treatment with conditioned media (Figure 13a,b) and highlights potential symbiotic rewiring in hepatoma and fibroblasts induced by each other’s media.





3. Discussion


In spite of significant efforts in oncology, the slow decline in malignant disease incidence and mortality persists, particularly in challenging tumor types like pancreatic, lung, hepatocellular cancer, and melanoma [17]. A crucial lesson learned is that targeting cancer cells alone is insufficient, as non-tumorous cells within cancer tissue can also support tumor growth [17]. Harmless constituents like structural proteins, proteases, cytokines, and inflammatory cells can contribute to tumor development, confirming their role across all tumor types [3,5,18].



A key contributor to tumor progression Is the cancer-associated fibroblast (CAF), an integral part of the tumor stroma derived from normal fibroblasts that closely collaborates with tumor cells [19]. Various stromal cell types can transdifferentiate into CAFs during tumor development through mechanisms such as the influence of cancer-secreted extracellular vesicles (eVs) [20]. The outcome of CAF-tumor cell cooperation depends on tumor tissue origin and phenotype. Non-neoplastic cells can support or promote cancer progression, though CAFs have occasionally attenuated malignant behavior [21,22,23].



Our model explored the interaction between LX2 and tumor cells unveiling how fibroblasts contribute to tumor progression. LX2 modulated cancer cell metabolism and signaling and we anticipate that these are only a few of the many ways fibroblasts can facilitate tumor progression.



In summary, while our study provides valuable insights into multiple levels of interactions between fibroblasts and tumor cells, acknowledging its limitations is crucial to interpreting its findings and translating them into meaningful clinical implications. Further research in more complex models and in vivo settings is necessary to fully appreciate the implications of these findings in the context of cancer progression and treatment.



3.1. HLE and HuH7 as Co-Culture Partners Modeling Poorly Differentiated vs. Differentiated Hepatoma


Although the HLE cell line is markedly distinguished from HuH7 through its high proliferation rate, loss of cytokeratin, Transwell invasion capability, rapid migration in the wound healing assay, and the secretion of stromal adhesive glycoproteins, the responses of both cell lines to the conditioned medium or EVs from LX2 showed a surprising degree of overlap. Shared elements of the response included activation of pERK1/2 signaling, increased expression of NF-κB, and inhibitory phosphorylation of pGSK3-α/β as well as activation of β-catenin specifically in the case of HuH7 cells. Akt signaling, however, was differentially regulated in HLE vs. HuH7 as the conditioned medium of LX2 activated pAkt(T308) in HLE but pAkt(S473) in HuH7. These events may critically influence tumor progression.



The differentiation status of hepatoma cell lines also affected the extracellular matrix components they secreted into the medium in response to stimulation by LX2. The media of co-cultured LX2 and HLE cells contained increased amounts of laminin, type IV collagen, CD44, and shed syndecan-1. In contrast, co-cultured LX2 and HuH7 cells secreted fibronectin, thrombospondin, and type IV collagen and tended to retain syndecan-1 on the plasma membrane. Consistently, HLE cells preferentially expressed laminin-binding integrins, whereas HuH7 cells predominantly expressed fibronectin-binding integrins on their cell surface. Of note, similar differentiation-related tendencies in stromal laminin and fibronectin production were observed in cervical cancer [24].




3.2. Conditioned Medium of LX2 Cells Upregulated CXCL12 Expression in Hepatoma Cell Lines


Whereas conditioned media from hepatoma cells did not facilitate the CXCL12 expression in LX2 cells, LX2 significantly stimulated CXCL12 production of hepatomas, especially of HuH7, both in direct contact and via conditioned medium. CXCL12 concentration in the medium of untreated LX2 was twice as high compared to untreated hepatomas, indicating that fibroblasts were the major producers of this cytokine in this system. However, it should be noted that not only hepatoma cells but also hepatocytes have the capability to secrete the cytokines. Upon binding to its CXCR4 receptor, the cytokine participates in several cancer-related signaling pathways, such as PI3K, Akt, NFκB, and MAPK, all of which were also detected in our experiments [25,26,27]. Our study shows that the cooperation between LX2 cells and hepatomas increases the total level of CXCL12, potentially promoting the activity and aggressiveness of cancer cell lines through the CXCL12 ligand–CXCR4 receptor interaction [28]. However, it is important to note that further investigation is needed to confirm this hypothesis.




3.3. EVs as New Messengers between Hepatomas and Fibroblast Communication


The secretion of EVs is a regular activity in both normal and compromised cells. EVs are either released by exocytosis of multivesicular bodies or by plasma membrane shedding [29]. Their size and content may vary depending on the originating cell and they can be harnessed for diverse applications such as drug delivery, biomarker identification, early detection of tumors, cancer diagnosis, and disease management [29,30,31].



EVs isolated from the conditioned media of both hepatoma cell lines stimulated the pERK1/2 in LX2 cells and promoted the inactivation of GSK3-α/β. EVs from LX2 cells, on the other hand, modestly activated pERK1/2 in HLE cells but no other effect was detected.



Some of our most noteworthy results were obtained when hepatoma cell lines were exposed to LX2-derived EVs and then allowed to produce their own treatment-modulated EVs. The abundance of more than 100 proteins was analyzed by quantitative mass spectrometry to assess the effect of LX2 EV treatment on the protein composition of hepatoma-derived EVs. Among the proteins with increased EV abundance, we identified SPOCK1/testican-1, a proteoglycan increasingly accepted as oncogenic [32,33,34] that displayed over 10-fold elevation in the treatment-modulated EVs of both hepatoma cell lines. High expression of testican-1 was demonstrated in hepatocellular carcinomas, particularly in those associated with hepatitis C virus (HCV) [35], and in serous ovarian cancer [36], where testican-1 was also detectable in the sera of cancer patients. Future research should clarify the role of testican-laden circulating EVs in cancer patients.




3.4. EVs Isolated from the Hepatoma Cell Lines Contain Regulatory miRNAs


In the past two decades, EVs and miRNA in liquid biopsies have been intensively explored for their potential in the early detection of liver and other cancers [37,38,39]. Here, we addressed the question as to whether EVs isolated from the conditioned media of hepatoma cell lines contain miRNAs responsible for liver cancer progression. Due to technical challenges, only a few studies have so far analyzed the correlation of EVs and their miRNA cargo.



In this work, a large-scale analysis of miRNAs was carried out using the Megaplex primer pools and the TaqMan Array Card technology to find miRNAs already known to be implicated in the regulation of hepatoma biology. Of 370 potential targets, our final analysis confirmed 4 upregulated (miR-24, -222, -125, and -210) and 3 downregulated (miR-423, -502, and -200) miRNAs in the EVs of HLE as well as 2 upregulated (miR-423 and -502) miRNAs and 1 downregulated (miR-200) miRNA in HuH7-derived EVs. Intriguingly, some of these miRNAs were differentially regulated in the two hepatoma cell lines. Although we were unable to detect miR-24, 222, 125, and 201 in the large-scale screen of HuH7 EVs, the same miRNA species could be amplified by single RT-qPCR assays. miR-24 is known to actively contribute to liver cancer progression by inhibiting p53 and stimulating Sox7 [40,41]. miR-125-5p was detected earlier in the circulating EVs of HCV-induced liver cancer and miR125b-5p inhibiting TXNRD1 acting as a tumor suppressor in hepatocellular carcinoma [42,43]. miRNA-221 and -222, involved in the regulation of the Akt-mTOR signal transduction pathway [44,45], were both identified in our samples and had been found previously in circulating EVs of liver cancer patients where they were associated with poor prognosis.



The set of miRNAs detected in our EV samples largely overlapped with those reported in a paper discussing miRNAs dysregulated in the liver cancer [46]. The notion that these miRNAs regulate the Wnt/β catenin, MAPK, and Akt pathways is in good accordance with our results. miR-423, another miRNA known from human HCC, was downregulated in HLE EVs but upregulated in HuH7 EVs according to our large-scale array [47]. The same was observed for miR-502, which had been identified in multiple bioinformatics screens as a miR characteristic of hepatocellular cancer. miR-200, albeit another well-known regulator of liver cancer whose lack of expression can indicate a better prognosis, does not seem to be a resident miRNA of activated hepatoma-derived EVs [48,49].




3.5. Modulation of Metabolism by HCC–Fibroblast Interactions


Cancer-associated fibroblasts as major cellular constituents of the tumor stroma play significant roles in tumor growth, invasion, and metastasis. Due to their heterogeneous properties and diverse origin, CAFs can either support or suppress tumor development [50,51,52]. In recent years, a growing body of data has accumulated on the relationship between tumors and stroma, including interactions at the metabolite level [53,54,55]. In our study, changes in metabolite concentrations and protein expression upon treatment with conditioned media were investigated in HCC and fibroblast cell lines using LC-MS and WES simple techniques to assess alterations in metabolic state and the direction of metabolic processes. Our extracellular medium analysis revealed that the aggressively growing HLE cell line exhibited the most elevated levels of lactate and citrate, thus emphasizing its distinct metabolic profile. In response to the conditioned medium of hepatoma cells, we observed an increase in intracellular lactate and pyruvate levels in LX2 cells. This suggests that lactate derived from the medium is converted back to pyruvate through a reverse Warburg effect. Additionally, our results showed that the LX2-conditioned medium induced an increase in intracellular lactate levels in the hepatoma cultures. Concordantly, Lu et al. found that CAFs promote glycolysis via EVs in HCC cells [56]. The hepatoma cells demonstrated an elevation in citrate levels, implying a transient reduction in fatty acid formation. Conversely, the increase in malate levels observed in HLE and LX2 cells suggests an upregulation of OXPHOS activity within these cells. The lactate/malate ratio showed an increase in all three cell lines after exposure to the conditioned medium, which may indicate increased glycolysis in hepatoma cells and increased lactate uptake in LX2 cells which correlate with others’ observations [57,58]. In connection with the previous, LDHB, responsible for lactate–pyruvate conversion, showed a notable increase in LX2 cells under the influence of HLE medium. Additionally, changes in ACC, FASN, and intracellular citrate levels indicated a decrease in fatty acid formation within both tumor cell lines when exposed to LX2-conditioned media. In contrast, LX2 cells displayed elevated levels of ACC and FASN, suggesting active fatty acid synthesis in the fibroblasts. CAFs could exhibit augmented lipolysis, which contributes to the provision of lipid droplets as a fuel source for cancer cells. The lipids produced by fibroblasts and released into the medium can provide the tumor cells with the necessary lipids for building membranes and promoting tumor growth. Importantly, this process does not require the tumor to expend energy since the lipids are readily available for uptake [59,60]. In addition, the miRNAs identified in our extracellular vesicle samples also play a role in the regulation of fatty acid metabolism in previously reported studies [61,62]. We also observed a parallel correlation between the quantity of COX IV and intracellular malate, indicating changes in OXPHOS in both HLE and LX2 cells following treatment with the conditioned media. Metabolic coupling can be influenced by signaling pathways such as HIF1-α, NF-κB, and TGF-β which promote glycolysis, oxidative stress, and other cellular processes [63,64,65,66,67]. Our study concluded that quantitative changes in metabolites can provide valuable information about the metabolic state of cells and changes in metabolic processes upon the addition of conditioned media. Furthermore, our results hint at correlations between changes in metabolites and the quantities of specific metabolic proteins, although further studies are needed to confirm these relationships. In summary, the current study elucidates novel details of HCC–fibroblast interplay including coordinate changes in the metabolic state.




3.6. Cancer–Stromal Interactions in Hepatocellular Carcinoma: Insights, Limitations, and Future Prospects


While our study acknowledges certain limitations, it is important to recognize the scope of our investigation. We focused primarily on hepatoma cells HLE and HuH7, which, while informative, may not fully capture the diverse spectrum of hepatocellular carcinoma. Additionally, it is worth noting that the LX2 cell line, although commonly referred to as cancer-associated fibroblasts (CAFs), is an immortalized fibroblast line. However, it serves as a valuable model for initial investigations due to its well-characterized properties and ease of use. Future studies should consider the inclusion of a broader range of cell lines or patient-derived samples to enhance the study’s relevance.



The implications of our findings are substantial. They underscore the importance of tumor–stromal interactions in hepatocellular carcinoma, potentially leading to the identification of novel therapeutic targets and diagnostic biomarkers. The presence of liver cancer-specific miRNAs in hepatoma EVs offers promise for early diagnosis, deserving further exploration in clinical settings.



In the future, research should focus on assessing the functional consequences of the identified communication channels between hepatoma cells and fibroblasts. This involves investigating their impact on critical aspects of tumor biology, including growth, invasion, and therapy resistance. Additionally, efforts should be directed towards the clinical translation of our findings, exploring their applicability in the development of targeted therapies and diagnostic tools for hepatocellular carcinoma. To gain a more comprehensive understanding, researchers should consider the influence of additional stromal cell types and the dynamic nature of the tumor microenvironment in future investigations.



By addressing these limitations and pursuing these research directions, we aim to contribute to a deeper understanding of hepatocellular carcinoma biology and potentially improve clinical outcomes for patients.





4. Materials and Methods


4.1. Cell Cultures


The LX2 human hepatic stellate cell line was kindly provided by Dr. Scott Friedman. HuH7 and HLE were acquired from the Japanese Collection of Research Bioresources Cell Bank (Osaka, Japan). Cells were maintained in Dulbecco’s Modified Eagle’s Medium (DMEM) (Sigma Aldrich, St. Louis, MO, USA) with 1000 mg/mL glucose, 100 U/mL penicillin, 100 μg/mL streptomycin (Sigma Aldrich), and 10% (v/v) fetal bovine serum (Sigma Aldrich) in a 37 °C incubator with 85% relative humidity and 5% CO2 atmosphere.




4.2. Co-Culture Systems


The interaction between cells was studied by establishing various co-culture setups. Direct co-cultivation allowed physical contact between cells, whereas in indirect co-cultures cells were separated by a Transwell insert with a 0.8 μm pore size (#CLS3428, Sigma Aldrich), allowing only molecular communication.



Cells were seeded in 6-well plates (5 × 105 cells/well density) alone or in direct co-cultures. A 1:1 mixture of cells was seeded and grown together in DMEM supplemented with 10% fetal bovine serum (FBS). Them, 72 h after seeding, the FBS content was reduced to 0.3% and cells were incubated for 24 h. Conditioned media (CM) and cell layers were then harvested and stored at −80 °C until use. Samples from direct co-cultures are indicated as hepatoma cell lines (HLE or HuH7) + LX2 stellate cells.



Indirect co-cultures were set up as follows: LX2 stellate cells were seeded in 6-well plates at a density of 2.5 × 104 cells/well in DMEM with 10% (v/v) FBS. Hepatoma cells were placed in Transwell polyester membrane inserts (Sigma Aldrich) with 0.8 μm filter pore size at a density of 5 × 104 cells/insert in DMEM with 10% (v/v) FBS. Then, 48 h after seeding, hepatoma cells containing inserts were placed in fibroblast-containing wells followed by refresh media supplemented with 10% (v/v) FBS. Subsequently, 72 h later, the FBS content was reduced to 0.3% (v/v) for another 24-h incubation period. CM and cells were then collected and frozen for later use.




4.3. Cell Proliferation Assay


The sulforhodamine B (SRB) assay (Sigma Aldrich) was used for the determination of HLE, HuH7, and LX2 cell density. Cells were seeded into 96-well plates at a density of 3000 cells/well. After 24 to 96 h of growth, cells were fixed with 10% (w/v) trichloroacetic acid for 60 min, washed in cold tap water, and dried for 24 h at 4 °C. Cells were then stained with 0.4% (w/v) SRB dissolved in 1% (v/v) acetic acid for 20 min and washed repeatedly with 1% (v/v) acetic acid to remove excess dye. The protein-bound dye was dissolved in 150 μL 10 mM TRIS (unbuffered). Optical density was measured at 570 nm using a Labsystems Multiscan MS 352 plate reader (Labsystems, Vantaa, Finland). The doubling time of cells was calculated from the log phase of their growth curves measured by the SRB assay at 24, 48, 72, and 96 h after seeding.




4.4. Chemotaxis Assay


To investigate the migration of HLE, HuH7, and LX2 cells, a 48-well micro chemotaxis chamber (Neuro Probe, Gaithersburg, MD, USA) was used with an 8 μm pore size polycarbonate membrane filter (Whatman, GE Healthcare Bio-Sciences Corp., Piscataway, NJ, USA). Fifty μL of cell suspension (5 × 104 cells/mL in medium containing 10% FBS) was dispensed into the upper chamber. Matrigel (Sigma Aldrich) diluted in serum-free medium at 25 μg/mL was dispensed into the bottom chamber as the chemoattractant to simulate the extracellular matrix. After 4 h of incubation at 37 °C in a humidified atmosphere with 5% CO2, the chamber was disassembled and the cells on the upper side of the membrane were dislodged. The membrane was fixed in methanol and either stained with toluidine blue (Sigma Aldrich) or immunofluorescent staining for α-SMA was performed.




4.5. Wound Healing Assay


HLE, HuH7, and LX2 cells were plated on coverslips in a 6-well plate and incubated at 37 °C with 85% relative humidity and 5% CO2. At 95% culture confluency, cells were incubated with a complete medium containing 10 μg/mL mitomycin C (Merck KGaA, Darmstadt, Germany) for 3 h, followed by two washes with phosphate buffered saline (PBS). Sterile 200 μL pipette tips were utilized to create a scratch in each well. Cells were washed with PBS three times and then cultured in a fresh complete growth medium containing 1% (v/v) FBS. At 0-, 3-, 6-, and 24-h time points, slides were fixed using methanol, stained with H and E, and scanned using a Pannoramic P1000 scanner (3DHISTECH Ltd., Budapest, Hungary).




4.6. Immunofluorescence


Immunofluorescence staining was performed for the detection of vimentin, α-SMA, cytokeratin, and testican-1. Sterile 24 × 24 mm coverslips were placed into 6-well plates and cells were seeded at a density of 2.5 × 105/well and grown to 80% confluency while receiving conditioned media or EV treatment. The coverslips were washed by submerging them into ice-cold 1× Tris-buffered saline (TBS) and fixed in ice-cold methanol and acetone for 10 min and 1 min, respectively. The dried coverslips were stored at −20 °C or used immediately. Coverslips were washed three times in 1× PBS and then blocked with 5% (w/v) BSA (Sigma Aldrich) in 1× PBS for 1 h at room temperature. Incubation with the primary antibodies, diluted in 1% BSA, was performed overnight at 4 °C in a wet chamber. The following day, after washing three times with 1× PBS, the coverslips were incubated in the dark with the appropriate fluorescent secondary antibodies, diluted 1:200 in 1% (w/v) BSA with 10% (v/v) human serum, and were counterstained with 4′-6′-diamidino-phenylindole (DAPI, Sigma) for one hour. After three washes with 1x PBS, coverslips were mounted on non-autofluorescent slides using an aqueous fluorescence mounting medium (Sigma Aldrich). Pictures were taken using a Nikon Eclipse E600 fluorescent microscope and Lucia Cytogenetics version 1.5.6 software or 3DHISTECH Pannoramic Confocal scanner (3DHISTECH Ltd., Budapest, Hungary). Details of antibodies and their appropriate dilutions are found in Supplementary Table S7.




4.7. Expression Analysis of Proteins by Western Blot, Dot Blot, and WES Simple Capillary Immunoassay


To conduct protein analysis using Western blot and WES simple methods, protein extracts from 106 lysed cells were quantified using the Bradford assay (BioRad). For the Western blot, proteins were separated using SDS-PAGE and transferred to a PVDF membrane using a wet technique (BioRad, Hercules, CA, USA). The membrane was then incubated with specific antibodies. Ponceau staining and anti-β-actin (Sigma Aldrich) were used as a loading control. Biotinylated secondary antibodies were incubated with an avidin–HRP complex (Vectastain Elite ABC Kit, Vector, Milwaukee, WI, USA) and the signal was visualized using enhanced chemiluminescence (ECL Western blotting substrate using C-digit appliance Thermo Fisher Scientific Inc., Waltham, MA USA). The band density of each protein of interest was normalized to its corresponding β-actin band.



Protein expression was also analyzed using a WES system (ProteinSimple, Biotechne, 004-600, Minneapolis, MN, USA) following the manufacturer’s instructions. Proteins ranging from 12–230 kDa were separated using the ProteinSimple #SM-W004 separation module. Depending on the species of the primary antibodies, the anti-rabbit detection kit (#DM-001, ProteinSimple) or the anti-mouse detection kit (#DM-002, ProteinSimple) was applied. Samples were diluted to an appropriate concentration (0.2 or 1 μg/μL depending on the applied primary antibody) in 0.1× sample buffer (diluted from ‘10× sample buffer’ from the separation module) and boiled at 95 °C for 5 min. The samples were then diluted with fluorescent master mix 1:4 and added to the plate along with the antibody diluent (ProteinSimple, Biotechne, #042-203), primary and secondary antibodies, and the chemiluminescent substrate. The device settings used for analysis included stacking and separation at 395 V for 30 min, blocking reagent for 5 min, primary and secondary antibodies both for 30 min, and luminol/peroxide chemiluminescence detection for 15 min (exposure times between 1 and 512 s). Electropherograms were analyzed and automatic peak detection was revised manually if necessary.



For dot blot analyses, 200 μL cell supernatant per well was vacuum-filtered on a PVDF membrane using a 96-well Minifold-Vakuum-Filtrations System SRC-96 (Schleicher and Schuell, Dassel, Germany). Ponceau staining was performed to assess the total amount of protein per dot. Endogenous peroxidase was blocked by incubating the membrane in 1% (v/v) H2O2 for 10 min. Subsequently, the membrane was blocked with 5% (w/v) BSA in TBS and then incubated with primary antibodies diluted in 1% BSA (TBS) overnight at 4 °C. Appropriate HRP-conjugated secondary antibody was used for 1 h, dots were detected by a SuperSignal west pico chemiluminescent substrate kit (Thermo Fisher Scientific Inc.), visualized, and analyzed using the same method as for Western blot. A detailed list of the antibodies used in this study is presented in Supplementary Table S7.




4.8. Zymography Assay


The proteolytic activity of cell culture media was measured by zymography. In brief, 20 μL of serum-free conditioned media was loaded onto each well in 2× Laemmli loading buffer under non-reducing conditions (without β-mercaptoethanol and boiling) on 7.5% modified acrylamide gels containing 3 μg/mL casein (α-casein from bovine milk, Sigma Aldrich), 5 μL/mL fibronectin (Sigma Aldrich), and 10 μL/mL matrigel (#E1270, ECM Gel from Engelbreth-Holm-Swarm murine sarcoma, Sigma Aldrich). After electrophoresis at 200 V for 30 min, the gels were washed with 2.5% (v/v) Triton X-100 for 30 min and incubated for 18 h in a buffer solution containing TRIS (pH 7.5) and 10 mM CaCl2 at 37 °C. After fixing in methanol–acetic acid–water (5:1:4) for 30 min, the gels were stained in 0.1% (w/v) Coomassie Brilliant Blue R-250 solution (dissolved in the fixation buffer) for 30 min. Areas of enzyme activity appeared as transparent bands on the blue background. The intensity of the bands was determined by densitometry using the free ImageJ (Version 1.50b, NIH, Bethesda, MD, USA) software.




4.9. ELISA


CXCL12/SDF-1α levels in the supernatant of mono- and co-cultured cells were measured by the human CXCL12/SDF-1α ELISA kit (R and D Systems, Minneapolis, MN, USA) using 100 μL conditioned cell medium per sample. The assay was carried out according to the manufacturer’s instructions. Each measurement was performed in duplicate and the mean values were used for statistical analysis. ELISA plates were read at a wavelength of 570 nm using Labsystems Multiscan MS 352 plate reader (Labsystems, Finland).




4.10. Extracellular Vesicle (EV) Isolation, Total EV RNA Isolation, and miRNA Expression Profiling


Prior to isolation, cells were washed three times with PBS, and EV production was allowed to take place for 24 h in a serum-free DMEM medium to avoid contamination of the preparations with EVs and proteins present in fetal bovine serum.



EVs were isolated using total exosome isolation reagent (#4478359, Thermo Fisher Scientific Inc., Waltham, MA, USA) following the instructions of the manufacturer. In brief, 30 mL of clear media was mixed thoroughly with 15 mL reagent in sterile 50 mL tubes and incubated at 4 °C overnight. The next day, the mixture was ultracentrifuged in an Optima MAX-XP benchtop ultracentrifuge with MLA-55 rotor (Beckman Coulter Inc., Brea, CA, USA) at 100,000× g for 70 min at 4 °C to pellet EVs. The EV pellet was re-suspended in PBS and stored at −80 °C until use. The purity of the isolate was determined using positive (CD63) and negative (calnexin) markers with Western blot analysis (Supplementary Figure S4). Further characterization of EVs released by hepatoma cells (HLE, HuH7) and LX2 stellate cells can be found in Supplementary Figure S5.



RNA from EVs was isolated using a total exosome RNA and protein isolation kit (#4478545, Thermo Fisher Scientific Inc.) following the manufacturer’s protocol. The yield and purity of RNA were determined using a NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies, Wilmington, DE, USA). Small RNA enrichment was not used.



Total RNA samples were reverse transcribed with a TaqMan™ MicroRNA reverse transcription kit (#4366596, Thermo Fisher Scientific Inc.). miRNA expression profiling was performed using the RT-qPCR-based TaqMan™ array human MicroRNA A cards v2.0 (#4398965, Thermo Fisher Scientific Inc. Waltham, MA USA) according to the manufacturer’s protocol. The 2−ΔΔCT method was used to evaluate relative changes in miRNA expression.




4.11. Chromatography and Mass Spectrometry for Proteomics Analyses


Proteins were precipitated in 9× volume ice-cold ethanol at −20 °C overnight. Pellets were washed twice with ice-cold ethanol and dissolved in 8 M urea in 50 mM ammonium bicarbonate. Protein concentration was determined and a 20 µg protein/sample was digested. First, dithiothreitol (DTT) was added at a final concentration of 5 mM and incubated at 37 °C for 30 min. Alkylation was performed in the dark at room temperature for 30 min in the presence of 10 mM iodoacetamide (IAA). Samples were diluted 10-fold with 50 mM ammonium bicarbonate and 1 µL 250 ng/µL trypsin/Lys-C mix (Promega, Madison, WI, USA) was added and incubated at 37 °C for 1 h. Next, 1 µL 1000 ng/µL trypsin (Promega, Madison, WI, USA) was added and the samples were incubated for another 2 h. Digestion was quenched by the addition of 1 µL formic acid. Desalting was performed on Pierce C18 spin columns (Thermo Fisher Scientific, Waltham, MA, USA). Samples were dissolved in 20 µL solvent (98% water, 2% acetonitrile, and 0.1% formic acid) out of which 0.5 µL was subjected to nanoLC-MS/MS analysis using a Dionex Ultimate 3000 RSLC nanoLC (Dionex, Sunnyvale, CA, USA) coupled to a Bruker Maxis II Q-TOF (Bruker Daltonik GmbH, Bremen, Germany) via a CaptiveSpray nanoBooster ionization source. Peptide separation was achieved on an Acquity M-Class BEH130 C18 analytical column (1.7 µm, 75 µm × 250 mm Waters, Milford, MA, USA) using gradient elution (4–50% eluent B in 120 minutes) following trapping on an Acclaim PepMap100 C18 (5 µm, 100 µm × 20 mm, Thermo Fisher Scientific, Waltham, MA, USA) trap column. Solvent A consisted of water + 0.1% formic acid while Solvent B was acetonitrile + 0.1% formic acid. The spectra were obtained at a fixed cycle time of 2.5 s with MS spectra scanned at a rate of 3 Hz and collision-induced dissociation (CID) was performed at 16 Hz for abundant precursors and 4 Hz for low abundance ones. Internal calibration was conducted at the beginning of each measurement using sodium format clusters and data were automatically recalibrated using Compass Data Analysis 4.3 software (Bruker Daltonik GmbH, Bremen, Germany).



Experimental data were submitted to the MassIVE data repository with the ID: MSV000090112. Protein identification was conducted using ProteinScape 3.0 software from Bruker Daltonik GmbH. Only proteins identified with a minimum of two unique peptides and a 1% false discovery rate (FDR) were considered for acceptance. For label-free quantitation, MaxQuant software version 1.5.3.30 was used, with the database generated from the proteins previously identified with ProteinScape, using the default settings of the program [68].




4.12. Metabolite Analysis by Liquid Chromatography Mass Spectrometry


The method used for the extraction of intracellular and extracellular metabolites including malate (MAL), citrate (CIT), lactate (LAC), and pyruvate (PYR) was modified based on Szoboszlai et al. [69]. Briefly, cells were snap-frozen in liquid nitrogen and extracted using a MeOH-H2O-chloroform mixture (9:1:1) at 4 °C. The supernatants were stored at −80 °C after centrifugation (15,000× g, 4 °C, 10 min). The concentrations of metabolites were determined using calibration curves obtained by diluting analytical grade standards in the range of 0.5–50 µM. A PerkinElmer flexar FX10 ultra-performance liquid chromatograph (Waltham, MA, USA) coupled with a Sciex 5500 QTRAP mass spectrometer (Toronto, ON, Canada)) was utilized for LC-MS analysis. Chromatographic separation was carried out on a Phenomenex Luna Omega C18 column (100 × 2.1 mm, 1.6 µm) (GenLab Ltd., Widnes, UK) using a mobile phase composed of water and methanol containing 0.1% (v/v) formic acid. The mass spectrometer was operated in negative electrospray ionization mode with the following settings: source temperature of 300 °C, ionization voltage of −4000 V, entrance potential of −10 V, curtain gas at 35 psi, gas1 at 35 psi, gas2 at 35 psi, and CAD gas at medium. Multiple reaction monitoring (MRM) mode was used for quantitative analysis.




4.13. Statistical Analysis


Data were analyzed using GraphPad Prism 9.1.2 (GraphPad Software, La Jolla, CA, USA) and Microsoft Excel v.2016 (Microsoft Corp., Redmond, WA, USA). For experiments with three biological replicates in each group, non-parametric statistical tests were employed. The Mann–Whitney U-test was used for comparisons between two groups in the case of Western blot, dot blot, array, gelatin zymography, and mass spectrometry (MS) data. For enzyme-linked immunosorbent assay (ELISA) data, one-way Kruskal–Wallis analysis was used for comparisons among multiple groups. Significance levels were indicated as * p < 0.05; ** p < 0.01; and *** p < 0.001.





5. Conclusions


In this work, we characterized the multifaceted communication between hepatoma cells and LX2-immortalized fibroblasts. Authors are aware that LX2 is an immortalized, but not yet transformed, liver fibroblast. However, it already communicates with the tumor cells, facilitating their tumor-related functions. We co-cultured LX2 cells representing CAFs with aggressive HLE cells and better-differentiated HuH7 cells. HLE and HuH7 reacted differently to soluble and EV-borne signals from LX2 cells with regard to cell signaling pathways and the secretion of matrix components but both responded with upregulation of CXCL12. EVs from hepatoma cells carried HCC-specific regulatory miRNA species, which could be leveraged for diagnostics if confirmed in patient sera, and their EV cargo displayed over a 10-fold increase in SPOCK1/testican-1 abundance upon stimulation by LX2 EV. HCC cells and LX2 reciprocally altered each other’s metabolism in an interaction reminiscent of metabolic coupling. Thus, even in this simplistic in vitro model, we were able to shed some light on the versatility of intercellular cooperation between tumor and stromal cells (Figure 14).








Supplementary Materials


The supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/ijms241813996/s1.





Author Contributions


Conceptualization, I.K., A.R., and K.B.; Methodology, I.K., A.R., G.P., A.S., A.L.K., T.F., G.T., L.T., K.P. and A.P.; Software, G.T.; Validation, A.S. and K.D., Formal analysis, A.R., G.P., K.B., and I.K.; Investigation, I.K., A.R., K.D., G.T., L.T., G.P. and A.L.K.; Resources, I.K.; Data curation, I.K.; Writing—original draft preparation, I.K., A.R. and P.T.; Writing—review and editing, I.K., A.R., T.F., G.P. and P.T.; Visualization, I.K. and A.R.; Supervision, K.B., I.K., K.D., A.S., A.K. and A.R.; Project administration, I.K.; Funding acquisition, I.K., L.T., K.D., A.S., K.B., A.K., A.R. and G.P. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the Hungarian Scientific Research Fund (grants 100904 and 119283 to I.K.; grant 138593 to K.B.; grant FK-138763 to K.D.; grant 131603 to L.T.; grant K-142799 to A.S.; grant K-128881 to A.K.; and grant PD-142418 to G.P.); by the Semmelweis Scientific and Innovation Fund (STIA-KFI-2022 to A.R.); and by the National Research, Development, and Innovation Fund (ÚNKP-22-4-II-SE-9 New National Excellence Program of the Ministry of Human Capacities to G.P.).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The proteomics measurement data have been submitted to the MassIVE repository under the submission number MSV000090112.




Acknowledgments


The authors would like to thank Zoltánné Polgár (Semmelweis University) for his help in tissue sectioning and Zsófia Zsibai (3DHISTECH Ltd.) for scanning.




Conflicts of Interest


P.T. is employed by Charles River Laboratories Hungary, which provided support in the form of the author’s salary for the author (P.T.) but did not have any additional role in the design of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or in the decision to publish the results. The remaining authors declare no conflicts of interest.




References


	



Sebestyén, A.; Dankó, T.; Sztankovics, D.; Moldvai, D.; Raffay, R.; Cervi, C.; Krencz, I.; Zsiros, V.; Jeney, A.; Petővári, G. The role of metabolic ecosystem in cancer progression—Metabolic plasticity and mTOR hyperactivity in tumor tissues. Cancer Metastasis Rev. 2021, 40, 989–1033. [Google Scholar] [CrossRef]

	



Martinez-Outschoorn, U.E.; Bartrons, M.; Bartrons, R. Cancer Ecosystems. Front. Oncol. 2019, 9, 718. [Google Scholar] [CrossRef] [PubMed]

	



De Wever, O.; Mareel, M. Role of tissue stroma in cancer cell invasion. J. Pathol. 2003, 200, 429–447. [Google Scholar] [CrossRef]

	



Karta, J.; Bossicard, Y.; Kotzamanis, K.; Dolznig, H.; Letellier, E. Mapping the Metabolic Networks of Tumor Cells and Cancer-Associated Fibroblasts. Cells 2021, 10, 304. [Google Scholar] [CrossRef] [PubMed]

	



Yamashita, J.; Ogawa, M. Cell biologic factors and cancer spread. Int. J. Oncol. 1997, 10, 807–813. [Google Scholar] [CrossRef]

	



Dvorak, H.F. Tumors: Wounds that do not heal. Similarities between tumor stroma generation and wound healing. N. Engl. J. Med. 1986, 315, 1650–1659. [Google Scholar] [CrossRef] [PubMed]

	



Allen, M.; Louise Jones, J. Jekyll and Hyde: The role of the microenvironment on the progression of cancer. J. Pathol. 2011, 223, 162–176. [Google Scholar] [CrossRef]

	



Hanahan, D. Hallmarks of Cancer: New Dimensions. Cancer Discov. 2022, 12, 31–46. [Google Scholar] [CrossRef] [PubMed]

	



Park, D.; Sahai, E.; Rullan, A. SnapShot: Cancer-Associated Fibroblasts. Cell 2020, 181, 486–486.e481. [Google Scholar] [CrossRef]

	



Arcucci, A.; Ruocco, M.R.; Granato, G.; Sacco, A.M.; Montagnani, S. Cancer: An Oxidative Crosstalk between Solid Tumor Cells and Cancer Associated Fibroblasts. BioMed Res. Int. 2016, 2016, 4502846. [Google Scholar] [CrossRef]

	



Zeltz, C.; Primac, I.; Erusappan, P.; Alam, J.; Noel, A.; Gullberg, D. Cancer-associated fibroblasts in desmoplastic tumors: Emerging role of integrins. Semin. Cancer Biol. 2020, 62, 166–181. [Google Scholar] [CrossRef]

	



Zeltz, C.; Lu, N.; Heljasvaara, R.; Gullberg, D. Integrins in Cancer: Refocusing on the Tumor Microenvironment. In The Extracellular Matrix and the Tumor Microenvironment; Kovalszky, I., Franchi, M., Alaniz, L.D., Eds.; Springer International Publishing: Cham, Switzerland, 2022; pp. 279–314. [Google Scholar]

	



Lin, N.; Meng, L.; Lin, J.; Chen, S.; Zhang, P.; Chen, Q.; Lin, Y. Activated hepatic stellate cells promote angiogenesis in hepatocellular carcinoma by secreting angiopoietin-1. J. Cell. Biochem. 2020, 121, 1441–1451. [Google Scholar] [CrossRef]

	



Mantovani, A.; Marchesi, F.; Jaillon, S.; Garlanda, C.; Allavena, P. Tumor-associated myeloid cells: Diversity and therapeutic targeting. Cell. Mol. Immunol. 2021, 18, 566–578. [Google Scholar] [CrossRef]

	



Akkaya, M.; Kwak, K.; Pierce, S.K. B cell memory: Building two walls of protection against pathogens. Nat. Rev. Immunol. 2020, 20, 229–238. [Google Scholar] [CrossRef] [PubMed]

	



Chen, D.S.; Mellman, I. Oncology Meets Immunology: The Cancer-Immunity Cycle. Immunity 2013, 39, 1–10. [Google Scholar] [CrossRef] [PubMed]

	



Liao, Z.; Tan, Z.W.; Zhu, P.; Tan, N.S. Cancer-associated fibroblasts in tumor microenvironment—Accomplices in tumor malignancy. Cell. Immunol. 2019, 343, 103729. [Google Scholar] [CrossRef] [PubMed]

	



Goenka, A.; Khan, F.; Verma, B.; Sinha, P.; Dmello, C.C.; Jogalekar, M.P.; Gangadaran, P.; Ahn, B.C. Tumor microenvironment signaling and therapeutics in cancer progression. Cancer Commun. 2023, 43, 525–561. [Google Scholar] [CrossRef]

	



Rimal, R.; Desai, P.; Daware, R.; Hosseinnejad, A.; Prakash, J.; Lammers, T.; Singh, S. Cancer-associated fibroblasts: Origin, function, imaging, and therapeutic targeting. Adv. Drug Deliv. Rev. 2022, 189, 114504. [Google Scholar] [CrossRef]

	



Yeon, J.H.; Jeong, H.E.; Seo, H.; Cho, S.; Kim, K.; Na, D.; Chung, S.; Park, J.; Choi, N.; Kang, J.Y. Cancer-derived exosomes trigger endothelial to mesenchymal transition followed by the induction of cancer-associated fibroblasts. Acta Biomater. 2018, 76, 146–153. [Google Scholar] [CrossRef]

	



Delinassios, J.G.; Hoffman, R.M. The cancer-inhibitory effects of proliferating tumor-residing fibroblasts. Biochim. Biophys. Acta (BBA) Rev. Cancer 2022, 1877, 188673. [Google Scholar] [CrossRef]

	



Biffi, G.; Tuveson, D.A. Diversity and Biology of Cancer-Associated Fibroblasts. Physiol. Rev. 2021, 101, 147–176. [Google Scholar] [CrossRef]

	



Mason, J.; Öhlund, D. Key aspects for conception and construction of co-culture models of tumor-stroma interactions. Front. Bioeng. Biotechnol. 2023, 11, 1150764. [Google Scholar] [CrossRef]

	



Fullár, A.; Dudás, J.; Oláh, L.; Hollósi, P.; Papp, Z.; Sobel, G.; Karászi, K.; Paku, S.; Baghy, K.; Kovalszky, I. Remodeling of extracellular matrix by normal and tumor-associated fibroblasts promotes cervical cancer progression. BMC Cancer 2015, 15, 256. [Google Scholar] [CrossRef] [PubMed]

	



Teicher, B.A.; Fricker, S.P. CXCL12 (SDF-1)/CXCR4 Pathway in Cancer. Clin. Cancer Res. 2010, 16, 2927–2931. [Google Scholar] [CrossRef] [PubMed]

	



Ghanem, I.; Riveiro, M.E.; Paradis, V.; Faivre, S.; De Parga, P.M.V.; Raymond, E. Insights on the CXCL12-CXCR4 axis in hepatocellular carcinoma carcinogenesis. Am. J. Transl. Res. 2014, 6, 340–352. [Google Scholar] [PubMed]

	



Liepelt, A.; Tacke, F. Stromal cell-derived factor-1 (SDF-1) as a target in liver diseases. Am. J. Physiol. Gastrointest. Liver Physiol. 2016, 311, G203–G209. [Google Scholar] [CrossRef]

	



Zhou, W.; Guo, S.; Liu, M.; Burow, M.E.; Wang, G. Targeting CXCL12/CXCR4 Axis in Tumor Immunotherapy. Curr. Med. Chem. 2019, 26, 3026–3041. [Google Scholar] [CrossRef]

	



Mitchell, M.I.; Ma, J.; Carter, C.L.; Loudig, O. Circulating Exosome Cargoes Contain Functionally Diverse Cancer Biomarkers: From Biogenesis and Function to Purification and Potential Translational Utility. Cancers 2022, 14, 3350. [Google Scholar] [CrossRef]

	



Kalluri, R.; LeBleu, V.S. The biology, function, and biomedical applications of exosomes. Science 2020, 367, eaau6977. [Google Scholar] [CrossRef]

	



Huda, M.N.; Nafiujjaman, M.; Deaguero, I.G.; Okonkwo, J.; Hill, M.L.; Kim, T.; Nurunnabi, M. Potential Use of Exosomes as Diagnostic Biomarkers and in Targeted Drug Delivery: Progress in Clinical and Preclinical Applications. ACS Biomater. Sci. Eng. 2021, 7, 2106–2149. [Google Scholar] [CrossRef]

	



Han, J.; Rong, Y.; Gao, X. Multiomic analysis of the function of SPOCK1 across cancers: An integrated bioinformatics approach. J. Int. Med. Res. 2021, 49, 300060520962659. [Google Scholar] [CrossRef]

	



Marimuthu, A.; Jacob, H.K.; Jakharia, A.; Subbannayya, Y.; Keerthikumar, S.; Kashyap, M.K.; Goel, R.; Balakrishnan, L.; Dwivedi, S.; Pathare, S.; et al. Gene Expression Profiling of Gastric Cancer. J. Proteom. Bioinform. 2011, 4, 74–82. [Google Scholar] [CrossRef]

	



Zhao, P.; Guan, H.-T.; Dai, Z.-J.; Ma, Y.-G.; Liu, X.-X.; Wang, X.-J. Knockdown of SPOCK1 Inhibits the Proliferation and Invasion in Colorectal Cancer Cells by Suppressing the PI3K/Akt Pathway. Oncol. Res. Featur. Preclin. Clin. Cancer Ther. 2016, 24, 437–445. [Google Scholar] [CrossRef] [PubMed]

	



Váncza, L.; Karászi, K.; Péterfia, B.; Turiák, L.; Dezső, K.; Sebestyén, A.; Reszegi, A.; Petővári, G.; Kiss, A.; Schaff, Z.; et al. SPOCK1 Promotes the Development of Hepatocellular Carcinoma. Front. Oncol. 2022, 12, 819883. [Google Scholar] [CrossRef] [PubMed]

	



Váncza, L.; Horváth, A.; Seungyeon, L.; Rókusz, A.; Dezső, K.; Reszegi, A.; Petővári, G.; Götte, M.; Kovalszky, I.; Baghy, K. SPOCK1 Overexpression Suggests Poor Prognosis of Ovarian Cancer. Cancers 2023, 15, 2037. [Google Scholar] [CrossRef]

	



Jiang, S.; Li, Q.; Wang, C.; Pang, Y.; Sun, Z.; Xiao, R. In Situ Exosomal MicroRNA Determination by Target-Triggered SERS and Fe3O4@TiO2-Based Exosome Accumulation. ACS Sensors 2021, 6, 852–862. [Google Scholar] [CrossRef] [PubMed]

	



Hsu, C.-C.; Yang, Y.; Kannisto, E.; Zeng, X.; Yu, G.; Patnaik, S.K.; Dy, G.K.; Reid, M.E.; Gan, Q.; Wu, Y. Simultaneous Detection of Tumor Derived Exosomal Protein–MicroRNA Pairs with an Exo-PROS Biosensor for Cancer Diagnosis. ACS Nano 2023, 17, 8108–8122. [Google Scholar] [CrossRef] [PubMed]

	



Joshi, G.K.; Deitz-McElyea, S.; Liyanage, T.; Lawrence, K.; Mali, S.; Sardar, R.; Korc, M. Label-Free Nanoplasmonic-Based Short Noncoding RNA Sensing at Attomolar Concentrations Allows for Quantitative and Highly Specific Assay of MicroRNA-10b in Biological Fluids and Circulating Exosomes. ACS Nano 2015, 9, 11075–11089. [Google Scholar] [CrossRef] [PubMed]

	



Chen, L.; Luo, L.; Chen, W.; Xu, H.-X.; Chen, F.; Chen, L.-Z.; Zeng, W.-T.; Chen, J.-S.; Huang, X.-H. MicroRNA-24 increases hepatocellular carcinoma cell metastasis and invasion by targeting p53: MiR-24 targeted p53. Biomed. Pharmacother. 2016, 84, 1113–1118. [Google Scholar] [CrossRef]

	



Ma, Y.; She, X.-G.; Ming, Y.-Z.; Wan, Q.-Q. miR-24 promotes the proliferation and invasion of HCC cells by targeting SOX7. Tumor Biol. 2014, 35, 10731–10736. [Google Scholar] [CrossRef]

	



Oura, K.; Fujita, K.; Morishita, A.; Iwama, H.; Nakahara, M.; Tadokoro, T.; Sakamoto, T.; Nomura, T.; Yoneyama, H.; Mimura, S.; et al. Serum microRNA-125a-5p as a potential biomarker of HCV-associated hepatocellular carcinoma. Oncol. Lett. 2019, 18, 882–890. [Google Scholar] [CrossRef]

	



Coppola, N.; de Stefano, G.; Panella, M.; Onorato, L.; Iodice, V.; Minichini, C.; Mosca, N.; Desiato, L.; Farella, N.; Starace, M.; et al. Lowered expression of microRNA-125a-5p in human hepatocellular carcinoma and up-regulation of its oncogenic targets sirtuin-7, matrix metalloproteinase-11, and c-Raf. Oncotarget 2017, 8, 25289–25299. [Google Scholar] [CrossRef] [PubMed]

	



Li, J.; Wang, Y.; Yu, W.; Chen, J.; Luo, J. Expression of serum miR-221 in human hepatocellular carcinoma and its prognostic significance. Biochem. Biophys. Res. Commun. 2011, 406, 70–73. [Google Scholar] [CrossRef] [PubMed]

	



Kim, J.; Jiang, J.; Badawi, M.; Schmittgen, T.D. miR-221 regulates CD44 in hepatocellular carcinoma through the PI3K-AKT-mTOR pathway. Biochem. Biophys. Res. Commun. 2017, 487, 709–715. [Google Scholar] [CrossRef] [PubMed]

	



Xu, J.; An, P.; Winkler, C.A.; Yu, Y. Dysregulated microRNAs in Hepatitis B Virus-Related Hepatocellular Carcinoma: Potential as Biomarkers and Therapeutic Targets. Front. Oncol. 2020, 10, 1271. [Google Scholar] [CrossRef] [PubMed]

	



Liu, Z.; Cui, Y. Bim’s Effect on the Expression of miR-423-3p in Promoting Primary Hepatic Cancer (PHC) and Role of miR-423-3p in PHC Proliferation and Invasion. Biochem. Genet. 2021, 59, 1247–1259. [Google Scholar] [CrossRef] [PubMed]

	



Hung, C.-S.; Liu, H.-H.; Liu, J.-J.; Yeh, C.-T.; Chang, T.-C.; Wu, C.-H.; Ho, Y.-S.; Wei, P.-L.; Chang, Y.-J. MicroRNA-200a and -200b Mediated Hepatocellular Carcinoma Cell Migration through the Epithelial to Mesenchymal Transition Markers. Ann. Surg. Oncol. 2013, 20 (Suppl. 3), S360–S368. [Google Scholar] [CrossRef] [PubMed]

	



Yeh, T.-S.; Wang, F.M.; Chen, T.-C.; Yeh, C.-N.; Yu, M.-C.; Jan, Y.-Y.; Chen, M.-F. Expression Profile of MicroRNA-200 Family in Hepatocellular Carcinoma with Bile Duct Tumor Thrombus. Ann. Surg. 2014, 259, 346–354. [Google Scholar] [CrossRef]

	



Fang, M.; Yuan, J.; Chen, M.; Sun, Z.; Liu, L.; Cheng, G.; Ying, H.; Yang, S.; Chen, M. The heterogenic tumor microenvironment of hepatocellular carcinoma and prognostic analysis based on tumor neo-vessels, macrophages and α-SMA. Oncol. Lett. 2018, 15, 4805–4812. [Google Scholar] [CrossRef]

	



Lau, E.Y.T.; Lo, J.; Cheng, B.Y.L.; Ma, M.K.F.; Lee, J.M.F.; Ng, J.K.Y.; Chai, S.; Lin, C.H.; Tsang, S.Y.; Ma, S.; et al. Cancer-Associated Fibroblasts Regulate Tumor-Initiating Cell Plasticity in Hepatocellular Carcinoma through c-Met/FRA1/HEY1 Signaling. Cell Rep. 2016, 15, 1175–1189. [Google Scholar] [CrossRef]

	



Ding, S.; Chen, G.; Zhang, W.; Xing, C.; Xu, X.; Xie, H.; Lu, A.; Chen, K.; Guo, H.; Ren, Z.; et al. MRC-5 fibroblast-conditioned medium influences multiple pathways regulating invasion, migration, proliferation, and apoptosis in hepatocellular carcinoma. J. Transl. Med. 2015, 13, 237. [Google Scholar] [CrossRef] [PubMed]

	



Skorupa, A.; Ciszek, M.; Turska-D’amico, M.; Stobiecka, E.; Chmielik, E.; Szumniak, R.; D’amico, A.; Boguszewicz, L.; Sokół, M. The Relationship between Histological Composition and Metabolic Profile in Breast Tumors and Peritumoral Tissue Determined with 1H HR-MAS NMR Spectroscopy. Cancers 2023, 15, 1283. [Google Scholar] [CrossRef]

	



Jordan, K.; Stanton, E.H.; Milenkovic, V.M.; Federlin, M.; Drexler, K.; Buchalla, W.; Gaumann, A.; Adamski, J.; Proescholdt, M.; Haferkamp, S.; et al. Potential Involvement of Extracellular Citrate in Brain Tumor Progression. Curr. Mol. Med. 2022, 22, 506–513. [Google Scholar] [CrossRef]

	



Andersen, M.K.; Høiem, T.S.; Claes, B.S.R.; Balluff, B.; Martin-Lorenzo, M.; Richardsen, E.; Krossa, S.; Bertilsson, H.; Heeren, R.M.A.; Rye, M.B.; et al. Spatial differentiation of metabolism in prostate cancer tissue by MALDI-TOF MSI. Cancer Metab. 2021, 9, 9. [Google Scholar] [CrossRef]

	



Lu, L.; Huang, J.; Mo, J.; Da, X.; Li, Q.; Fan, M.; Lu, H. Exosomal lncRNA TUG1 from cancer-associated fibroblasts promotes liver cancer cell migration, invasion, and glycolysis by regulating the miR-524-5p/SIX1 axis. Cell. Mol. Biol. Lett. 2022, 27, 17. [Google Scholar] [CrossRef] [PubMed]

	



Rattigan, Y.I.; Patel, B.B.; Ackerstaff, E.; Sukenick, G.; Koutcher, J.A.; Glod, J.W.; Banerjee, D. Lactate is a mediator of metabolic cooperation between stromal carcinoma associated fibroblasts and glycolytic tumor cells in the tumor microenvironment. Exp. Cell Res. 2012, 318, 326–335. [Google Scholar] [CrossRef] [PubMed]

	



Pavlides, S.; Whitaker-Menezes, D.; Castello-Cros, R.; Flomenberg, N.; Witkiewicz, A.K.; Frank, P.G.; Casimiro, M.C.; Wang, C.; Fortina, P.; Addya, S.; et al. The reverse Warburg effect: Aerobic glycolysis in cancer associated fibroblasts and the tumor stroma. Cell Cycle 2009, 8, 3984–4001. [Google Scholar] [CrossRef]

	



Fu, Y.; Zou, T.; Shen, X.; Nelson, P.J.; Li, J.; Wu, C.; Yang, J.; Zheng, Y.; Bruns, C.; Zhao, Y.; et al. Lipid metabolism in cancer progression and therapeutic strategies. MedComm 2021, 2, 27–59. [Google Scholar] [CrossRef]

	



Maan, M.; Peters, J.M.; Dutta, M.; Patterson, A.D. Lipid metabolism and lipophagy in cancer. Biochem. Biophys. Res. Commun. 2018, 504, 582–589. [Google Scholar] [CrossRef]

	



Wang, H.; Luo, J.; Chen, Z.; Cao, W.T.; Xu, H.F.; Gou, D.M.; Zhu, J.J. MicroRNA-24 can control triacylglycerol synthesis in goat mammary epithelial cells by targeting the fatty acid synthase gene. J. Dairy Sci. 2015, 98, 9001–9014. [Google Scholar] [CrossRef]

	



Wang, J.-J.; Zhang, Y.-T.; Tseng, Y.J.; Zhang, J. miR-222 targets ACOX1, promotes triglyceride accumulation in hepatocytes. Hepatobiliary Pancreat. Dis. Int. 2019, 18, 360–365. [Google Scholar] [CrossRef] [PubMed]

	



Giatromanolaki, A.; Koukourakis, M.I.; Koutsopoulos, A.; Mendrinos, S.; Sivridis, E. The metabolic interactions between tumor cells and tumor-associated stroma (TAS) in prostatic cancer. Cancer Biol. Ther. 2012, 13, 1284–1289. [Google Scholar] [CrossRef]

	



Witkiewicz, A.K.; Whitaker-Menezes, D.; Dasgupta, A.; Philp, N.J.; Lin, Z.; Gandara, R.; Sneddon, S.; Martinez-Outschoorn, U.E.; Sotgia, F.; Lisanti, M.P. Using the “reverse Warburg effect” to identify high-risk breast cancer patients: Stromal MCT4 predicts poor clinical outcome in triple-negative breast cancers. Cell Cycle 2012, 11, 1108–1117. [Google Scholar] [CrossRef] [PubMed]

	



Curry, J.M.; Tuluc, M.; Whitaker-Menezes, D.; Ames, J.A.; Anantharaman, A.; Butera, A.; Leiby, B.; Cognetti, D.M.; Sotgia, F.; Lisanti, M.P.; et al. Cancer metabolism, stemness and tumor recurrence: MCT1 and MCT4 are functional biomarkers of metabolic symbiosis in head and neck cancer. Cell Cycle 2013, 12, 1371–1384. [Google Scholar] [CrossRef]

	



Icard, P.; Kafara, P.; Steyaert, J.-M.; Schwartz, L.; Lincet, H. The metabolic cooperation between cells in solid cancer tumors. Biochim. Biophys. Acta (BBA) Rev. Cancer 2014, 1846, 216–225. [Google Scholar] [CrossRef] [PubMed]

	



Martinez-Outschoorn, U.E.; Lisanti, M.P.; Sotgia, F. Catabolic cancer-associated fibroblasts transfer energy and biomass to anabolic cancer cells, fueling tumor growth. Semin. Cancer Biol. 2014, 25, 47–60. [Google Scholar] [CrossRef]

	



Cox, J.; Mann, M. MaxQuant enables high peptide identification rates, individualized p.p.b.-range mass accuracies and proteome-wide protein quantification. Nat. Biotechnol. 2008, 26, 1367–1372. [Google Scholar] [CrossRef]

	



Szoboszlai, N.; Guo, X.; Ozohanics, O.; Oláh, J.; Gömöry, A.; Mihucz, V.G.; Jeney, A.; Vékey, K. Determination of energy metabolites in cancer cells by porous graphitic carbon liquid chromatography electrospray ionization mass spectrometry for the assessment of energy metabolism. Anal. Chim. Acta 2014, 819, 108–115. [Google Scholar] [CrossRef]








[image: Ijms 24 13996 g001] 





Figure 1. Characterization and proliferation rates of HLE, HuH7, and LX2. (a) Phase contrast micrographs and vimentin immunofluorescence of HLE, HuH7, and LX2 cells. HLE is a dedifferentiated, fast-growing hepatoma cell line whereas HuH7 is more differentiated and grows slower. All three cell lines were positive for vimentin. Vimentin (green) and DAPI (blue). Original magnification: 20× (phase contrast micrographs), 40× (HLE, HuH7 vimentin staining), and 63× (LX2 vimentin staining). (b) Double immunostaining of hepatoma cell lines kept in monoculture or in direct co-culture with LX2 cells. HLE cells did not express cytokeratin and both hepatoma cell lines were positive for αSMA. Cytokeratin (green), αSMA (red), and DAPI (blue). The original magnification in the confocal microscope was 63×. (c) Proliferation rates of HLE, HuH7, and LX2 cells and the effect of LX2-conditioned medium on HLE and HuH7 cell proliferation. 






Figure 1. Characterization and proliferation rates of HLE, HuH7, and LX2. (a) Phase contrast micrographs and vimentin immunofluorescence of HLE, HuH7, and LX2 cells. HLE is a dedifferentiated, fast-growing hepatoma cell line whereas HuH7 is more differentiated and grows slower. All three cell lines were positive for vimentin. Vimentin (green) and DAPI (blue). Original magnification: 20× (phase contrast micrographs), 40× (HLE, HuH7 vimentin staining), and 63× (LX2 vimentin staining). (b) Double immunostaining of hepatoma cell lines kept in monoculture or in direct co-culture with LX2 cells. HLE cells did not express cytokeratin and both hepatoma cell lines were positive for αSMA. Cytokeratin (green), αSMA (red), and DAPI (blue). The original magnification in the confocal microscope was 63×. (c) Proliferation rates of HLE, HuH7, and LX2 cells and the effect of LX2-conditioned medium on HLE and HuH7 cell proliferation.



[image: Ijms 24 13996 g001]







[image: Ijms 24 13996 g002] 





Figure 2. Migration and wound healing assays. (a) Migration in Boyden chamber: attracted by Matrigel, HLE, and LX2 cells, but not HuH7 cells, migrate through the pores of the membrane. Migrating cells were positive for αSMA. αSMA (red) and DAPI (blue). Original magnification: 20× (αSMA staining) and 40× (Toluidine blue staining). Wound healing assay and bar-graphs of the cell-free area over time: (b) microscope images presenting scratch area covered by migrating HLE, HuH7, and LX2 cells. Wound closure was evaluated by measuring the remaining cell-free area and expressed as a percentage of the initial (0 h) cell-free area. Quantification was performed by ImageJ analysis. HLE cells covered the scraped area within 24 h while wound closure of HuH7 and LX2 was still incomplete at this time point. The results of three independent experiments are expressed as mean ± SD of the percentage of the cell-free area. The original magnification of the images was 10×. * p < 0.05 and *** p < 0.001. 
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Figure 3. Reciprocal effects of the conditioned media of hepatoma cells and LX2 fibroblasts on cell signaling. Conditioned medium of LX2 activated the Akt/mTOR, MAPK, and NF-κB pathways and inhibited GSK3-α/β in both hepatoma cell lines. In the case of β-catenin, it increased in HuH7 cells and decreased in HLE cells in response to LX2-conditioned medium. Conditioned media of hepatoma cell lines activated ERK1/2 and Akt(T308) but downregulated β-catenin and NF-κB in LX2 cells. (a) Immunoblots and (b) corresponding densitometry graphs. β-actin housekeeping protein was used as a reference for protein loading and relative activity levels were compared to respective controls. Data points represent mean ± SD, n = 3; * p < 0.05; ** p < 0.01; and *** p < 0.001. 
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Figure 4. LX2 direct co-culture and conditioned medium downregulated the expression of cyclin-dependent kinase inhibitor p21 in HuH7 but only marginally in HLE where p21 was already suppressed in the control condition. Immunoblots (left) and corresponding densitometry graphs (right). β-actin housekeeping protein was used as a reference for protein loading and relative activity levels were compared to respective controls. Data points represent mean ± SD, n = 3; *** p < 0.001. 
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Figure 5. Secretion of matrix proteins into the culture media by single cultures and co-cultures of HLE, HuH7, and LX2. (a) Immunoblots and (b) corresponding densitometry graphs. Ponceau S staining was used as a reference for protein loading. Data points represent mean ± SD, n = 3; * p < 0.05; ** p < 0.01; and *** p < 0.001. 
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Figure 6. Abundance of MMP-2 and MMP-9 in the media of HLE, HuH7, and LX2 and the direct co-cultures HLE+LX2 and HuH7+LX2. MMP-9 was significantly induced in HLE+LX2 and MMP-1 was significantly induced in HuH7+LX2 compared to the respective monocultures. (a) Bands of zymography assay and (b) corresponding densitometric evaluation normalized to Coomassie staining. Data points represent mean ± SD, n = 3; ** p < 0.01; and *** p < 0.001. 
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Figure 7. Expression of integrins that bind to laminin and fibronectin in HLE and HuH7 cells, alone or in co-culture with LX2 fibroblasts. (a) Immunoblots and (b–f) corresponding densitometry graphs β-actin were used as a reference for protein loading and relative activity levels were compared to respective controls. Data points represent mean ± SD, n = 3; * p < 0.05; and *** p < 0.001. 
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Figure 8. Effect of LX2 cell conditioned media on the expression of CXCL12 cytokine production of hepatoma cell lines. Data points represent mean ± SD, n = 3; * p < 0.05; ** p < 0.01; and *** p < 0.001. 
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Figure 9. EVs from HLE and HuH7 upregulated pERK1/2 signaling and inhibited pGSK3-α/β in LX2 cells. A moderate pERK1/2 elevation was observed in HLE upon exposure to LX2 EVs. (a) Immunoblots and (b) corresponding densitometry graphs. β-actin housekeeping protein was used as a reference for protein loading and relative activity levels were compared to respective controls. Data points represent mean ± SD, n = 3; * p < 0.05; ** p < 0.01; and *** p < 0.001. 
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Figure 10. Exposure of (a) HLE and (b) HuH7 hepatoma cell lines to LX2-derived EVs changed the cargo composition of hepatoma EVs. The most prominent change was a more than tenfold increase in SPOCK1/testican-1. The relative fold change was calculated with reference to hepatomas with LX2 EVs relative to hepatoma CTL EVs. 
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Figure 11. Morphology and SPOCK1/testican-1 immunostaining of hepatoma cells before (a,b) and after (c,d) treatment with LX2-derived EVs. (a,c): HLE and (b,d): HuH7. Green: testican-1 and blue: DAPI. Control hepatoma cells ((a), HLE and (b), HuH7) exhibited cytoplasmic testican-1 positivity. Upon exposure to LX2 EVs, these hepatoma cells underwent phenotypic changes and modifications in EV cargo. Their cytoplasm increased and elongation occurred while a small subset of HLE cells displayed intranuclear testican-1 positivity (arrows). Original magnification: 40×. 
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Figure 12. qRT-PCR validation of miRNAs shown to be differentially regulated by the TaqMan card in HLE (a) and HuH7 (b) upon treatment with LX2-derived EVs. 
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Figure 13. Metabolic changes in hepatoma and fibroblast cells after treatment with conditioned media. (a) Extracellular (after 48 h) and intracellular metabolite (lactate, pyruvate, citrate, and malate) concentration in control and treated hepatoma and fibroblast cell lines. (b) Metabolic activity related protein expression differences between control and treated cells. WES simple Western blot analyses were performed on selected proteins, with protein expression values normalized to β-actin. Raw WES simple electropherograms and corresponding densitometry graphs are available in Supplementary Materials, Figure S3. IC: intracellular, EC: extracellular LAC: lactate, PYR: pyruvate, CIT: citrate, MAL: malate, CTL: control, CM: conditioned medium, HK2: hexokinase 2, LDHA: lactate dehydrogenase A, LDHB: lactate dehydrogenase B, MCT4: monocarboxylate transporter 4, ACC: acetyl-CoA carboxylase, FASN: fatty acid synthase, CPT1A: carnitine palmitoyl transferase 1A, and COXIV: cytochrome c oxidase subunit IV. 
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Figure 14. Overview of multiple levels of cancer cell–fibroblast communication. We investigated the communication between poorly and well-differentiated hepatoma cells and LX2 immortalized fibroblasts via soluble factors, metabolites, EVs, and miRNAs. LX2 fibroblasts, when co-cultured with HLE cells, exhibited increased production of laminin β1, type IV collagen, CD44, and shedding of syndecan-1, whereas the dominant matrix components in the HuH7/LX2 co-culture system included type IV collagen and cell surface syndecan-1. Hepatoma-derived EVs influenced the MAPK and Wnt signaling pathways in LX2 cells. LX2-derived EVs induced significant upregulation of testican-1 in the EV cargo of hepatoma cells. Hepatoma-derived EVs carried miRNAs that were differentially regulated upon interaction with LX2, could impact tumor progression, and may serve as diagnostic markers. Created with BioRender.com. 
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