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Background

Primary liver cancer (PLC) is a common and highly lethal malignancy in the world. Approximately 85% of PLC is hepatocellular carcinoma (HCC), and this study mainly focuses on HCC. The onset of liver cancer is insidious and often complicated with basic liver disease. Meanwhile, its clinical symptoms are atypical, and the degree of malignancy is high. What is worse is that its treatment is difficult, and the prognosis is poor. All these factors make its mortality close to its incidence. AST-3424 is a prodrug of a potent nitrogen mustard, which targets the tumor by its specific and selective mode of activation and results in the concentration of the drug in the tumor and plays a higher intensity of antitumor effect with reduced side effects. The purpose of this study was to explore the in-vitro antitumor activity and mechanism of AST-3424 monotherapy and combination therapy with oxaliplatin (OXA) or 5-fluorouracil (5-Fu). Moreover, it can provide an experimental basis for further studies.



Methods

Tumor growth of HCC cells was examined by using the Cell Counting Kit-8 (CCK-8), flow cytometry, and clone formation assays. Tumor migration of HCC cells was examined by using the Transwell assay. The in-vitro antitumor activity of AST-3424 monotherapy and combination therapy with OXA and 5-Fu was quantified by growth and metastasis inhibition rate. The underlying molecular mechanism was investigated by using Western blotting.



Results

The inhibiting effects of AST-3424 were significant in both HepG2 cells and PLC/PRF/5 cells. Moreover, HepG2 cells showed higher sensitivity to AST-3424. With increasing AST-3424 concentration, AKR1C3 protein expression level was downregulated significantly. The inhibition of AST-3424 was significantly higher than OXA, 5-Fu, Sor (sorafenib), and Apa (apatinib) in both HCC cells. AST-3424 monotherapy and combination therapy with OXA or 5-Fu all strongly inhibited the proliferation of HCC cells, blocked HCC cells in the S phase, promoted apoptosis induction, and suppressed the migration of HCC cells. Among them, the antitumor effect of AST-3424 in combination with OXA was obviously enhanced. Western blotting analysis demonstrated the regulation of P21, Bax, Caspase3, PARP, MMP-2, MMP-9, and p-Smad proteins in the presence of AST-3424 monotherapy and combination therapy with OXA or 5-Fu, indicating that its antitumor mechanisms may be associated with the regulation of the TGF-β signaling cascade.



Conclusion

The in-vitro studies revealed that AST-3424 in combination with both OXA and 5-Fu showed an increased antitumor effect, and the combination with OXA resulted in a synergistic effect. Together with the in-vitro results, additional in-vitro and in-vivo studies are warranted to further certify its antitumor effects and explore more potential antitumor mechanisms.
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Introduction

The global incidence of primary liver cancer (PLC) is about 4.7% and the mortality rate is about 8.3%. It is the fifth most common and the third most lethal malignancy in the world. In China, there are about 410,000 new cases and 391,000 deaths every year, which together accounts for more than 50% of the global total (1). Most patients with liver cancer are in the middle and late stages when diagnosed and cannot be treated with surgery, and thus, systemic therapy is their main treatment. Systemic therapy usually includes systemic chemotherapy, targeted therapy, immunotherapy, and traditional Chinese medicine therapy. Notably enough, the last 5 years have witnessed an outstanding development of novel therapeutic options in hepatocellular carcinoma (HCC), including tyrosine kinase inhibitors (TKIs) (e.g., lenvatinib, cabozantinib, regorafenib) and anti-angiogenic monoclonal antibodies (ramucirumab) in first- and second-line settings, as well as immune checkpoint inhibitors (ICIs) and combinations of both strategies. Nonetheless, there are currently no validated predictive biomarkers able to guide treatment choice in this setting (2, 3). Traditionally, liver cancer is considered to be a tumor that is resistant to cytotoxic chemotherapeutic agents (4). With the development of systemically chemotherapeutic agents, especially in the area of research and application of new generation platinum agents, metronomic chemotherapy was introduced into oncology and proven in related studies; however, this concept is already obsolete and needs to be changed (5–7). As a result of the presence of basic liver diseases (including hepatitis, cirrhosis, liver dysfunction, and related complications), acquired drug-resistant side effects, and poor patient tolerance, the clinical application of systemic chemotherapy is still limited.

AKR1C3 is known to be overexpressed in a variety of malignant tumors, especially in liver cancer and prostate cancer (PC) (8–10). The high expression of AKR1C3 may lead not only to poor prognosis but also to resistance to a variety of antitumor therapies (including chemotherapy, radiotherapy, and targeted therapy) (11–14). Therefore, AKR1C3 as a new antitumor therapeutic target may be of great value. AST-3424, a chemically synthesized prodrug of a potent nitrogen mustard, is selectively cleaved to the bis-functional alkylating aziridine (OBI-2660) by AKR1C3, which is highly expressed in tumor cells resulting in a strong antitumor effect with less lymphocyte toxicity (15) and is a promising new agent for antitumor therapy. AST-3424 is currently being studied in a clinical trial (NCT03592264) for HCC and castration-resistant prostate cancer (CRPC).

In order to further verify the antitumor effects and mechanisms of AST-3424 in HCC, in-vitro studies were designed to explore its antitumor mechanism of action from multiple perspectives to provide a strong scientific basis for future studies.



Materials and Methods


Cell Culture

The HCC cell lines, HepG2 and PLC/PRF/5, were provided by the National Collection of Authenticated Cell Cultures (Shanghai, China). All cells were grown in DMEM containing 10% of fetal bovine serum (FBS) at 37°C in a 5% CO2 atmosphere.



Agents and Antibodies

AST-3424 was provided by OBI Pharmaceuticals, Inc. (Asia). AST-3424 was dissolved in absolute ethyl alcohol at a concentration of 100 mM and stored at −20°C. Oxaliplatin (OXA) was purchased from Jiangsu Hengrui Medicine Co., Ltd. (Nanjing, China) and then dissolved in GS before use. 5-Fluorouracil (5-Fu) was purchased from Shanghai Xudong Medicine Co., Ltd. (Shanghai, China) and then dissolved in NS before use. The antibodies of Bax, β-catenin, Caspase3, Bcl-2, PARP, AKR1C3, P21, Smad2/3, MMP-2, and MMP-9 were purchased from GeneTex (Irvine, CA, USA). pSmad2/3 antibody was purchased from Cell Signaling Technology (Beverly, MA, USA). Tubulin antibody and TGF-β growth factor were purchased from Jiangsu Keygen Biotech Corp., Ltd. (Nanjing, China).



Cell Proliferation Analysis

Cell growth and viability were detected using the Cell Counting Kit-8 (CCK-8) assay. HepG2 and PLC/PRF/5 cells were cultured overnight at 2 × 103 cells/well in 96-well plates, respectively. Subsequently, the original medium was replaced by a complete medium containing AST-3424, OXA, 5-Fu, or their combination in different concentrations. After 48 h of incubation, CCK-8 was added to each well. The plates were further incubated at 37°C for 2 h and the optical density (OD) (260 nm) of the samples was measured with an enzyme-linked instrument (Bio-Rad, Hercules, California, USA) at 450 nm. Cell viability was calculated by the following equation: viability = (the OD of the treatment group/the OD of the control group) × 100%.



Drug Combination Therapy Effect Evaluation

A coefficient of drug interaction (CDI) value was used to investigate the drug interaction between AST-3424 and OXA or 5-Fu. The CDI value was calculated by the following equation: CDI = EAB/(EA × EB). EAB is the absorbance ratio (260 nm) of the two-drug combination group and the control group and EA or EB is the absorbance ratio of the single-drug group and the control group.



Colony Formation Assay

HepG2 cells were incubated at 500 cells/well in six-well plates and then underwent different treatments for 48 h. Subsequently, the previous medium was replaced by a complete medium for further 10 days of incubation. The colonies were stained with 1% crystal violet for 20 min and then washed with PBS before use. After drying, the visible colonies were photographed and counted.



Apoptosis Assay

Following treatment with AST-3424, OXA, or 5-Fu monotherapy or combination therapy for 48 h, the HepG2 cells were trypsinized without ethylene diamine tetraacetic acid (EDTA). After washing with cold phosphate-buffered saline (PBS) twice, followed by centrifugation at 3,000 rpm for 2 min, at least 1 × 105 cells/ml were collected and resuspended in buffer. An Annexin V-FITC/PI-staining kit (UE Biotechnology Co., Watertown, USA) was used to stain the cells. The percentage of apoptotic cells was quantified using a flow cytometer (Becton Dickinson and Co., Franklin Lakes, NJ, USA).



Cell Cycle Analysis

Following treatment with AST-3424, OXA, or 5-Fu monotherapy or combination therapy for 48 h, the HepG2 cells were trypsinized without EDTA and washed twice with cold PBS followed by centrifugation at 3,000 rpm for 2 min. The 1 × 106 cells/ml were resuspended in 80% of precooled alcohol to make single-cell suspensions and stored at 4°C overnight. A cell cycle staining kit (KenGen Biotechnology Co., Nanjing, China) was used to stain the cells. After being stained for 30 min, the samples were examined by a flow cytometer, and the results were analyzed by the FlowJo software (Becton, Dickinson and Co., Ashland, OR, USA).



Cell Migration and Invasion Assay

Cell migration and invasion assays were performed by using Transwell chambers with 8.0-μm pore size membranes. Cells were treated with AST-3424, OXA, or 5-Fu monotherapy or combination therapy for 48 h and collected in advance. Subsequently, cells were resuspended in a medium without FBS and 200 μl (5 × 105 cells/ml) was added to the upper chamber, while 600 μl of the medium with 10% FBS was added to the lower chamber. After being incubated for 12 h, cells on the upper surface were wiped away, and those on the lower surface were stained with 0.1% crystal violet. Lastly, photomicrographs were taken, and the number of migrated cells was calculated in three random microscope fields. The cell invasion assay was performed as described above for the cell migration assay, except for the upper surface of the Transwell chamber that was coated with diluted Matrigel.



Western Blotting

Procedures for Western blotting have been described previously (16). Cells were treated with AST-3424, OXA, or 5-Fu monotherapy or combination therapy for 48 h. The protein samples were premixed with loading buffer and then separated and transferred to polyvinylidene fluoride (PVDF) membranes in 10% SDS-PAGE and 5% BSA used as blocking buffer. Subsequently, the membranes were incubated with specific primary antibodies and the bands were visualized using enhanced chemiluminescence.



Statistical Analysis

SPSS 21.0 and GraphPad Prism 8 software were used for statistical analysis and data presentation. Comparisons among the different groups were conducted using Student’s t-tests. Data were expressed as the mean ± standard deviation of three repeated experiments. A level of p <0.05 was accepted as statistically significant.




Results


Inhibition of AST-3424, Chemotherapeutics, and Targeted Drugs in Different HCC Cells

We evaluated the inhibition of AST-3424 in different HCC cells by the CCK-8 assay. Based on a previous study (8), we selected the HepG2 and PLC/PRF/5 cells for explicitly expressing the AKR1C3 protein. The results showed that the inhibiting effects of AST-3424 were significant in both HCC cells. Moreover, HepG2 cells showed higher sensitivity to AST-3424, while PLC/PRF/5 cells showed relative drug resistance (Figure 1A). Meanwhile, we selected two chemotherapeutics (OXA, 5-Fu) and two targeted drugs [sorafenib (Sor), apatinib (Apa)] to evaluate the inhibition between them in different HCC cells relatively (Figures 1B, C). We found that the proliferation inhibition rate of AST-3424 was significantly higher than that of the other drugs in both HCC cells. In both cells, AKR1C3 protein expression was significantly downregulated with increasing AST-3424 concentrations (p < 0.01, Figures 1D–G) and showed a significant negative correlation (Figures 1D–G). These results suggest that AKR1C3 expression may be a potential influencing factor in the antitumor effect of AST-3424. In this study, we aimed to evaluate the in-vitro inhibiting effects of AST-3424 monotherapy and combination therapy with OXA or 5-Fu in HCC cells.




Figure 1 | Inhibition of AST-3424 in HepG2 and PLC/PRF/5 cells. (A) Inhibition at different concentrations of AST-3424 (0.005–0.16 μM) in HepG2 and AST-3424 (0.05–1.6 μM) in PLC/PRF/5 cells. (B) The effect of different concentrations of AST-3424 (0.005–0.16 μM), oxaliplatin (OXA) (0.0625–2 μg/ml), 5-fluorouracil (5-Fu) (0.3125–10 μg/ml), sorafenib (Sor) (1–32 μg/ml), and apatinib (Apa) (5–160 μg/ml) treated for 48 h in HepG2 cells. (C) The effect of different concentrations of AST-3424 (0.05–1.6 μM), OXA (0.5–16 μg/ml), 5-Fu (10–320 μg/ml), Sor (1–32 μg/ml), and Apa (10–320 μg/ml) treated for 48 h in PLC/PRF/5 cells. (D–G) AKR1C3 protein expression levels in HepG2 and PLC/PRF/5 cells following treatment with different concentrations of AST-3424. All data are displayed as the mean ± SEM of biological triplicates; *p < 0.05, **p < 0.01, ***p < 0.001.





The In-Vitro Inhibiting Effects of AST-3424 Monotherapy and Combination Therapy With OXA or 5-Fu in HCC Cells

In order to evaluate the in-vitro effects of AST-3424 monotherapy and combination therapy with OXA or 5-Fu on the proliferation activity of HepG2 and PLC/PRF/5 cells, we used the CCK-8 assay. The results showed that the proliferation inhibition rate of AST-3424 (0.005–0.16 μM) in HepG2 cells was 12.68%–63.99% (Figure 2A). The proliferation inhibition rate of AST-3424 (0.05–1.6 μM) in PLC/PRF/5 cells was 6.81%–64.13% (Figure 2D). These results suggested that AST-3424 exhibited strong cytotoxicity and concentration-dependent inhibition of proliferation in both HepG2 and PLC/PRF/5 cells. Especially in HepG2 cells, IC50 values were in the lower nanomolar range. Based on these data, AST-3424 concentrations corresponding to proliferation inhibition rates of 10%–15%, 30%, and 50% were selected for the combination study, and the synergistic antiproliferation effect of the combinations was investigated by CDI values. Concentrations with 10%–15% inhibition rate of OXA (0.02 μg/ml) and 5-Fu (0.3125 μg/ml) in combination with AST-3424 may have synergistic effects (Figures 2B, C, G). Compared to the control group, different concentrations of AST-3424 in combination with OXA (0.02 μg/ml) or 5-Fu (0.3125 μg/ml) significantly inhibited tumor cell proliferation (p < 0.05; Figures 2H–K). With increasing concentrations of AST-3424, the inhibition effect of proliferation in combination with OXA or 5-Fu was slowly approaching that of AST-3424 monotherapy or might even be weaker than AST-3424 monotherapy (Figures 2H–K). Based on the CDI values (Tables 1, 2), AST-3424 in combination with OXA showed synergistic antiproliferative effect. As the AST-3424 concentrations increased, the synergistic antiproliferative effect was reduced, while AST-3424 in combination with 5-Fu showed antagonism. Based on these data, we selected HepG2 cells that were more sensitive to AST-3424 as well as the drug concentrations of AST-3424 (0.05 μM), OXA (0.02 μg/ml), and 5-Fu (0.3125 μg/ml) for the subsequent mechanism-related exploration experiments. In addition, these results were verified by clone formation experiments. Compared to the control group, AST-3424 in combination with OXA or 5-Fu significantly inhibited cell clone formation (p < 0.01, Figures 2L,M), but the proliferation inhibition of the combination of AST-3424 with OXA was more significant. Compared to AST-3424 monotherapy, the inhibition of cell clone formation was enhanced by the combination with OXA, whereas the inhibition of cell clone formation was weakened by the combination with 5-Fu (Figures 2L, M). The results of the clone formation expriments were basically consistent with the cell proliferation studies.




Figure 2 | The effect of treatment with AST-3424, OXA, or 5-Fu alone or in combination on cell proliferation and colony formation in HepG2 and PLC/PRF/5 cells. (A–C) Treatment with AST-3424 (0.005–0.16 μM), OXA (0.0625–2 μg/ml), or 5-Fu (0.3125–10 μg/ml) alone for 48 h in HepG2 cells. (D–F) Treatment with AST-3424 (0.05–1.6 μM), OXA (0.5°16 μg/ml), or 5-Fu alone (10–320 μg/mL) for 48 h in PLC/PRF/5 cells. (G) Heat graph of coefficient of drug interaction (CDI) values in HepG2 and PLC/PRF/5 cells [AST-3424 (T1-H 0.005 μM; T2-H 0.01 μM; T3-H 0.05 μM) combined with OXA (O1 0.02 μg/ml; O2 0.15 μg/ml; O3 1 μg/ml) or 5-Fu (F1 0.3125 μg/ml; F2 0.625 μg/ml; F3 1.25 μg/ml) for 48 h in HepG2 cells and AST-3424 (T1-P 0.1 μM; T2-P 0.3 μM; T3-P 0.6 μM) combined with OXA (O1 0.5 μg/ml; O2 3 μg/ml; O3 9 μg/ml) or 5-Fu (F1 2 μg/ml; F2 20 μg/ml; F3 160 μg/ml) for 48 h in PLC/PRF/5 cells)]. A CDI >1 indicates antagonism; CDI <1 means synergy; CDI = 1 indicates additive effects. (H, I) Cell proliferation ability was assessed after HepG2 cells were treated with AST-3424-L (0.005 μM), AST-3424-M (0.01 μM), AST-3424-H (0.05 μM), OXA (0. 02 μg/ml), and 5-Fu (0.3125 μg/mL) alone or in combination for 48 h. (J, K) Cell proliferation ability was assessed after PLC/PRF/5 cells were treated with AST-3424-L (0.1 μM), AST-3424-M (0.3 μM), AST-3424-H (0.6 μM), OXA (0.5 μg/ml), and 5-Fu (2 μg/ml) alone or in combination for 48 h. (L, M) The inhibiting effects on colony formation following monotherapy or combination therapy were shown in HepG2 cells, and the colony numbers were calculated. (N–P) The protein expressions of β-catenin and P21 in HepG2 cells after 48 h of treatment with AST-3424, OXA, and 5-Fu alone or in combination were measured using Western blotting, and the relative optical density of the protein expression was analyzed using ImageJ. (Q, R) AKR1C3 protein expression levels in HepG2 and PLC/PRF/5 cells following treatment with AST-3424, OXA, or 5-Fu alone or in combination. All data are expressed as the mean ± SEM of three separate experiments. *p < 0.05, **p < 0.01, ***p < 0.001, compared to the control group; #p < 0.05, ##p < 0.01, ###p < 0.001, the combination group compared to the AST-3424 monotherapy group.




Table 1 | Fraction affected level (Fa) of AST-3424, OXA, and 5-Fu alone or in combination and CDI values of the combination in HepG2 cells.




Table 2 | Fraction affected level (Fa) of AST-3424, OXA, and 5-Fu alone or in combination and the CDI values of the combination in PLC/PRF/5 cells.



In order to explore the potential mechanism of AST-3424 monotherapy and combination therapy with OXA or 5-Fu to inhibit proliferation, we detected the expression of β-catenin and P21 proteins that were closely related to cell proliferation by a Western blot assay. At the same time, the expression of AKR1C3 protein was also detected. Compared to the control group, AST-3424 monotherapy and combination therapy with OXA or 5-Fu significantly upregulated P21 protein expression (p < 0.01, Figures 2N, P), and there was no significant difference in β-catenin protein expression (p > 0.05, Figures 2N, O). Compared to AST-3424 monotherapy, the protein expression of P21 and β-catenin was not significantly different from combination therapy (p > 0.05, Figures 2N, P). However, compared to the control group, AST-3424 monotherapy and combination therapy with OXA or 5-Fu downregulated the expression of the AKR1C3 protein. Among them, AST-3424 in combination with OXA significantly downregulated AKR1C3 protein expression (p < 0.01, Figures 2Q, R). These results suggested that AST-3424 monotherapy and combination therapy with OXA or 5-Fu could inhibit cell proliferation. Moreover, the inhibitory effect of the combination with OXA was significantly enhanced, suggesting a synergistic effect. The mechanism may be related to the upregulation of P21 protein and may not be associated with β-catenin protein expression.



AST-3424 Monotherapy and Combination Therapy With OXA or 5-Fu Can Promote Cell Apoptosis Induction and Cell Cycle Arrest

To determine whether AST-3424 monotherapy and combination therapy with OXA or 5-Fu affected the cell cycle of HepG2 cells, flow cytometry was used to detect the percentage of cells in different phases. Compared to the control group, the proportion of cells in the S phase increased significantly with AST-3424 monotherapy (26.80% to 77.39%) and combination therapy with OXA (27.65% to 64.03%) or 5-Fu (25.70% to 59.57%) (p < 0.01, Figures 3A, B). Compared to AST-3424 monotherapy, the proportion of cells in the G1 phase increased significantly after treatment with AST-3424 in combination with OXA or 5-Fu therapy (p < 0. 05, Figures 3A, B). These results suggested that AST-3424 monotherapy and combination therapy with OXA or 5-Fu could block the cells in the S phase.




Figure 3 | Cell cycle arrest effect and apoptosis induction effect of AST-3424, OXA, and 5-Fu as a single agent or in combination with AST-3424 on HepG2 cells. (A) DNA content-based cell cycle of HepG2 cells after treatment with AST-3424 (0.05 μM), OXA (0.02 μg/ml), and 5-Fu (0.3125 μg/ml) alone or in combination was analyzed using flow cytometry. (B) Percentage of cells in the S phase of HepG2 cells after treatment with AST-3424 (0.05 μM), OXA (0.02 μg/ml), and 5-Fu (0.3125 μg/ml) alone or in combination with AST-3424. (C, D) Flow cytometry histograms of HepG2 cells after 48 h of treatment with AST-3424 (0.05 μM), OXA (0.02 μg/ml), and 5-Fu (0.3125 μg/ml) alone or in combination with AST-3424; the samples were detected using AV/PI double-staining method. The percentage of apoptotic cells was calculated, and the results are shown in the bar graph. (E–I) The expression levels of anti-apoptotic proteins, Bax, Bcl-2, Caspase3, and PARP, in HepG2 cells of different treatments were detected by Western blot, and the relative optical densities of the proteins were analyzed by ImageJ. All results are expressed as mean ± SEM of three independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001, compared to the control group; #p < 0.05, ###p < 0.01, ###p < 0.001, the combination group compared to the AST-3424 monotherapy group.



The inducing of apoptosis after treatment with AST-3424 monotherapy and combination therapy with OXA or 5-Fu was detected by flow cytometry. The results showed that compared to the control group, AST-3424 monotherapy and combination therapy with OXA or 5-Fu could significantly induce apoptosis of HepG2 cells (p < 0.05, Figures 3C, D). Compared to AST-3424 monotherapy, AST-3424 in combination with OXA significantly enhanced the apoptosis-inducing effect (p < 0.01), and although the apoptosis-inducing effect of AST-3424 in combination with 5-Fu was enhanced, it was not significantly different (p > 0.05, Figure 3D). These results suggested that AST-3424 monotherapy and combination therapy with OXA or 5-Fu could promote apoptosis induction, and the combination with OXA had a synergistic effect. In order to further understand the mechanism of apoptosis induced by the treatment with AST-3424 monotherapy and combination therapy with OXA or 5-Fu, we detected the expression of four apoptotic proteins, Bax, Bcl-2, Caspase3, and PARP. Compared to the control group, the results showed that AST-3424 monotherapy and combination therapy with OXA or 5-Fu significantly upregulated the expression of Bax and Caspase3 proteins (p < 0.05) and slightly upregulated the expression of Bcl-2 protein (p > 0.05). AST-3424 monotherapy significantly downregulated the expression of the PARP protein (p < 0.05), but it was not affected in the combination groups (p > 0.05, Figures 3E–I). Compared to AST-3424 monotherapy, Bax protein expression was upregulated after combination therapy, but it was not significant (p > 0.05, Figure 3F). Caspase3 protein expression was slightly upregulated in combination with OXA and slightly downregulated in combination with 5-Fu (p > 0.05, Figure 3H). PARP protein expression was upregulated, but the difference was not statistically significant (p > 0.05, Figure 3I). These results suggested that AST-3424 monotherapy and combination therapy with OXA or 5-Fu may induce apoptosis by upregulating Bax and Caspase3 proteins and downregulating the PARP protein.



AST-3424 Monotherapy and Combination Therapy With OXA or 5-Fu Inhibited HepG2 Cell Metastasis

To investigate whether AST-3424 monotherapy and combination therapy with OXA or 5-Fu could inhibit the metastasis of HepG2 cells, we performed Transwell cell migration and invasion assay. The results showed that, compared to the control group, AST-3424 monotherapy and combination therapy with OXA or 5-Fu significantly inhibited the migration and invasion of HepG2 cells (p < 0.05), and there was no significant difference between the AST-3424 monotherapy and the combination therapy (p > 0.05, Figures 4A–D). Subsequently, we detected MMP-2 and MMP-9 protein expression associated with tumor metastatic ability to explore possible mechanisms. The results showed that, compared to the control group, AST-3424 monotherapy and combination therapy with OXA or 5-Fu could downregulate MMP-9 protein expression, but only the result of AST-3424 in combination with OXA had a significant difference (p < 0.05, Figures 4E–G); AST-3424 monotherapy could slightly upregulate the expression of the MMP-2 protein and the combination therapy could slightly downregulate the expression of the MMP-2 protein (p > 0.05, Figures 4E–G). Compared to AST-3424 monotherapy, the effect of downregulation of MMP-2 protein expression in combination with the AST-3424 group was enhanced, but the difference was not statistically significant (p > 0.05, Figures 4E–G). Although the effect of downregulation of MMP-9 protein expression in combination with the 5-Fu group was slightly enhanced, the difference was not statistically significant (p > 0.05, Figures 4E–G). However, in combination with the OXA group, the expression of the MMP-9 protein was slightly upregulated (p > 0.05, Figures 4E–G). These results suggested that AST-3424 monotherapy and combination therapy with OXA or 5-Fu could inhibit the migration and invasion of tumor cells, and the mechanism may be related to the downregulation of MMP-9 proteins.




Figure 4 | Effects of treatment with AST-3424, OXA, and 5-Fu alone or in combination with AST-3424 migratory and invasive abilities of HepG2 cells. (A, B) Representative images of Transwell assay for invasion using Transwell chambers with Matrigel coating; HepG2 cells that had penetrated through the filter after treatment with AST-3424, OXA, and 5-Fu monotherapy or in combination for 48 h were calculated. (C, D) Representative images of Transwell assay for migration using Transwell chambers without Matrigel coating; HepG2 cells that had migrated through the filter after treatment with AST-3424, OXA, and 5-Fu monotherapy or in combination for 48 h were calculated. (E–G) Western blot results of MMP-2 and MMP-9 protein expression after treatment with AST-3424, OXA, and 5-Fu alone or in combination, and relative optical density of the proteins was analyzed based on ImageJ. All results are expressed as mean ± SEM of three independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001, compared to the control group; #p < 0.05, ##p < 0.01, ###p < 0.001, the combination group compared to the AST-3424 monotherapy group.





Inhibition of TGF-β Activation by AST-3424 Monotherapy and Combination Therapy With OXA or 5-Fu

Since TGF-β signaling pathways are continuously activated in HCC and closely related to their proliferation, apoptosis, and metastasis, we investigated the effects of AST-3424 monotherapy and combination therapy with OXA or 5-Fu on the TGF-β signaling pathway by using its activated form, p-Smad2/3 (tyrosine phosphorylated Smad 2/3). After being prestarved for 24 h, HepG2 cells were treated with AST-3424 monotherapy and combination therapy with OXA or 5-Fu for 48 h and then continued to be stimulated to Smad2/3 phosphorylation for 4 h by TGF-β growth factor. The expression of total Smad2/3 and p-Smad2/3 proteins was detected by Western blot. The results showed that, compared to the control group, AST-3424 monotherapy and combination therapy with OXA and 5-Fu significantly decreased the expression of the p-Smad2/3 protein (p < 0.05), while the total Smad2/3 protein was not affected (Figures 5A–D). Compared to AST-3424 monotherapy, the downregulation of the p-Smad2/3 protein was more pronounced in AST-3424 in combination with OXA, but it was not significant (p > 0.05, Figures 5A, B). The p-Smad2/3 protein was slightly upregulated in the group of AST-3424 in combination with 5-Fu, but it was not significant (p > 0.05, Figures 5C, D). These results suggested that AST-3424 monotherapy and combination therapy with OXA or 5-Fu could reduce the effect of proliferation by inhibiting the TGF-β signaling pathway, and the inhibition effect was significant only in the combination of AST-3424 and OXA.




Figure 5 | AST-3424 synergized with OXA promoting inhibition in HepG2 cells. p-Smad2/3 protein expression was detected using Western blot after 48 h of treatment with AST-3424 and OXA or 5-Fu alone or in combination with AST-3424 and 4 h of exposure to TGF-β (A–D). The relative optical density of the proteins was analyzed by ImageJ. All results are expressed as mean ± SEM of three independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001, compared to the control group; #p < 0.05, ###p < 0.01, ###p < 0.001, the combination group compared to the AST-3424 monotherapy group.






Discussion

In recent years, along with advances in molecular biology and molecular immunology research, more and more targeted drugs and immune checkpoint inhibitors have been approved for the clinical treatment of liver cancer, but their efficacy is still limited. Pretreatment screening of patients and acquired drug resistance and adverse reactions after treatment are still the challenges and urgent problems to be solved with currently available treatments. In early years, it was found that due to the high heterogeneity and complexity of liver cancer, there was a strong resistance to traditional cytotoxic chemotherapeutic drugs (such as 5-Fu and doxorubicin). However, recent studies have shown that systemic chemotherapy with OXA in the treatment of advanced HCC can improve objective efficacy and benefit survival (17–19). Meanwhile, systemic chemotherapy with OXA in combination with other treatments can synergize the effect (20–22). Therefore, systemic chemotherapy has become an important treatment for advanced liver cancer.

Cytotoxic drugs represented by alkylating agents are classical traditional chemotherapeutic agents first used in the systemic therapy of tumors. However, due to the lack of selectivity in their anticancer effect, they can cause damage to normal tissues and organs as well as functional damage while killing tumor cells. A potential innovative therapy is to use enzyme activity to activate novel prodrugs to alkylating agents, which not only can be activated and retained in target cancer cells but also exhibit good safety, selectivity, and efficacy. Although PR-104 and CTX (cyclophosphamide) are both prodrugs that are activated in vivo, their efficacy and targeting are limited, and the toxicity is obvious (23–25). In contrast, AST-3424, as a prodrug of an inactivated nitrogen mustard, is selectively an effective DNA alkylated compound, OBI-2660, in cells, which is present as a polar salt at pH 7.4 and unable to penetrate the plasma membrane. This property may lead to the reduction of systemic and/or bystander toxicity (15).

Abnormal cell proliferation caused by many factors will promote the occurrence and development of tumors. Changing the cell cycle mechanism of tumors is an important means to maintain its unlimited proliferation ability and also an important cause of tumor growth and increase of tumor load in vivo. In addition, clinical deaths that are associated with liver cancer are also caused by metastatic lesions (26). Therefore, the occurrence and development of tumors are often inhibited to prolong the survival time of patients with advanced liver cancer by inhibiting cell proliferation, inducing cell apoptosis, affecting the tumor cell cycle, and weakening the invasion and metastasis ability of liver cancer (27). In this study, we found that AST-3424 monotherapy and combination therapy with OXA or 5-Fu exhibited strong cytotoxicity in vitro and significant cell cycle arrest in HCC cell lines. The role of AST-3424 in combination with OXA showed a more significant synergistic effect. These results suggested that AST-3424, a cycle-specific antitumor drug having a potential mechanism of action on DNA, can kill a large number of cells in the proliferative stage. In combination with OXA (a periodic specific antitumor drug), it can further kill the remaining tumor cells, playing a synergistic antitumor effect. On the one hand, it is considered that the cells can be blocked in the S phase and promote apoptosis induction by upregulating the expression of P21 and Bax proteins or directly promote apoptosis induction by upregulating the expression of the Caspase3 protein to degrade the PARP protein. On the other hand, the downregulation of the MMP-9 protein may weaken the degradation of the IV-type collagen, which is the main component of the extracellular matrix and basement membrane. It can maintain the integrity of the basement membrane by inhibiting the metastasis of tumor cells.

It is known that the TGF-β signaling pathway can promote tumor angiogenesis, induce invasion and metastasis by inducing the proliferation and survival of HCC cells and promoting epithelial–mesenchymal transformation (EMT), and create a favorable immune microenvironment for tumor growth to continuously promote tumor development (28). Moreover, the TGF-β signaling pathway can also participate in the activation of various invasive and metastatic pathways through Smad2/3-dependent and Smad2/3-non-dependent signaling mechanisms (29). In this study, we found that AST-3424 monotherapy and combination therapy with OXA or 5-Fu can inhibit the activation of the TGF-β signaling pathway to block the development of tumors. These results suggest that TGF-β is an important signaling pathway to promote the occurrence and development of liver cancer. Meanwhile, the strong in-vitro cytotoxicity of AST-3424 may be related to blocking the activation of this pathway. On the one hand, it may upregulate the expression of P21 by inhibiting the activation of Smad2/3 (pSmad2/3) to make tumor cells stagnate in the S phase and, thus, inhibit their proliferation. On the other hand, MMP-9/MMP-2 protein expression may be downregulated by inhibiting the activation of Smad2/3 (pSmad2/3), thereby inhibiting the occurrence of EMT and weakening the metastatic ability of tumor cells.

Of course, our study still has some limitations. We need to increase the in-vivo experiments to make the experimental results more reliable and increase the efficacy comparison of different AKR1C3 expression cell lines to expand the research direction, which can be further improved in subsequent experiments.



Summary

In summary, AST-3424 monotherapy and combination therapy with OXA or 5-Fu can exert an in-vitro antitumor effect on liver cancer cells by inhibiting cell proliferation, inducing cell stagnation in the S phase, promoting cell apoptosis induction, inhibiting cell metastasis, etc. Among them, AST-3424 in combination with OXA exhibited a strong synergistic effect. The results of this study provide an important experimental basis for clearing the antitumor effect of AST-3424 and for further understanding its possible molecular mechanism, which is worthy of further study.



Data Availability Statement

The original contributions presented in the study are included in the article/Supplementary Material. Further inquiries can be directed to the corresponding author.



Author Contributions

YZ and SQ designed and conducted the experiments, analyzed the data for statistical significance, and wrote the paper. JC and YS designed and performed the experiments. YL and JD revised the manuscript. All authors contributed to the article and approved the submitted version.



Supplementary Material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fonc.2022.885139/full#supplementary-material



Abbreviations

PLC, primary liver cancer; HCC, hepatocellular carcinoma; OXA, oxaliplatin; 5-Fu, 5-fluorouracil; Apa, apatinib; Sor, sorafenib; AKR1C3, 17beta-hydroxysteroid dehydrogenase type 5; PC, prostate cancer; CRPC, castration-resistant prostate cancer; FBS, fetal bovine serum; CCK-8, Cell Counting Kit-8; OD, optical density; CDI, coefficient of drug interaction; PBS, phosphate-buffered saline; EDTA, ethylene diamine tetraacetic acid; PVDF, polyvinylidene fluoride; TGF-β, transforming growth factor-beta; Dox, doxorubicin.



References

1. Sung, H, Ferlay, J, Siegel, RL, Laversanne, M, Soerjomataram, I, Jemal, A, et al. Global Cancer Statistics 2020: GLOBOCAN Estimates of Incidence and M Ortality Worldwide for 36 Cancers in 185 Countries. CA Cancer J Clin (2021) 0:1–41. doi: 10.3322/caac.21660

2. Rizzo, A, and Brandi, G. Biochemical Predictors of Response to Immune Checkpoint Inhibitors in Unresectable Hepatocellular Carcinoma. Cancer Treat Res Commun (2021) 27:1–5. doi: 10.1016/j.ctarc.2021.100328

3. De Lorenzo, S, Tovoli, F, Barbera, MA, Garuti, F, Palloni, A, Frega, G, et al. Metronomic Capecitabine vs. Best Supportive Care in Child-Pugh B Hepatocellular Carcinoma: A Proof of Concept. Sci Rep (2018) 8:1–7. doi: 10.1038/s41598-018-28337-6

4. Forner, A, Da Fonseca, LG, Díaz-González, Á, Sanduzzi-Zamparelli, M, Reig, M, and Bruix, J. Controversies in the Management of Hepatocellular Carcinoma. JHEP Rep (2019) 1(1):17–29. doi: 10.1016/j.jhepr.2019.02.003

5. Shi, J, Sun, J, Liu, C, Chai, Z, Wang, N, Zhang, H, et al. All-Trans-Retinoic Acid (ATRA) Plus Oxaliplatin Plus 5-Fluorouracil/Leucovorin (FOLFOX) Versus FOLF OX Alone as Palliative Chemotherapy in Patients With Advanced Hepatocellular Carcinoma and Extrahepatic Metastasis: Study Protocol for a Randomized Controlled Trial. Trials (2019) 20(1):245. doi: 10.1186/s13063-019-3349-9

6. Couri, T, and Pillai, A. Goals and Targets for Personalized Therapy for HCC. Hepatol Int (2019) 13(2):125–37. doi: 10.1007/s12072-018-9919-1

7. Rizzo, A, Dadduzio, V, Ricci, AD, Massari, F, Di Federico, A, Gadaleta-Caldarola, G, et al. Lenvatinib Plus Pembrolizumab: The Next Frontier for the Treatment of Hepatocellular Carcinoma? Expert Opin Investig Drugs (2021) 6:1–8. doi: 10.1080/13543784.2021.1948532

8. Abbattista, MR, Jamieson, SM, Gu, Y, Nickel, JE, Pullen, SM, Patterson, AV, et al. Pre-Clinical Activity of PR-104 as Monotherapy and in Combination With Sorafenib in Hepatocellular Carcinoma. Cancer Biol Ther (2015) 16(4):610–22. doi: 10.1080/15384047.2015.1017171

9. Powell, K, Semaan, L, Conley-LaComb, MK, Asangani, I, Wu, YM, Ginsburg, KB, et al. ERG/AKR1C3/AR Constitutes a Feed-Forward Loop for AR Signaling in Pro State Cancer Cells. Clin Cancer Res (2015) 21(11):2569–79. doi: 10.1158/1078-0432.CCR-14-2352

10. Miller, VL, Lin, HK, Murugan, P, Fan, M, Penning, TM, Brame, LS, et al. Aldo-Keto Reductase Family 1 Member C3 (AKR1C3) is Expressed in Adenocarcinoma an D Squamous Cell Carcinoma But Not Small Cell Carcinoma. Int J Clin Exp Pathol (2012) 5(4):278–89.

11. Zhong, T, Xu, F, Xu, J, Liu, L, and Chen, Y. Aldo-Keto Reductase1c3 (AKR1C3) is Associated With the Doxorubicin Resistance in Hu Man Breast Cancer via PTEN Loss. BioMed Pharmacother (2015) 69:317–25. doi: 10.1016/j.biopha.2014.12.022

12. Liu, C, Lou, W, Zhu, Y, Yang, JC, Nadiminty, N, Gaikwad, NW, et al. Intracrine Androgens and AKR1C3 Activation Confer Resistance to Enzalutamide in Prostate Cancer. Cancer Res (2015) 75(7):1413–22. doi: 10.1158/0008-5472.CAN-14-3080

13. Shiiba, M, Yamagami, H, Yamamoto, A, Minakawa, Y, Okamoto, A, Kasamatsu, A, et al. Mefenamic Acid Enhances Anticancer Drug Sensitivity via Inhibition of Aldo-Keto R Eductase 1C Enzyme Activity. Oncol Rep (2017) 37(4):2025–32. doi: 10.3892/or.2017.5480

14. Liu, C, Armstrong, CM, Lou, W, Lombard, A, Evans, CP, and Gao, AC.. Inhibition of AKR1C3 Activation Overcomes Resistance to Abiraterone in Advanced Prostat E Cancer. Mol Cancer Ther (2017) 16(1):35–44. doi: 10.1158/1535-7163.MCT-16-0186

15. Evans, K, Duan, J, Pritchard, T, Jones, CD, McDermott, L, Gu, Z, et al. AST-3424, a Novel AKR1C3-Activated Prodrug, Exhibits Potent Efficacy Against Preclinica L Models of T-ALL. Clin Cancer Res (2019) 25(14):4493–503. doi: 10.1158/1078-0432.CCR-19-0551

16. Kurien, BT, and Scofield, RH. Protein Blotting: A Review. J Immunol Methods (2003) 274(1-2):1–15. doi: 10.1016/S0022-1759(02)00523-9

17. Qin, S, Bai, Y, Lim, HY, Thongprasert, S, Chao, Y, Fan, J, et al. Randomized, Multicenter, Open-Label Study of Oxaliplatin Plus Fluorouracil/Leucovorin Versus Doxo Rubicin as Palliative Chemotherapy in Patients With Advanced Hepatocellular Carcinoma From Asia. J Clin Oncol (2013) 31(28):3501–8. doi: 10.1200/JCO.2012.44.5643

18. Qin, S, Cheng, Y, Liang, J, Shen, L, Bai, Y, Li, J, et al. Efficacy and Safety of the FOLFOX4 Regimen Versus Doxorubicin in Chinese Patients With Ad Vanced Hepatocellular Carcinoma:a Subgroup Analysis of the EACH Study. Oncologist. (2014) 19:1169–78. doi: 10.1634/theoncologist.2014-0190

19. Qin, S, Zhang, X, Guo, W, et al. Prognostic Nomogram for Advanced Hepatocellular Carcinoma Treated With FOLFOX 4. Asian Pac J Cancer Prev (2017) 18(5):1225–32. doi: 10.22034/APJCP.2017.18.5.1225

20. Tao, Y, Shan, L, Xu, X, Jiang, H, Chen, R, Qian, Z, et al. Huaier Augmented the Chemotherapeutic Sensitivity of Oxaliplatin via Downregulation of YAP in Hepatocellular Carcinoma. J Cancer (2018) 9(21):3962–70. doi: 10.7150/jca.25909

21. Abou-Alfa, GK, Johnson, P, Knox, JJ, Capanu, M, Davidenko, I, and Lacava, J. Doxorubicin Plus Sorafenib vs Doxorubicin Alone in Patients With Advanced Hepatoc Ellular Carcinoma: A Randomized Trial. JAMA (2010) 304(19):2154e2160. doi: 10.1001/jama.2010.1672

22. Petrelli, F, Coinu, A, Borgonovo, K, Cabiddu, M, Ghilardi, M, Lonati, V, et al. Oxaliplatin-Based Chemotherapy: A New Option in Advanced Hepatocellular Carcinoma. A Systematic Review and Pooled Analysis. Clin Oncol (R Coll Radiol) (2014) 26(8):488–96. doi: 10.1016/j.clon.2014.04.031

23. Jansson, AK, Gunnarsson, C, Cohen, M, Sivik, T, and Stål, O. 17beta-Hydroxysteroid Dehydrogenase 14 Affects Estradiol Levels in Breast Cancer Cells and is a Prognostic Marker in Estrogen Receptor-Positive Breast Cancer. Cancer Res (2006) 66(23):11471–7. doi: 10.1158/0008-5472.CAN-06-1448

24. Yepuru, M, Wu, Z, Kulkarni, A, Yin, F, Barrett, CM, Kim, J, et al. Steroidogenic Enzyme AKR1C3 is a Novel Androgen Rece Ptor-Selective Coactivator That P Romotes Prostate Cancer Growth. Clin Cancer Res (2013) 19(20):5613–25. doi: 10.1158/1078-0432.CCR-13-1151

25. Adeniji, AO, Twenter, BM, Byrns, MC, Jin, Y, Chen, M, Winkler, JD, et al. Development of Potent and Selective Inhibitors of Aldo-Keto Reductase1c3 (Type5 17β-Hydroxysteroid Dehydrogenase) Based on N-Phenyl-Aminobenzoat Es and Their Structure-Activity Relationships. J Med Chem (2012) 55(5):2311–23. doi: 10.1021/jm201547v

26. Wang, C, Luo, J, Chen, Z, Ye, M, Hong, Y, Liu, J, et al. MiR-375 Impairs the Invasive Capabilities of Hepatoma Cells by Targeting Hif1α Under Hyp Oxia. Dig Dis Sci (2020) 66(2):493–502. doi: 10.1007/s10620-020-06202-9

27. Bonacci, T, and Emanuele, MJ. Dissenting Degradation: Deubiquitinases in Cell Cycle and Cancer. Semin Cancer Biol (2020) 67(Pt2):145–58. doi: 10.1016/j.semcancer.2020.03.008

28. Neuzillet, C, de Gramont, A, Tijeras-Raballand, A, de Mestier, L, Cros, J, Faivre, S, et al. Perspectives of TGF-β Inhibition in Pancreatic and He Patocellular Carcinomas. Oncotarget. (2014) 5(1):78–94. doi: 10.18632/oncotarget.1569

29. Mu, Y, Gudey, SK, and Landstrom, M. Non-Smad Signaling Pathways. Cell Tissue Res (2012) 347(1):11–20. doi: 10.1007/s00441-011-1201-y




Conflict of Interest: Author JD was employed by Ascentawits Pharmaceuticals, Ltd.

The remaining authors declare that the research was conducted in the absence of
any commercial or financial relationships that could be construed as a potential conflict of interest.


Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Zhang, Qin, Chao, Luo, Sun and Duan. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fonc-12-885139-g001.jpg
AXRIC3

Tubuin

>

100

80

60

40

Inhibition rate(%)

20

Protein expression of AKR1C3

HepG2 cells

—@— HepG2
—- PLCIPRFIS

0.5 1.0

Dose of AST-3424

1.5 2.0

.

AN

G

i S
R

R \'¥\\ﬁ

i

Protein expression of AKR1C3

RO
& A
&

PLC/PRF/5 cells






OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        The In-Vitro Antitumor Effects of AST-3424 Monotherapy and Combination Therapy With Oxaliplatin or 5-Fluorouracil in Primary Liver Cancer

      

        		

          Background

        



        		

          Methods

        



        		

          Results

        



        		

          Conclusion

        



        		

          Introduction

        



        		

          Materials and Methods

        

          		

            Cell Culture

          



          		

            Agents and Antibodies

          



          		

            Cell Proliferation Analysis

          



          		

            Drug Combination Therapy Effect Evaluation

          



          		

            Colony Formation Assay

          



          		

            Apoptosis Assay

          



          		

            Cell Cycle Analysis

          



          		

            Cell Migration and Invasion Assay

          



          		

            Western Blotting

          



          		

            Statistical Analysis

          



        



        



        		

          Results

        

          		

            Inhibition of AST-3424, Chemotherapeutics, and Targeted Drugs in Different HCC Cells

          



          		

            The In-Vitro Inhibiting Effects of AST-3424 Monotherapy and Combination Therapy With OXA or 5-Fu in HCC Cells

          



          		

            AST-3424 Monotherapy and Combination Therapy With OXA or 5-Fu Can Promote Cell Apoptosis Induction and Cell Cycle Arrest

          



          		

            AST-3424 Monotherapy and Combination Therapy With OXA or 5-Fu Inhibited HepG2 Cell Metastasis

          



          		

            Inhibition of TGF-β Activation by AST-3424 Monotherapy and Combination Therapy With OXA or 5-Fu

          



        



        



        		

          Discussion

        



        		

          Summary

        



        		

          Data Availability Statement

        



        		

          Author Contributions

        



        		

          Supplementary Material

        



        		

          Abbreviations

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fonc-12-885139-g003.jpg
wm_ Control
== AST-3424

u
§ ¢
E )
L £ 3
& '3
$e5% 3 s 3 &
180 L R
iH 398458
) T
2
2
: %,
8 2 <
£ * 9«.4 P
o b
’ &,
o,
b
. e
i { %
: % S
o Q@
o
) 2 [ ) e 9
g 8 8 = & ° [a] (s)sisordode jo opes
(%)s1192 jo abejuasiad
T T cormders o orssante wevia
le | ¢ i
H nm\i*\: ER [
E % 4
=¥ pi | hm.x _la!
FrMy S
] * 3 H m
g g R El Fiz
] w bz
£ g
=
T3 S T
| | H | ﬁm B
B . H z
f Z F8 3 S L | &
= K
& |25 g .
e T TR i i 5

E
F





OEBPS/Images/fonc-12-885139-g005.jpg
A

AST-3424 - - + + - - + +
TGFB - + - + - + - +
e R
Tubulin

Conol AST-3424 OXA ASTHOXA

C

AST-3424 - - + + - - + +
TGF-p - + - + - + - +
Smad2/3
pSmad2/3

Tubulin

Conrol AST-M2 S AST+S-Fu

Protein expression of pSmad2/3

AST-3424
TGF-B

o

< = g
o B o

Protein expression of pSmad2/3

o
°

AST-3424
TGF-B

Control

Control

AST-3424

AST-3424

OXA  AST-3424+OXA

5-Fu

_|_D R

N

AST-3424+5-Fu





OEBPS/Images/table2.jpg
AST-3424 (uM)  OXA (ug/ml)  5-Fu (ug/ml)  Fa of AST-3424 Fa of OXA Fa of AST + OXA CDI Fa of 5-Fu Fa of AST + Fu CDI

0.1 05 2 10.25 £ 5.12 16.11 +3.67 33.17 £5.72 0975  18.81 +3.47 26.53 + 6.34 1.112
0.3 21.48 +4.16 39.41 + 12.46 1.089 33.65 + 7.54 1.199
0.6 46.44 £ 2.64 57.46 + 10.41 1.168 57.23 £ 6.32 1.323






OEBPS/Images/fonc-12-885139-g002.jpg
150- -
H
£
:
HepG2 o % &
AST-3424 OXA
D E
H
PLC/PRF/S 3
3 =

o b5 01 02
AST-3424 oA

Hepa2

.=
s===rn
=

PR

]

)
TS
)

y PLC/PRE/S § 1 5 IS [&
.. )i |

et s

L

Control

—onwe
0 = oxusu
= ASTai24
T T
Z 50
) H
Ast3a2 ASTIAMOA  AST302845 50 H
§w

20
‘|_H
3 o

————

9’”
Tubulin & ;7

O
b

xprossion of atenin

N

[a—

'*'»

s g
APy

& s

Q
o (RS el O
T —
P

PF

:‘."l

Prten expresion of AGR1CH






OEBPS/Images/logo.jpg
& frontiers | Frontiers in Oncology





OEBPS/Images/fonc-12-885139-g004.jpg
300

PIay/sIR2

100

5-Fu

Control

AST-3424+0OXA AST-3424+5-Fu

AST-3424

PIay/sied

5-Fu

0.

Control

AST-3424+0XA AST-3424+5-Fu

AST-3424

~
&
3
b

Tubulin





OEBPS/Images/table1.jpg
AST-3424 (uM)  OXA (ug/ml)  5-Fu (ug/ml)  Fa of AST-3424 Fa of OXA Fa of AST + OXA CDI Fa of 5-Fu Fa of AST + Fu CDI

0.005 0.02 0.3125 11.95+5.10 11.57 +2.69 34.66 + 0.139 0.893 2026 +6.71 24.72 + 8.89 1.197
0.01 33.99 + 7.33 43.84 +0.103 0.941 31.35 +10.10 1.567
0.05 55.85 + 2.96 53.95 +0.115 1.006 48.50 + 6.26 2144






OEBPS/Images/fonc.2022.885139_cover.jpg
, frontiers ‘ Frontiers in Oncology

The In-Vitro Antitumor Effects of
AST-3424 Monotherapy and
Combination Therapy With
Oxaliplatin or 5-Fluorouracil
in Primary Liver Cancer





