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Abstract

:

Hepatocellular carcinoma is often treated with a combination of doxorubicin and embolization, exposing it to high concentrations and hypoxia. Separation of the possible synergistic effect of this combination in vivo is difficult. Here, treatment with doxorubicin, under hypoxia or normoxia in different liver cancer cell lines, was evaluated. Liver cancer cells HepG2, Huh7, and SNU449 were exposed to doxorubicin, hypoxia, or doxorubicin + hypoxia with different duration. Treatment response was evaluated with cell viability, apoptosis, oxidative stress, and summarized with IC50. The protein profile of a 92-biomarker panel was analyzed on cells treated with 0 or 0.1 µM doxorubicin during 6 or 72 h, under normoxia or hypoxia. Hypoxia decreased viability of HepG2 and SNU499. HepG2 was least and SNU449 most tolerant to doxorubicin treatment. Cytotoxicity of doxorubicin increased over time in HepG2 and Huh7. The combination of doxorubicin + hypoxia affected the cells differently. Normalized protein expression was lower for HepG2 than Huh7 and SNU449. Hierarchical clustering separated HepG2 from Huh7 and SNU449. These three commonly used cell lines have critically different responses to chemotherapy and hypoxia, which was reflected in their different protein expression profile. These different responses suggest that tumors can respond differently to the combination of local chemotherapy and embolization.
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1. Introduction


Intermediate hepatocellular carcinoma (HCC) is treated with image-guided transcatheter tumor therapy by locally infusing a chemotherapeutic agent in a drug delivery system, so called transarterial chemoembolization (TACE) [1,2,3,4]. This treatment has two purposes: to deliver the drug close to the tumor site and to cause an arterial embolization close to the cancer region [5]. The embolization reduces or eliminates the blood flow to the tumor, reducing the tumor’s oxygen supply and creating a hypoxic microenvironment. By infusing the drug close to the tumor (locoregional), the tumor is exposed to a high concentration of the drug, which will lead to an increased antitumor effect, while reducing systemic exposure and side-effects [6]. One of the most commonly used chemotherapeutic agents of this locoregional treatment of HCC is doxorubicin (DOX) [7], an anthracycline which has been on the market since the 1970s. Its main mechanisms of action lead to the activation of apoptotic pathways and are intercalation into DNA, inhibition of topoisomerase II, and generation of reactive oxygen species [8,9,10]. DOX has been used for the treatment of advanced HCC for over 30 years, but definitive evidence that DOX as a systemic treatment improves survival has not been provided [11], while the survival benefit in combination with chemoembolization has been generally accepted [12].



Tumor hypoxia is a key hallmark of all solid tumors, including HCC. An inevitable consequence of chemoembolization therapy is the de novo formation of hypoxic regions within the tumor [13]. Hypoxic cancer cells undergo phenotypic adaptations that allow the cells to survive or escape from the hostile environment, often creating a more aggressive tumor phenotype [14]. These hypoxia-induced adaptations include switching to anaerobic metabolism, inducing angiogenesis, stimulating tissue remodeling, and activating molecular mechanisms that allow invasion and metastasis [15,16]. Apparently, hypoxia may act as a double-edged sword when it comes to drug-response. On the one hand, intratumoral hypoxia and the hypoxic phenotype have been implicated in resistance to radiotherapy and anticancer chemotherapy, as well as predisposing for increased tumor metastases [17]. On the other hand, depriving the cells of their oxygen supply—for instance by inhibiting neoangiogenesis—has been a successful strategy for extending the survival of patients. This is currently the standard of care for patients with advanced HCC [18]. The efficacy of the cytostatic agent sorafenib in the advanced setting suggest that antiangiogenic therapy may enhance the efficacy of chemoembolization, yet this combinational treatment has generated contradictory results when it comes to overall survival [19,20,21]. Also, preclinical studies report conflicting results on whether intratumoral hypoxia enhances or reduces efficacy of chemotherapeutic agents [22,23].



Human cancer-derived cell lines are the most widely used in vitro models to study cancer mechanistically and to validate the efficacy of cancer treatments [24]. One of the main advantages of using cell lines is that they offer a nearly infinite supply of a homogeneous cell population. However, this homogeneity is only found within the same cell line and can also be seen as a disadvantage considering the heterogeneity of in vivo tumors [5]. Thus, a panel of different cancer cell lines, representative of the natural heterogeneity observed in primary tumors, could be used instead [25].



In this study, the objective was to investigate the tolerance to DOX and/or hypoxic treatment of three commonly used liver cancer cell lines [25,26,27]. HepG2 cells are derived from a 15-year old Caucasian American male with a well-differentiated liver tumor [28]. Huh-7 cells, a differentiated HCC cell line taken from a liver tumor in a 57-year-old Japanese male [28]. SNU449 cells is a hepatitis B-positive cell line derived from a 52-year-old Korean male with a primary HCC [28]. The cells were treated with different DOX concentrations at different exposure times and under normoxic or hypoxic conditions. The effect of the treatments was assessed by their antitumor effect (cell viability and cell death), presence of oxidative stress, and the change in expression in a number of cancer proteins that participate in biological mechanisms central to the initiation and progression of cancer [29].




2. Results


2.1. Cell Viability—Treatment with DOX under Hypoxic or Normoxic Conditions


Effect of hypoxia on cell viability over time is summarized in Table 1. Presence of hypoxia after exposure to 100 µM CoCl2 was confirmed by measurement of HIF1α and PDK1 after CoCl2 treatment confirmed presence of hypoxia (Supplementary Material, Figure S1). The effect of treatments with DOX and/or hypoxia on cell viability can be seen in Figure 1, and the corresponding IC50 values are shown in Table 2.



Cell viability of HepG2 cells grown under hypoxic conditions declined to 81% from 6 to 72 h compared to normoxic conditions (Table 1). Tolerance (IC50) of HepG2 cells to DOX decreased 1600-fold from 6 to 72 h of exposure in normoxic conditions (Table 2; Figure 1). Tolerance to DOX decreased between 1.6- and 6-fold at each time point when HepG2 were exposed to DOX under hypoxic conditions (Table 2; Figure 1).



Under hypoxic conditions, Huh7 cell viability was unaffected or even slightly increased compared to normoxic conditions (Table 1). Similar to the HepG2 cells, tolerance of Huh7 cells to DOX decreased in normoxic conditions, here with 500-fold from 6 to 72 h of exposure (Table 2; Figure 1). Tolerance of Huh7 to DOX increased between 2- and 6-fold at each time point when exposed to DOX under hypoxic conditions (Table 2; Figure 1).



SNU449 cell viability declined to 76% from 6 to 48 h in hypoxic conditions compared to normoxia, but cell viability recovered to baseline at 72 h (Table 1). Under normoxic conditions, tolerance of SNU449 to DOX first declined ~60-fold over time (48 h), and then increased at 72 h to an 8-fold decline of IC50,6h (Table 2; Figure 1). Tolerance to DOX of SNU449 cells under chemical hypoxia was only slightly affected (<3-fold) compared to normoxic conditions (Table 2; Figure 1).




2.2. Oxidative Stress and Apoptosis


The effect of treatment with DOX after 24 h on oxidative stress and apoptosis are shown in Figure 2 and Figure 3. Under normoxia, 0.1 µM DOX led to a nonsignificant increase of oxidative stress in all cell lines after 24 h (Figure 2A). A higher exposure of 1 µM DOX lead to a nonsignificant increase of oxidative stress in Huh7 and SNU449, but decreased oxidative stress levels in HepG2 cells (Figure 2A). Since this method does not normalize for total cell number, we also measured DCFDA using flow cytometry and selecting living cells. This revealed a significant increase of oxidative stress in HepG2 cells treated with 0.1 and 1 µM DOX (Figure 2C). Oxidative stress was significantly increased in all cells exposed to CoCl2-induced hypoxia (Figure 2B). Interestingly, only the SNU449 experienced a significant additive effect of hypoxia and DOX on oxidative stress levels (Figure 2B).



HepG2 cells showed no change in the apoptotic marker Annexin V during any of the treatments. Under normoxia, levels of Annexin-V nonsignificantly increased in the Huh7 and SNU449 cells treated with 0.1 and 1 µM for 24 h (Figure 3). Huh7 cells showed a nonsignificant increase of Annexin V, after 24 h exposure of 0.1 µM and 1 µM DOX in hypoxic conditions. Under hypoxia, the SNU449 cells had no increased levels of the apoptotic marker Annexin-V after treatment with DOX.




2.3. Oncologic Protein Profile


Of the 92 proteins included in the OLINK Oncology panel [29], 79 proteins (84.9%) were detected in at least one median sample (Figure 4A). The majority (50) of proteins were detected in all three cell lines, while six proteins were detected in one cell line only (Supplementary Material, Figure S2). Sixty-six proteins (71.7%) were detected in at least one median sample of the HepG2, 67 (72.8%) in Huh7, and 69 (75%) in SNU449 cells. Significant differences in protein expression were observed between HepG2 and Huh7 for 37 proteins (Table 3). The normalized expression of 35 proteins was significantly different between HepG2 and SNU449, and normalized expression of 32 proteins was significantly different between Huh7 and SNU449 (Table 3). Changes in exposure time, oxygen conditions, or DOX exposure did not result in significantly different protein expressions (results not shown). The number of detected proteins per biological process class (GO terms) per cell line are shown in Figure 4B.



Hierarchical clustering of samples (Figure 4C, left side heat map) revealed that the type of cell line was the most important factor contributing to the protein profile. Neither exposure time, nor oxygen conditions or DOX exposure caused any further subclustering. Hierarchical clustering of expressed proteins is shown Figure 4C (top side). Protein clustering could not be assigned to any biological process, molecular function, or cellular component (GO terms; results not shown).



The heatmap (Figure 4C) shows the different normalized protein expression of each protein in each sample. For a number of detected proteins, HepG2 cell samples had lower expression of proteins compared to Huh7 and SNU449 cell samples (Figure 4C, right side heat map, Table 3). In HepG2 cells only eight proteins had a normalized protein expression higher than 2 (average from all HepG2 samples, irrespective of treatment), while 34 proteins in Huh7 cells and 35 proteins in SNU449 cells were detected with normalized protein expression over 2.





3. Discussion


The cytotoxic potency of DOX and the synergistic effects of chemical hypoxia on cell viability, oxidative stress, and cell death were investigated for three liver cancer cell lines (HepG2, Huh7, and SNU449). These cell lines were selected based on previously published data on their response to DOX and their morphological features.



The observed tolerance to DOX was significantly different between the cell lines, where HepG2 cells exhibited the lowest and SNU449 cells the highest tolerance. For example, at 72 h exposure to DOX there was a 580-fold difference between IC50 values for HepG2 and SNU449. Huh7 and HepG2 are epithelial cell lines, characterized by a high expression of E-cadherin and low expression of Vimentin [30]. In contrast, SNU449 has a mesenchymal phenotype, characterized by loss of E-cadherin and low expression of vimentin [30,31]. The study by Zhang, et al. in 2018 has shown that epithelial–mesenchymal transition is the driving factor behind DOX resistance in SNU449 cell lines [30,31]. In similarity to this study, Chang et al. in 2013 reported that tolerance to DOX is lower in HepG2 compared to SNU449 cell lines [32]. However, the Huh7 cell line was reported to be equally sensitive as HepG2 to DOX in the study by Chang et al. in 2013, while higher tolerance to DOX in Huh7 was observed in our study. Furthermore, there are large discrepancies in studies reporting on of DOX tolerance of the different cell lines. Reports on the sensitivity of HepG2 and Huh7 range from equivalent tolerance [33,34] up to 30-fold differences [32,35]. Also, reported IC50 values of DOX from different studies vary vastly. For example, after 48 h DOX exposure on HepG2 cells IC50 values varied from 0.038 to 1.9 µM [34,36,37]. This large interstudy variability indicates that it is not possible to compare DOX cytotoxicity between different studies and emphasize the need to include multiple cell lines for preclinical drug development studies. To enable cell-dependent comparisons of DOX cytotoxicity, experiments need to be performed within one study and cannot be solely based on compilations of external data. In general, reported in vitro IC50 values for DOX in human carcinoma cell lines decrease with exposure time [37,38]. This correlates well to the strong in vivo PK–PD relationship for DOX treatment observed between plasma exposure (area under the plasma concentration–time curve (AUC)) and cell survival [8]. A 20-fold decrease in DOX IC50 is reported for HepG2 cells when increasing exposure time from 6 to 48 h, and similar effects (30-fold decrease) are observed in a ovarian cancer cell line when increasing exposure time from 2 to 12 h. [37,38] Our results are in line with these observations as DOX IC50 decreased between 60- and 500-fold, depending on cell line and increase in exposure time. This suggests that our cell lines were highly responsive to DOX. Interestingly, the SNU449 cell line showed higher tolerance at 72 h than after 48 h, having possibly built up resistance to DOX treatment. Several mechanisms have been described to contribute to the acquired resistance to DOX [39]. Firstly, an upregulation of multidrug resistance efflux pumps could create a reduction in nuclear drug accumulation [40]. Unfortunately, the biomarkers analyzed with the oncology panel did not represent proteins for drug response, which could be why there were no noticeable differences in hierarchical clustering on treatment levels. Secondly, reduction in DNA Topoisomerase 2-Alpha (TOP2A) expression and increased dependence on the beta-isoform of topoisomerase II contribute to the acquired resistance of DOX [39,41]. This beta isoform is less sensitive to DOX and would thus result in a decrease in the number of double-strand breaks and subsequent decrease in apoptosis. Thirdly, a downregulation of proapoptotic and upregulation of antiapoptotic proteins could also contribute to the acquired drug resistance in cells [39]. In our biomarker analysis, both VEGFA and MK expression in SNU449 were seemingly higher after 72 h cell incubation compared to 6 h. These proteins may cause induction of cell proliferation (MK) and inhibition of apoptosis (VEGFA) [42], which could result in the above-described resistance observed at 72 h. Lastly, the inherent differences in cell proliferation could have contributed to the different response of the cell lines to DOX. The tolerance of cells to DOX is known to be lower in proliferating cells than in nonproliferating cells [43]. An in vitro study on breast cancers cells has shown that tumor proliferation rate is one of the major biologic parameters associated with response to DOX [44]. SNU449 cells were the least sensitive to DOX treatment and they also have a slower doubling time compared to Huh7 and HepG2.



The difference in viability of cells after treatment with DOX is also reflected in their different expression of the apoptotic marker Annexin V. Under normoxia, Annexin-V increased in the Huh7 and SNU449 cells treated with 0.1 and 1 µM DOX for 24 h. This is in line with our viability data, which show a decrease of 3% in cell viability of Huh7 cells after 24 h of exposure to 0.1 µM and 29% after 24 h of exposure to 1 µM DOX in normoxic conditions. In contrast, the SNU449 cells had no increased levels of Annexin V, after treatment with DOX in hypoxic conditions. This is in line with our viability data, which show that SNU449 cells experience no decrease in cell viability at 0.1 µM and 1 µM DOX. Under hypoxia, Huh7 cells showed a significant increase of Annexin V, after 24 h exposure to 0.1 µM and 1 µM DOX. This partially corresponds to our viability data, which show no decrease in cell viability of Huh7 cells after 24 h of exposure to 0.1 µM, but a 15% after 24 h of exposure to 1 µM DOX in hypoxic conditions. Remarkably, HepG2 cells showed no change in the apoptotic marker Annexin V, suggesting other mechanism may be responsible for the decreased viability. Despite the widespread clinical use of DOX, its antiproliferative and death-inducing signal cascades are not yet fully understood. Studies have suggested that decreased viability seen after DOX treatment is a result of apoptosis, necrosis, cell cycle arrest, and senescence [45,46,47], which explains some of the discrepancies we see between expression of Annexin V and the viability data. Our data also suggest that these mechanisms can differ between different cell lines and further warrant the use of multiple cell lines for preclinical studies on HCC.



Inducing hypoxia with CoCl2 resulted in varying responses of the three cell lines. HepG2 and SNU449 cell viability declined when exposed to hypoxia. Huh7 had unaffected or slightly increased cell viability in hypoxic conditions, suggesting that Huh7 has a higher tolerance to hypoxia. It is important to note that HIF1α activity varies between different cancer cell lines under the same level of hypoxia [48]. The different levels of HIF1α and PDK1 found in our three cell lines, could perhaps explain differences in their adaptation to survive in hypoxic conditions. Notably, SNU449 cells had the highest protein level of stabilized HIF1α and PDK1 and its viability was decreased at 24 h and 48 h CoCl2-induced hypoxia, but recovered to normal levels at 72 h. This suggests that these cells adapted to the hypoxic conditions over time. In contrast, Huh7 has a higher tolerance to hypoxia, but also lower baseline levels of stabilized HIF1α and PDK1 in normoxic conditions. In agreement to our findings, a study on six human breast cancer cell lines found high basal levels of VEGF A and low HIF-1α and HIF-2α induction was correlated with improved survival under hypoxia [49]. HIF-1α is activated during hypoxia, here induced by CoCl2, and then activates transcription of both VEGF A and CAIX [42]. In our protein profile results, VEGF A was detected in all three cell lines at 6 and 72 h. Normalized protein expression of VEGF A was only slightly increased in SNU449 cells for all samples incubated 72 h, but more interestingly basal levels of VEGF A were 8-fold higher in Huh7 and SNU449 than in HepG2. Cell viability of both Huh7 and SNU449 was unaffected at 6 and 72 h in hypoxia, which is in agreement with the higher basal VEGF A expression. CAIX, a protein that helps with neutralizing intracellular pH and acidifying extracellular microenvironment [42,50] was detected in Huh7 and SNU449. CAIX was increased 8–fold in Huh7 cells treated for 72 h with hypoxia and 2-fold in SNU449 cells. This suggests that Huh7 and SNU449 cells actively adapt to the hypoxic conditions, which could have led to the sustained cell viability from 6 to 72 h.



Tolerance of cancer cell lines to chemotherapeutic agents can increase or decrease in hypoxic conditions. Increased tolerance to chemotherapeutics under hypoxic conditions are observed in human embryonal carcinoma testicular germ cell tumor cell lines [51], HCC cell lines (HepG2, BEL-7402, and SMMC-7721) [52,53], and human and mouse prostatic adenocarcinoma cells [54]. However, conflicting results have also been published, where hypoxia could cause either increased or decreased tolerance to different chemotherapeutic agents [55]. This is similar to the results in this study, where different effects of hypoxia on DOX tolerance were observed for the three cell lines included. For HepG2 cultured in hypoxia, the cell viability with DOX treatment decreased over time compared to non-DOX treated cells. On the contrary, cell viability for Huh7 cells was not affected over time under hypoxia, while the tolerance to DOX increased compared to normoxic conditions. This suggested that hypoxia induces a more DOX-resistant phenotype in these cells. Interestingly, the tolerance to DOX of SNU449 was only marginally affected by hypoxic conditions.



It has been hypothesized that cells that proliferate less in hypoxia will be more tolerant to chemotherapeutic agents, as the chemotherapeutic agents act on dividing cells [55]. DOX has three working mechanisms: topoisomerase inhibition, intercalation to DNA, and formation of reactive oxygen species [8,9,10]. The latter mechanism is often described in the context of adverse effects, such as cardiotoxicity, but also occurs in DOX-treated cancer cells [56]. Since CoCl2 does not create an actual oxygen deprivation, but mimics hypoxia by binding to prolyl hydroxylase containing domain proteins that activate HIF-1α, there is still an abundance of reactive oxygen species, which might have contributed to the DOX cytotoxicity [57]. In line with previous findings [58], we found an increase of oxidative stress in all cells exposed to CoCl2. A low exposure of 0.1 µM DOX induced oxidative stress in all cell lines after 24 h, which is in line with previous reports [56]. A higher exposure of 1 µM DOX also led to an increase of oxidative stress in Huh7 and SNU449, but decreased oxidative stress in HepG2 cells. Since this method did not normalize for total cell number, we assumed that this decrease could be a result of the high number of HepG2 cells dying because of the DOX treatment. Measuring ROS using flow cytometry and selecting living cells, indeed revealed an increase of oxidative stress in HepG2 cells exposed to 1 µM DOX. Interestingly, the tolerance to DOX of SNU449 was only marginally affected by hypoxic conditions, while SNU449 cells was the only cell line to increase the level of oxidative stress when CoCl2-induced hypoxia was combined with DOX treatment. This suggests that oxidative stress did not contribute to DOX cytotoxicity in the SNU499 cell line. Elevation of intracellular mitochondrial ROS levels in tumors is known to activate PKD1 and NF-κB, leading to upregulation antiapoptotic proteins such as A20 and cIAPs [59]. Therefore, generation of ROS in tumor cell can work as a double-edged sword, by both promoting and inducing cell death, depending on duration of oxidative stress, intracellular ROS levels, as well as cell-specific mechanisms that counter proapoptotic stimuli or prevent the activation of oxidative stress-induced signaling cascades [60].



DOX is known to upregulate and activate HIF-1α, and HIF-1α targeting strategies have been suggested to enhance the effect of DOX treatment [61]. Possibly, treatment with DOX could have led to a secondary activation of HIF-1α, which could induce a positive feedback loop to increase the number of prolyl hydroxylase containing domain proteins and thus interfere with the working mechanism of CoCl2 [62]. It is thus possible that the differences in tolerance to DOX under hypoxic conditions in the tested cell lines is caused by a different main antitumor effect for each cell line, or because of subjection to HIF-1α-induced feedback mechanisms that interfered with CoCl2. In our study, we found different levels of HIF1α and PDK1 in the three cell lines under the same oxygen conditions, which could explain differences in their adaptation to hypoxia and their sensitivity to DOX. In addition, there were differences in generation of ROS between the different cell lines under normoxia and hypoxia, before and after DOX treatment, which would further contribute to the cytotoxic effect of both hypoxia and DOX.



Another possible explanation of the different responses between cell lines, both in historical data and our results, could be the difference in how hypoxia was created. Chemical hypoxia with CoCl2 is a hypoxic mimetic that functions by stabilizing HIF-1α. It has been shown that the difference in oxygen levels during hypoxia could affect cell behavior, where induction of apoptosis was observed when oxygen levels decreased below 0.5%, but not at oxygen levels of 1–3% [63]. Interestingly, it was also found that tolerance to DOX both increased (1% O2) and decreased (0.1% O2) in five different cancer cell lines (not liver) [55], which is in agreement with the induction of apoptosis at lower oxygen levels.



A final important finding in our study was the difference in oncogenic protein profile between cell lines. Previous studies have shown a high similarity in gene expression between Huh7 and HepG2 cell lines and HCC tumor tissue, based upon rank-based gene expression [25,27]. The same study also observed a low similarity between the gene expression in SNU449 and HCC tumor tissue, and so discouraged readers to use SNU449 for in vitro experiments [25]. However, our results clearly show a higher degree of similarity between Huh7 and SNU449 cells compared to HepG2 cells. Most notable was the lower normalized expression of most oncogenic proteins in HepG2 cells compared to the other cell lines. The used oncologic protein panel is composed specifically of cancer proteins that participate in biological mechanisms central to the initiation and progression of cancer [29]. This could suggest that HepG2 cells could represent a less aggressive form of HCC tumors, compared to Huh7 and SNU449 cell lines. It is important to note that HepG2 cells are derived from a 15-year-old Caucasian American male and there is currently no real consensus whether these cells are derived from hepatocellular carcinoma [64] or from hepatoblastoma [65]. Irrespective of origin of HepG2, and in agreement with our results, Pang et al. in 2014 also concluded that HepG2 should not reflect the apoptotic and drug resistance properties of other HCC cell lines [26]. This discrepancy in historic tumor classifications, and our findings showing a differential oncogenic protein profile, raise questions on how representative this cell line truly is for research on initiation and progression of HCC.




4. Materials and Methods


4.1. Chemicals


Doxorubicin hydrochloride (DOX HCl) was purchased from Toronto Research Chemicals, Canada. DOX stock solutions (100 mM) were prepared by dissolving the DOX in DMSO (Sigma-Aldrich, Germany). RIPA buffer, resazurin sodium salt and phosphate buffered saline (PBS) were purchased from Sigma-Aldrich (Darmstadt, Germany). Dulbecco’s Modified Eagle’s Medium (DMEM), Roswell Park Memorial Institute medium (RPMI), fetal bovine serum (FBS), and trypsin-EDTA were purchased from Gibco. Cobalt (iii) chloride hexahydrate (CoCl2, Sigma-Aldrich, Darmstadt, Germany) stock solutions were prepared by dissolving CoCl2 in sterile water (25 mM) and filtering through a syringe filter (0.22 µm).




4.2. Cell Culture


Three HCC cell lines (Figure 5A) were selected based on published data concerning IC50 values of the most commonly used HCC and hepatoma cell lines (Table 4). Our literature search showed that the most drug-resistant tumor cell line commercially available, which mimics the gene expression pattern of the original HCC patient (in contrast to cell lines that were genetically engineered to be chemoresistant) was SNU449. HepG2 and Huh7 cells were chosen as described to be more sensitive to DOX and because of their common use in HCC research. Contamination of the three cell lines was checked at the Register of Misidentified Cell Lines, and none of the chosen cell lines were on the list [66]. The liver cancer cell lines HepG2 and SNU449 were purchased from ATCC and Huh7 was kindly provided by Ahmed Dilruba, Karolinska Institute. Cells were routinely cultured in DMEM (HepG2 and Huh7) or RPMI (SNU449) supplemented with 10% FBS (cell culture media+FBS: CCMFBS) and 1% antibiotic–antimycotic solution (Sigma-Aldrich, Darmstadt, Germany). Cells were cultured at 37 °C with 5% CO2 under standard cell culturing conditions (Figure 5A).




4.3. Cell Viability Assay


For in vitro experiments, cells were detached using trypsin-EDTA, re-suspended in CCMFBS, and plated at a density of 1 × 104 cells/well. Cells were allowed to attach and left undisturbed to adhere overnight. Thereafter, cells were treated with monotherapies of DOX and hypoxia, respectively or as a combination DOX + hypoxia. DOX stock solution was serially diluted to concentrations in the range of 0.01 to 1000 µM in CCMFBS (CCMFBS + DOX, Figure 5A). For the chemically induced hypoxia experiments, CoCl2 stock solutions were diluted with cell culture medium (CCMFBS + CoCl2) before making the 0, 0.01–1000 µM DOX concentration range in CCMFBS + CoCl2 (CCMFBS + CoCl2 + DOX, Figure 5A). A final concentration of 100 µM CoCl2 was used to induce chemical hypoxia, as previously described [70]. Medium was removed from the wells and 150 µL of CCMFBS (+CoCl2) + DOX was added to each well. Plates were again incubated in a humidified incubator with 5% CO2 at 37°C for the desired exposure time (6, 24, 48, or 72 h), with and without chemically induced hypoxia (Figure 5A). Note that media was not replaced under the exposure time. Each treatment was tested on eight or more replicates. Medium was removed after the exposure time and cells were washed with 100 µL PBS (Figure 5B). Cell viability was monitored via resazurin reduction assay, which provides a cost-effective and accurate method to determine cell viability in cytotoxicity studies [71]. A 1% solution of resazurin sodium salt (Sigma-Aldrich) in PBS was filtered through a 0.22 µm filter. The filtered resazurin solution was added in 1/80 dilution to the cells and incubated for 24 h, after which fluorescent signal was measured with a 485/35 excitation filter and a 550/20 emission filter on a Fluostar Omega plate reader. The seeding density of the cells was confirmed to be within the limits of linearity between cell number and absorbance for this technique (Supplementary Material, Figure S3).




4.4. HIF1α and PDK1 in Cell ELISA Assay


Cells were seeded into 96-well amine-coated plates at a density of 1 × 104 cells/well and exposed to normoxic (CCMFBS) or hypoxic conditions (CCMFBS + CoCl2, 100 µM) for 6, 24, and 72 h. HIF1α and PDK1 expression was measured using Hypoxic Response Human In-Cell ELISA Panel (Abcam, Cambridge, MA) according to manufacturer’s guidelines. Plates were scanned using an Odyssey imager (LI-COR, Lincoln, NE). Expression values were obtained by subtracting background values from wells with negative controls for each condition and normalized to the corresponding Janus Green fluorescence values for each well.




4.5. Oxidative Stress Measurement


Oxidative stress was measured using DCFDA—Cellular Reactive Oxygen Species (ROS) Detection Assay Kit (ab113851) in a microplate format and by flow cytometry. DCFDA is fluorogenic dye that measures ROS activity within the cell. After diffusion in to the cell, DCFDA is deacetylated by cellular esterases to a non-fluorescent compound, which is later oxidized by ROS into DCF, a highly fluorescent compound with maximum excitation and emission spectra of 495 nm and 529 nm respectively. Cells were seeded into 96-well plates with clear bottom and black sides at a density of 2.4 × 104 cells/well for the microplate assay, and into 24-well plates at 1.2 × 105 cells/well for flow cytometry and left to adhere overnight. On the next day, cells were stained with 25 µM DCFDA for 45 min at 37 °C, according to manufacturer’s guidelines. Following this step, cells were exposed to 0, 0.1 µM and 1 µM DOX in normoxic (CCMFBS) or hypoxic conditions (CCMFBS + CoCl2, 100 µM). After 6 h of treatment, fluorescence was measured at 485 nm excitation and 535 nm emission wavelengths using a Fluostar Omega plate reader and BD FACSCallibur. Results of the microplate assay are shown as fold change fluorescence. Results of the flow cytometry measurements are shown as percentage of mean DCF signal intensity of control conditions.




4.6. Annexin V Flow Cytometry


Cells were seeded into 24-well plates at 1.2 × 105 cells/well and left to adhere overnight. On the next day, cells were exposed to 0, 0.1 µM, and 1 µM DOX in normoxic (CCMFBS) or hypoxic conditions (CCMFBS + CoCl2, 100 µM) for 24 h, following which apoptosis was assessed by flow cytometry using eBioscience™ Annexin V Apoptosis Detection Kit FITC (88-8005-72) according to manufacturer’s guidelines. Briefly, cells were washed with 1× Binding Buffer and incubated with a 1/20 dilution of fluorochrome-conjugated Annexin V for 10 min, after which fluorescence was measured at 485 nm excitation and 535 nm emission wavelengths using BD FACSCallibur. Results are shown as percentage of mean Annexin V signal intensity of normoxic untreated condition.




4.7. Oncologic Protein Profile


Preparation of the cells was as per the previous section. Cells were seeded in 6-well plates at 2 × 105 per well and left to adhere overnight. DOX stock solution was diluted to 0.1 µM in CCMFBS (+ CoCl2). Eight different conditions were tested per cell line: normoxia or chemically induced hypoxia with exposure to 0 or 0.1 µM DOX during 6 or 72 h, with three replicates per experimental condition. Medium and cell debris were removed and remaining cells washed with PBS. Cells were detached with 100 µL ice-cold RIPA containing protease inhibitors (Sigma Aldrich), and cells were scraped off and aspired (Figure 5C). Cell suspension was collected in Eppendorf tubes and kept on ice for 20–30 min, whilst mixing vigorously to enhance disruption of the cell membranes. The cell suspensions were centrifuged (20 min, 13,000 rpm, 4 °C) and supernatant containing protein was collected. Supernatant was stored at −20 °C until protein measurement. Protein concentration was measured using the BCA kit (ThermoFisher). Finally, all supernatants were diluted to 1 mg/mL protein in RIPA. All samples were analyzed with a multiplex proximity extension assay for 92 biomarkers in the oncology panel (Olink Bioscience, Uppsala, Sweden) [29].




4.8. Data Analysis


Cell viability, defined as the percentage of fluorescence value of treated cells compared to fluorescence value of untreated cells, was calculated with Equation (1):


Cell viability (%)=(Fluorescence exp well–Average of Fluorescence blank well)/(Average of Fluorescence control well–Average of Fluorescence blank well)



(1)







The blank wells were empty in the plate while control wells contained cells in medium without any additional DOX treatment. Cell viability data vs. DOX concentrations were plotted in GraphPad Prism (version 7.04, GraphPad Software Inc., San Diego, CA, USA) and fitted with the “inhibitor vs. response—variable slope analysis” to determine the 50% inhibitory concentration (IC50) of DOX. DOX IC50 values were determined per cell line, for each exposure time, for both normoxic and hypoxic conditions. Differences between DOX IC50 with and without hypoxia per cell line was tested statistically with a 2-way ANOVA and Tukey’s multiple comparisons test (significant when adjusted p < 0.05) in GraphPad Prism. The effect of hypoxia was assessed by taking the ratio of cell viability under hypoxic and normoxic conditions. The effect of hypoxia on cell viability was tested statistically with a one-sample t-test (difference from 1) in GraphPad Prism.



Protein expression data from all different treatments on the three cell lines (Figure 5C) was obtained from OLINK [29], and processed using the following steps. (1) All data below LOQ or at LOQ were assumed to be not detected (NA). (2) All samples that had not passed the quality control were assumed to be not detected (NA). (3) Take median of duplicates or triplicates if at least two samples had a value over LOQ, otherwise median was set to NA. Analysis and visuals presented in this report are based on this processed data set. Hierarchical clustering was performed in Perseus (version 1.6.0.7) [72], where standard parameters were selected. Statistically differently expressed proteins between cell lines, exposure time, oxygen condition and DOX exposure was determined using volcano plots in Perseus.





5. Conclusions


In this study, we present our findings that three established and commonly used liver cancer cell lines (HepG2, Huh7, and SNU449) have critically different responses to chemotherapy and hypoxia. This was also reflected in their oncogenic protein profile and their response to hypoxia and oxidative stress. A synergic effect of hypoxia and treatment with DOX was only observed in HepG2 cells, while Huh7 and SNU449 might have developed escape mechanisms from both treatment and hypoxia. These escape mechanisms are of uttermost importance when studying chemotherapeutic agents. Adaptation of tumor cells to hypoxia is believed to be the main driver for selection of more invasive and therapy-resistant cancer phenotypes [73]. Our results emphasize the need to consider inter- and intratumoral heterogeneity and include multiple cell lines in preclinical studies. Our study further suggests that tumors can respond differently to the combination of local chemotherapy and embolization, which is important for future treatment optimization. This treatment is often a combination of the local intrahepatic administration of one or more chemotherapeutic agents, combined or followed with an occlusion of the tumor feeding vessels. There are two purposes of the treatment: obtaining high local chemotherapeutic tumor concentrations and creating a hypoxic environment to cause synergistic cell death. However, our findings suggest that this might not always be the best strategy. They support the numerous clinical findings that the combination of vessel occlusion and chemotherapeutic treatment does not cause increased overall survival [5].
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Figure 1. The effect of different treatments on cell viability over time. Doxorubicin exposure–response curves for the three cell lines (left to right: HepG2, Huh7, and SNU449) at the different exposure times. Cells were kept under normoxia (top) or chemical hypoxia with 100 µM CoCl2 (bottom) during the duration of the experiment. Average (symbols) and standard deviation (error bars) are shown for each exposure of DOX concentration; at least 6 replicates were used for each tested concentration. 
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Figure 2. Effects on the oxidative stress cells experience with different DOX concentrations. Panel A and B show the oxidative stress to cells under normoxia and chemical hypoxia using a DCFDA—Cellular Reactive Oxygen Species (ROS) Detection Assay Kit in the microplate format. Panel C shows the same experiment, except that DCFDA was measured by flow cytometry. Results are shown as mean fold difference (A&B) or % of mean signal intensity (C) of control condition (normoxia and 0 µM DOX), error bars show SD. Six replicates were used for each tested condition. 
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Figure 3. The apoptotic response of cells exposed to different concentrations of DOX for 24 h. Results are shown as percentage of mean Annexin V signal intensity of control conditions (normoxia and 0 µM DOX), with SD as error bars. Three replicates were used for each tested condition. 
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Figure 4. Results of oncological protein profiling. (A) Venn diagram showing the number of detected proteins in each cell line. (B) The number of detected proteins for each biological process in each cell line. For each biological process, the number of proteins included in the analysis are given in brackets behind the process. Note that proteins can have several biological process classes. (C) Hierarchical clustering based on proteomic quantification visualized in a heat map. A two-way unsupervised hierarchical clustering of the median protein expression values of all proteins in three cell lines—HepG2 (red), Huh7 (green), and SNU449 (blue)—treated during 6 (white) or 72 h (black) under chemical hypoxia (black) or normoxia (white) and exposed to no doxorubicin (white) or 0.1 µM doxorubicin (black). The colored bar under the heat map represents the abundance of the different proteins in the heat map; blue is low abundance, red is high abundance. White squares in the heat map show NA values, i.e., not detected in at least 2 of 3 samples. Raw data is shown in Supplementary Material, Figure S2. 
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Figure 5. Overview of the used methods to assess the effect of treatments in hepatic cell lines. (A) The used liver cancer cell lines, cell culture in 96-well plates, and the applied treatments. (B) The sample work-up and analysis for cell viability testing. (C) Oncological protein profiling sample work-up and analysis by proximity extension assay [29]. 
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Table 1. The effect of exposure time of chemical hypoxia with 100 µM CoCl2 on cell viability of HepG2, Huh7, and SNU449 liver cancer cell lines. Ratio of hypoxia effect was calculated as cell viability at hypoxia/normoxia with 0 µM doxorubicin, and is described as average with standard deviation; at least 6 replicates were used for each tested concentration.
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	Time
	HepG2
	Huh7
	SNU449





	6 h
	1.01 ± 0.045
	1.01 ± 0.0055 *
	0.99 ± 0.022



	24 h
	1.03 ± 0.14
	1.04 ± 0.064
	0.95 ± 0.077 *



	48 h
	0.90 ± 0.072 *
	1.06 ± 0.0091 *
	0.76 ± 0.082 *



	72 h
	0.81 ± 0.1 *
	0.99 ± 0.009 *
	1.02 ± 0.044







* indicate a significant difference (p < 0.05) from 1 as tested with one-sample t-test.
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