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Optimal therapeutic strategies for liver cancer patients remain challenging due to the high recurrence rate after surgical resection and chemotherapy resistance. Emerging evidence has shown that epigenetic factor SIRT7 is involved in various aspects of cancer biology, while inactive SIRT7 reverses human cancer phenotype and suppresses tumor growth. In the present study, we predicted the SIRT7 structure by using the fold recognition (or threading) method and performed structure-based virtual screening to develop specific SIRT7 inhibitor by docking 939319 structurally diverse compounds with SIRT proteins. Compounds with high affinities to SIRT7 but low affinities to other SIRT proteins were chosen as candidates of specific SIRT7 inhibitor. Our leading compounds 2800Z and 40569Z showed strong interaction with SIRT7 protein, and specifically inhibited SIRT7 deacetylation activity in vitro. Our docking results also revealed that ARG-120, TRP-126, and HIS-187 were critical sites responsible for interaction of SIRT7 with small molecules. Mutations in the aforementioned sites significantly abolished interaction and inhibitory effects of compounds to SIRT7. In addition, in vivo data indicated that compounds 2800Z and 40569Z were able to induce apoptosis and increase chemosensitivity to sorafenib in human liver cancer. Our findings demonstrated targeting SIRT7 may offer novel therapeutic options for cancer management, and the value of compounds 2800Z and 40569Z as chemical probes for the study of SIRT7 biological functions as well as starting leads for the development of new therapeutic options against liver cancer.
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INTRODUCTION
Liver cancer ranks sixth in all cancer incidence and third in cancer motility worldwide, with more than 900,000 new cases reported in 2020 (Siegel et al., 2020; Sung et al., 2021). Age-specified studies have also revealed that liver cancer incidence among young persons is significantly increased in recent years (Miller et al., 2020). Despite great efforts having been made to improve diagnosis of liver cancer, a large portion of patients are still diagnosed at an advanced stage due to lack of signs and symptoms of this disease at an early stage (Heimbach et al., 2018). Advanced liver cancer is possibly the most aggressive cancer type which remained clinically challenging to manage due to the low responsiveness to therapy and the high recurrence rate (Bruix et al., 2021). While systemic radiotherapy and chemotherapy are the options for advanced liver cancer, they often show very poor responses (European Association for the Study of the Liver, 2018; Heimbach et al., 2018). In more frequent instances, liver cancer is refractory to chemotherapy as it acquires drug resistance and rapidly develops intrahepatic recurrence and distant metastasis (Llovet et al., 2015; Mlynarsky et al., 2015). Therefore, there are still urgent needs to improve our understanding of the molecular mechanisms that underlie liver cancer malignancy, which will potentiate the mechanism-based translational strategy for future therapeutic development against liver cancer.
Tyrosine kinase inhibitor (TKI) including sorafenib and lenvatinib are currently available options for the treatment of advanced liver cancer that can suppress VEGFR, PDGFR, RET, and c-Kit activation, and inhibit tumor cell proliferation (Perera et al., 2020). TKIs remain the most effective single-drug therapy for liver cancer so far and improve patients’ median overall survival (OS) in clinical trials, but they only achieve modest treatment responses (Sangro et al., 2012; Bruix et al., 2021). In this regard, a combination therapy with sorafenib and immune checkpoint inhibitor has been approved as first-line therapy for advanced liver cancer, and the results indicated the progression free survival (PFS) is prolonged compared to sorafenib monotherapy (Dyhl-Polk et al., 2021). More recently, a combination of lenvatinib with immune checkpoint inhibitor is currently evaluated in a clinical trial (NCT03841201) as first-line therapy in liver cancer. These data clearly suggested the importance of combining antitumor drugs that target different signaling pathways to improve treatment efficacy and clinical outcomes.
SIRT7 is a family member of the silent information regulator 2 (Sir2) proteins that are described as NAD+-dependent class III histone deacetylases (HDAC III) (Barber et al., 2012). Unlike other SIRT proteins, SIRT7 is predominantly localized in the nucleus where it regulates RNA polymerase I transcription by targeting H3K18 for deacetylation (Chen et al., 2013; Song et al., 2017). Besides H3K18, SIRT7 has also been reported to target several non-histone proteins, including p53 (Vakhrusheva et al., 2008), GABP-β (Ryu et al., 2014), FOXO3 (Li et al., 2017), and U3-55k (Chen et al., 2016) for deacetylation, and has been implicated in multiple cellular functions including hepatic lipid metabolism, mitochondrial homeostasis, and adipogenesis. Emerging evidence has also implicated SIRT7 in cancer biology (Barber et al., 2012; Kim et al., 2013; Malik et al., 2015). H3K18 deacetylation by SIRT7 is important for maintaining the fundamental properties of the cancer cell phenotype and knockdown of SIRT7 influences cell cycle control, and impairs cancer cell transformation (Barber et al., 2012). Elevated expression of SIRT7 is frequently observed in many cancer types including epithelial prostate carcinomas (Malik et al., 2015), hepatocellular carcinoma (Zhao et al., 2019), colorectal cancer (Yu et al., 2014), and lung cancer (Cheng et al., 2019), and high SIRT7 levels are associated with poor prognosis. Inactive SIRT7 reverses aggressive cancer phenotypes (Barber et al., 2012; Li et al., 2019), inhibits metastasis (Malik et al., 2015), and sensitizes cancer cells to therapy (Zhang et al., 2016; Zhao et al., 2019). In prostate cancer cells, SIRT7 cooperates with SIRT1 to suppress E-cadherin regulatory genes to promote EMT, and high SIRT7 levels are associated with metastatic disease and poor prognosis (Malik et al., 2015). In HCC, SIRT7 expression is also upregulated in a large cohort of HCC patients (Kim et al., 2013), and we have identified that elevated SIRT7 expression is associated with chemosensitivity by regulating TP53 activity in human HCC (Zhao et al., 2019).
We have previously identified that elevated SIRT7 expression is associated with chemoresistance in human liver cancer, and pan-SIRT inhibitor enhances chemosensitivity to doxorubicin, which suggested SIRT7 may serve as a therapeutic target of liver cancer (Zhao et al., 2019). Here, we performed structure-based virtual screening to develop small-molecule inhibitors that specifically target the catalytic domain of SIRT7 and evaluated their anticancer effects. Our lead compounds, 2800Z and 40569Z, specifically inhibited the deacetylation activity of SIRT7, blocked proliferation, enhanced chemosensitivity of sorafenib, and reduced tumor burden both in vitro and in vivo. Our data thus strongly suggest SIRT7 represents a druggable target in human cancer and provides valuable preclinical evidences supporting compounds 2800Z and 40569Z as starting leads for the development of new therapeutic options against liver cancer.
MATERIALS AND METHODS
Protein Structure Prediction and Analysis
Structural model of the human SIRT7 (Accession: NP_057622.1) was predicted by I-tasser (https://zhanggroup.org/I-TASSER/) as previously reported (Roy et al., 2010; Yang et al., 2015; Yang and Zhang, 2015). The main threading templates were human SIRT6 (PDBID:3K35) and SIR2 (PDBID:2H59). The Enzyme Commission (EC) numbers and active sites were analyzed by COFACTOR (https://zhanggroup.org/COFACTOR/) (Roy et al., 2012; Zhang et al., 2017) and COACH (https://zhanggroup.org/COACH) (Yang et al., 2013a; Yang et al., 2013b) based on the predicted structure.
Structure-Based Virtual Screening
Structure-based virtual screening was carried out by Autodock Vina (Trott and Olson, 2010). The receptor grid was built up by Autodocktools based on the predicted active site. Chemdiv database (https://www.chemdiv.com) containing 939319 structurally diverse compounds was docked to SIRT7, and the top 100 compounds that showed high affinity to SIRT7 were chosen to further dock with SIRT1 (PDB ID:4ZZI), SIRT2 (PDB ID:5Y0Z), SIRT3 (PDB ID:4JT9), SIRT5 (PDB ID:3RIY), and SIRT6 (PDB ID:5Y2F) for evaluating candidate compounds of specific SIRT7 inhibitor. Grid box was obtained from PyMOL Plugin GetBox, and all the active site residues were selected. The centers of the grids were 44.5, 44.9, and 48.9, and the size of x was 26.9, size of y was 26.7, and size of z was 22.3.
Molecular Dynamics Simulation
Molecular dynamics (MD) simulations were performed by AMBER20 (D.A. Case et al., 2021). Hydrogen atoms of proteins were added by the tleap module based on the ff14SB (Ponder and Case, 2003) force field. The force field parameters of all the candidates were generated by the Antechamber module using the AM1-BCC (Jakalian et al., 2000) charge model. The systems were soaked in TIP3P (Jorgensen et al., 1983) water, and chloride ions were added to neutral. The structures were energy-minimized by 4000 steps of steepest descent followed by 1,000 steps of conjugate-gradient. All the systems were heated in the NPT ensemble from 0 to 300 K with weak restraints (force constant k = 10) on the proteins in 30 ps. Finally, 100 ns MD simulations with a time step of 2 fs were performed for all the systems in the NVT ensemble on 300 K. The temperature was controlled using the Langevin thermostat, while the pressure was controlled by the anisotropic Berendsen barostat.
Binding Free Energy Analysis
The root-mean-square deviations (RMSD) of all the heavy atoms were calculated with the reference to the initial conformation. 100 snapshots were extracted every 100 ps from the last stable 10 ns MD trajectory and used to calculate the binding free energies using MM-PBSA.py (Miller et al., 2012).
Antibodies and Chemicals
Sorafenib (BAY 43–9,006) was purchased from Selleck Chemicals (Shanghai, China), and 2800Z and 40569Z were purchased from Chemdiv (CA, United States). Anti-GAPDH (ab125247), anti-p53 (acetyl K373) (ab62376), and NOXA (ab13654)were purchased from Abcam (Cambridge, United Kingdom). PARP (9532) and cleaved Caspase-3 (9662) were purchased from Cell Signaling Technology (MA, United States). Anti-Flag (M2) was purchased from Sigma-Aldrich.
Cell Culture, Plasmids, and Transfection
HepG2 and L02 cells were provided by Dr. Xiaoping Yang (Medical College of Hunan Normal University, Changsha, Hunan, China), and 293T cells were provided by Dr. Xiyun Deng (Medical College of Hunan Normal University, Changsha, Hunan, China). HepG2 cells and 293T cells were grown in Dulbecco’s modified Eagle’s medium (Gibco, United States) containing 10% fetal bovine serum (FBS, United States) and 1% penicillin/streptomycin (both from Gibco) at 37°C in a humidified 5% CO2 incubator. L02 cells were grown in RPMI 1640 (Gibco, United States) containing 10% fetal bovine serum (FBS, United States) and 1% penicillin/streptomycin at 37°C in a humidified 5% CO2 incubator. Flag-SIRT7 R120G, Flag-SIRT7 W126G, and Flag-SIRT7 H187 G mutants were generated by using the Q5 Site-Directed Mutagenesis Kit from New England BioLabs (Ipswich, MA). Cells were transfected in the serum-free medium (Opti-MEM, Invitrogen) by using X-tremeGENE (Roche, United States) according to the manufacturer’s instructions.
Western Blotting
Whole-cell lysates were prepared from cells that had been washed and harvested by centrifugation in PBS. Cell pellets were resuspended in RIPA buffer that contained 50 mM Tris, pH 7.5, 150 mM sodium chloride, 1% NP-40, 0.2% SDS, 0.5% sodium deoxycholate, 0.1 mM EDTA, and 1% protease and phosphatase inhibitors (Sigma-Aldrich). Lysates were centrifuged, and supernatants were collected. Centrifugation of cell lysates was performed at 16,000 g for 15 min, while the protein concentrations were determined using Bicinchoninic Acid (BCA) Kit (Thermo, United States). Cell lysates (20 μg) were separated by 10% SDS-PAGE and transferred to polyvinylidene difluoride membranes (Immobilon-P membranes; Millipore, Billerica, MA, United States). Membranes were blocked with blocking buffer (5% skim milk, 0.1% Tween-20 in PBS) for 1 h at room temperature. Following incubation with primary antibodies (1:1,000) overnight at 4°C, the membranes were incubated with horseradish peroxidase–conjugated secondary antibodies (Thermo Fisher Scientific, Inc. Waltham, MA, United States). Signals were detected using the ECL Plus Western Blotting Detection System (Amersham Biosciences, Piscataway, NJ, United States).
Cell Counting Kit-8 Assay
HepG2 and L02 cells were plated in 96-well microtiter plates (Corning, United States) at a density of 3,000 cells per well. The cells were then treated with 2800Z, 40569Z, or in a combination with sorafenib. Cell Counting Kit-8 (CCK-8) assay (Dojin Laboratories, Japan) was performed to measure cell proliferation according to the manufacturer’s instructions. The absorbance was determined at 450 nm by a microplate reader.
Colony Formation Assay
HepG2 cells were added to 24-well plates at a density of 5×103 cells per well and then incubated for 5–7 additional days in the presence of 2800Z, 40569Z, or a combination with sorafenib. Cells were fixed by 10% formaldehyde and then stained with 0.1% crystal violet. Colony numbers were counted by at least five random fields.
Immunoprecipitation
293T cells were seeded at 4 × 106 cells/10 cm plate and transiently transfected with 4ug of Flag-SIRT7, Flag-SIRT6, Flag-SIRT1, or SIRT7 mutants. One day after transfection, cells were washed twice with PBS before harvest and were collected by RIPA buffer that contained 50 mM Tris, pH 7.5, 150 mM sodium chloride, 1% NP-40, 0.2% SDS, 0.5% sodium deoxycholate, 0.1 mM EDTA, and 1% protease and phosphatase inhibitors (Sigma-Aldrich). For each immunoprecipitation experiment, 400 μg cell extracts were subjected to immunoprecipitation with 50 μL anti-Flag M2 magnetic beads (Sigma-Aldrich).
TUNEL Assay
Cell death was detected by TUNEL Assay Kit (C1090, Beyotime Institute of Biotechnology, Shanghai, China) according to the manufacturer’s instructions, and cell nuclei were labeled by 4′,6-diamidino-2-phenylindole (DAPI). Quantification of TUNEL staining was performed by examining at least five randomly selected fields.
In Vitro Deacetylation Activity Assay
Deacetylation activity was assessed using a SIRT Deacetylase Activity Assay Kit (CS1040; Sigma-Aldrich) according to the manufacturer’s instructions. Equal amounts of purified SIRT proteins from transfection 293T were used for each experimental condition. SIRT deacetylase activity was measured using fluorescence intensity signals at 460 nm (excitation, 360 nm) as captured in a Synergy2 microplate fluorimeter (Bio Tek, Vermont, United States).
Murine Xenograft Models
Male BALB/c-nu mice (4 weeks of age) were purchased from Gempharmatech (Nanjing, China). Mice were housed in a temperature-controlled, pathogen-free environment with 12-h light–dark cycles. All animal handling procedures were approved by the Institutional Animal Care and Use Committee at Hunan Normal University School of Medicine (Protocol 2020007-B). Mice were subcutaneously implanted in the right flank with 5 × 106 HepG2 cells. When tumors had grown to 40–60 mm3 in size, mice were randomly divided into control (100 µl 5% dextrose solution), sorafenib (3 mg/kg/day), 2800Z (4 mg/kg/day), and 40569Z (3 mg/kg/day) groups (n = 5 each group). Using a treatment of combinations, mice were randomized into control (100 µl 5% dextrose solution), sorafenib (2 mg/kg/day), 40569Z (1 mg/kg/day), 2800Z (2 mg/kg/day), and combination (2800Z 2 mg/kg/day and 40569Z 1 mg/kg/day combined with sorafenib 2 mg/kg/day, respectively). All treatments were administered intraperitoneally once in 2 days for 2 weeks. Tumor volumes and body weight were measured every 2 days, and tumor volume was calculated as follows: volume = 1/2 (length x width2). All mice were euthanized with sodium pentobarbital (Sigma Aldrich, United States) injection (150 mg/kg) according to AVMA Guidelines for the Euthanasia of Animals, and tumors were removed for further analysis.
Histologic Analysis
Immunohistochemistry was performed as previously described (Li et al., 2018; Zhao et al., 2019). After deparaffinization and rehydration, antigen retrieval was achieved by heating in a pressure cooker for 5 min in 10 mM of sodium citrate (pH6). Peroxidase activity was blocked by incubation in 3% H2O2 for 10 min. Sections were rinsed three time in PBS/PBS-T (0.1% Tween-20) and incubated in Dako Protein Block (Dako, Agilent Technologies, Santa Clara, CA) for 10 min. After removal of blocking solution, slides were placed into a humidified chamber and incubated overnight at 4°C with primary antibodies in blocking buffer (4% normal goat serum in PBS). After washing, slides were covered with SignalStain Boost IHC Detection Reagent (Cell Signaling Technologies, Boston, MA) for 30 min at room temperature. After washing two times with PBS-T, the substrate-chromgen solution (VECTOR NovaRED, Substrate Kit, Vector Laboratories, Burlingame, CA) was applied, and the slides were incubated for 5–10 min and counterstained with hemtoxylin. Images were acquired using a Zeiss Axiolab 5 Digital Lab Microscope (Carl Zeiss AG, Jena, Germany).
Statistical Analysis
Data are presented as mean ± sem. Statistical analysis was performed by using GraphPad Prism 6. Statistical significance between two groups was calculated by using one-way ANOVA and 2-tailed unpaired Student’s t-test, followed by Turkey’s test. Variance between groups met the assumptions of the appropriate test. Unless otherwise stated, a p-value of <0.05 was considered statistically significant.
RESULTS
Protein Structure Prediction and Active Site Analysis of Human SIRT7
Due to the lack of SRIT7 crystal structure in a public database, we performed threading by using human SIRT7 full length sequence (accession number: NP_057622.1) and the structure of human SIRT6 (PDBID: 3K35) and human SIRT2 (PDBID:2H59) as templates. Top 3 threading templates used by I-tasser are shown in Figure 1A, and the obtained SIRT7 structure is shown in Figure 1B. We further analyzed the active sites of SIRT7 by COFACTOR and COACH based on the predicted structure. The results showed that the active residues of SIRT7 are PRO-117, ASP-118, ARG-120, ASN-168, ASP-170, and HIS-187 (colored in green in Figures 1C,D). To further validate those predicted results, we performed Ramachandran plot analysis and found that all the proline are in the allowable area (Supplementary Figure S1). We further performed Enzyme Commission (EC) number prediction to analyze enzymatic classification of the predicted structure. The results showed that the EC number of predicted structures was EC2.4.2.31, which refers to NAD (+)-protein-arginine ADP-ribosyltransferase and is consistent with intercellular functions of SIRT7 protein (Figure 1E).
[image: Figure 1]FIGURE 1 | Protein structure prediction and analysis of human SIRT7. (A) Top 3 threading templates used by I-tasser. PDB hit indicates the PDB ID of the best aligned. Ident1 indicates percentage of sequence identity of the templates in the threading aligned region with the query sequence. Ident2 indicates the percentage sequence identity of the whole template chains with query sequence. Cov represents the coverage of the threading alignment and is equal to the number of aligned residues divided by the length of query protein. Norm. Z-score indicates the normalized Z-score of the threading alignments. (B) The threading result of human SIRT7: magenta surface represents SIRT7. (C) The active sites predict result of SIRT7, magenta cartoon represents SIRT7, and green surface represents the key residues. (D) Enlarged active sites of SIRT7: green sticks represent the key residues. (E) The predicted results of active site residues. Cscore indicates the confidence score of the prediction. Cscore ranges from 0 to 1, where a higher score indicates a more reliable prediction. PDB hit indicates the PDB ID of the aligned. RMSD indicates the RMSD between residues that were structurally aligned by TM-align. EC number represents the Enzyme Commission number which was a numerical classification scheme for enzymes. EC number 2.4.2.31 represented the protein was a NAD (+) protein-arginine ADP-ribosyltransferase. EC number 3.5.1 represented the protein was acting on carbon–nitrogen bonds other than peptide bonds in liner amides.
Structure-Based Virtual Screening for SIRT7 Inhibitors
In order to screen specific SIRT7 inhibitors, we performed virtual screening using a molecular docking method by Autodock vina. The workflow for the structure prediction and virtual screening of this study is shown in Figure 2A. The docking grid was located on the predicted active sites mentioned above, and all possible active residues were also included. In order to develop specific SIRT7 inhibitor, we tested 939319 structurally diverse compounds from Chemdiv database as ligands, and the top 100 molecules that showed high affinity to SIRT7 were selected for further docking to other family members of SIRT proteins except SIRT4 due to the lack of the crystal structure. All the results were integrated into vectors based on the molecular name, and the contents of vectors were the affinities to SIRT proteins. Vectors were clustered by k-means algorithm, and the top 20 compounds with high selectivity to SIRT7 but low affinities to other SIRT proteins are shown in Figure 2B. The top eight specific SIRT7 inhibitors were 86866Z, 45282Z, 40569Z, 82947Z, 34821Z, 34822Z, 35312Z, and 2800Z. However, 82947Z, 34821Z, 34822Z, and 35312Z were not available. Thus, four molecules, including 86866Z, 45282Z, 40569Z, and 2800Z (Figure 2C), were used for further predictions of their dissociation constants with the receptor from molecular dynamics simulations (Figure 2D). We obtained compounds 86866Z, 45282Z, 40569Z, and 2800Z from Chemdiv and tested their activities in vitro. Compound 45282 showed poor solubility, and our initial experimental results indicated that compounds 40569Z and 2800Z showed the best water solubilities and drug abilities (Supplementary Figure S2); we thus chose these two compounds for further investigations.
[image: Figure 2]FIGURE 2 | 2800Z and 40569Z were the potential inhibitors to SIRT7. (A) The workflow of virtual screening of specific SIRT7 inhibitor. (B) The top 20 cluster results by k-means clustering algorithm in R-script. (C) Molecular formula of 86866Z (CID 5295932), 45282Z (CID 46370154), 40569Z (CID 99657111), and 2800Z (CID 97987669) which were selected for experiment verification. (D) The predicted results of binding free energy from molecular dynamics simulation (kcal/mol). ΔGbinding was the binding free energy calculated by MM-PBSA.py using the MM-GBSA method.
Molecular Dynamics Simulation of Compounds and SIRT7 Complex
We investigated the interactions of SIRT7 protein with compounds 2800Z and 40569Z based on their docking structures. We found that residues ARG-120 and TRP-126 (colored in green in Figure 3A) were critical for SIRT7–2800Z to form hydrogen bonds, while residue HIS-187 (colored in green in Figure 3B) was critical for SIRT7–40569Z interactions. We also found that the sub-binding pockets of 2800Z (colored in orange) and 40569Z (colored in yellow) were different (Figure 3C). We further evaluated the interactions between these compounds and SIRT7 through molecular dynamics simulations. The SIRT7–2800Z complex and SIRT7–40569Z complex were simulated for 100 ns. The root-mean-square deviations (RMSDs) of all the heavy atoms were calculated with reference to their initial conformations. The results (Figure 3D) indicated that after binding to compounds 40569Z and 2800Z, the structures of SIRT7 changed in the first 10ns when compared with its initial conformations (Figure 3C), which were caused by the first 50 residues in the N-terminal. Notably, even the first 50 residues in the N-terminal were in an unstable state, but the binding pockets (green lines in chart and green cartoon in Figure 3C) were not affected.
[image: Figure 3]FIGURE 3 | Binding model of 40569Z-SIRT7 and 2800Z-SIRT7 complexes. (A,B) The SIRT7–40569Z and SIRT7–2800Z complex from docking: the magenta surface on the left represents SIRT7, the green surface on the left represents the key residues in SIRT7–compound interactions, and the orange and yellow sticks represent 2800Z and 40569Z, respectively. The red dash line on the right represents the hydrogen bond. Numbers indicate the distance between compounds and residues. (C,D) RMSD for wild-type SIRT7, SIRT7–2800Z complex, and SIRT7–40569Z complex in 100 ns MD simulations. Magenta line in chart and magenta cartoon(C) indicates the SIRT7, green line in chart and green sticks (C) represent the predicted interaction pocket. Yellow sticks represent 40569Z, and orange sticks represent 2800Z.
Specificity of Compounds 2800Z and 40569Z in Inhibiting SRIT7 Deacetylation Activity
To confirm the specificity of compounds 2800Z and 40569Z, we performed in vitro deacetylation assay. Flag-tagged SIRT1, SIRT6, and SIRT7 were purified by immunoprecipitation (IP) and incubated with SIRT substrates in the presence or absence of these compounds. As shown in Figure 4A, in the absence of NAD+, SIRT proteins showed no deacetylation activities. We found that both 2800Z and 40569Z significantly inhibited SIRT7 deacetylation activity but had nearly no effects on SIRT1 and SIRT6 activities. To further investigate potential mechanisms underlying inhibition of these two compounds on SIRT7-dependent deacetylation, we generated three SIRT7 mutants in which the main predicted interaction sites for these two compounds as shown in Figures 2C,D including TRP-126, ARG-120, and HIS-187 were replaced with glycine (Figure 4B). We found that replacement of ARG-120 to glycine (SIRT7 R120G) slightly decreased SIRT7 deacetylation activity at the basal level, while mutation with the other two sites had no effects. In case of 2800Z, replacing either TRP-126 (SIRT7 W126G) or ARG-120 to glycine completely abolished the inhibitory effects of 2800Z when compared to wild-type (WT) SIRT7. In contrast, 2800Z significantly suppressed deacetylation activities of SIRT7 H187G which replaced HIS-187 to glycine. On the other hand, mutant of SIRT7 H187G completely abolished inhibitory effects of 40569Z when compared to WT SIRT7 but had nearly no effects on SIRT7 R120G and SIRT7 W126G (Figure 4B). These data suggested that TRP-126 and ARG-120 are essential for 2800Z, while HIS-187 is important for 40569Z-mediated SIRT7 inhibition. To further reveal how mutation of these residues impacted SIRT7 compound interactions, we first performed MD simulations by using structures of SIRT7 mutants (Figure 4C, green sticks represent the key residues). RMSDs of all the heavy atoms were also calculated with reference to their initial conformations (Figure 4D). The results of RMSD indicated that compound 2800Z in the SIRT7 W126G–2800Z complex was unstable when compared with SIRT7 R120G–2800Z and WT SIRT7–2800Z. Then, the binding free energies of 2800Z to SIRT7 R120G and SIRT7 W126G, and 40569Z to SIRT7 H187G were calculated by the MM-GBSA method (Figure 4E). The binding free energies of SIRT7 R120G–2800Z (-3.1 kcal/mol), SIRT7 W126G–2800Z (0.1 kcal/mol), and SIRT7 H187G–40569Z (-17.9 kcal/mol) were all increased compared to the WT SIRT7–compound complexes (-10.4 kcal/mol for WT SIRT7–2800Z and -24.7 kcal/mol for WT SIRT7–40569Z), suggesting the impairment of SIRT7–compound interaction when mutating those sites. Especially, the binding free energy of the SIRT7-W126G–2800Z complex increased to 0.1 kcal/mol, indicating the pocket was not specified for 2800Z. Mutation of TRP-126 directed causes the unstable of SIRT7–2800Z interaction also suggested TRP-126 was the key residue in the interaction between 2800Z and SIRT7 (Figure 4E). To investigate potential mechanisms underlying residue preferences of SIRT7–compound interactions, we measured the distance of the two closest atoms between each compound and residues TRP-126, ARG-120, and HIS-187 of SIRT7 (Figure 4F). Consistent with observations in Figure 4E, the results indicated that interactions of 40569Z and SIRT7 rely on HIS-187 (2.9 Å), while 2800Z and SIRT7 require ARG-120 (2.8 Å) and TRP-126 (2.9 Å), respectively.
[image: Figure 4]FIGURE 4 | 2800Z and 40569Z are the specific inhibitors of SIRT7. (A) Flag tagged SIRT1, SIRT6, and SIRT7 were transfected with 293T cells for 24 h, and the proteins were purified by immunoprecipitation (IP), deacetylation activity of SIRT1, SIRT6, and SIRT7 was measured in the presence or absence of compounds 2800Z and 40569Z, respectively. *p < 0.05, **p < 0.01 vs SIRT7+NAD+, one-way ANOVA. Graphs show mean ± SEM of at least three independent experiments. (B) Flag tagged SIRT7, SIRT7 R120G, SIRT7 W126G, and SIRT7 H187G were transfected with 293T cells for 24 h, and the proteins were purified by IP, deacetylation activity was measured in the presence or absence of compounds 2800Z and 40569Z. *p < 0.05***p < 0.001, ****p < 0.0001, one-way ANOVA. Graphs show mean ± SEM of at least three independent experiments. (C) Schematic structure of SIRT7 mutants: green sticks represent the key residues. (D) RMSD for three types of mutated complex. (E) Binding free energies of 2800Z and 40569Z to SIRT7 and mutants (kcal/mol). (F) Diagram of the different interactions of 2800Z and 40569Z to SIRT7: green sticks indicate the key residues in protein–ligand interaction, yellow sticks represent 40569Z, and orange sticks represent 2800Z.
Anticancer Effects of 2800Z and 40569Z In Vitro
We have previously reported inactive SIRT7 sensitizes HCC to doxorubicin, which prompts us to further assess anticancer effects of 2800Z and 40569Z. We first measured IC50 values of these two compounds by using HepG2 and normal hepatocyte cell line L02 cells. As shown in Figure 5A, IC50 values of 2800Z and 40569Z were 134 μM and 13 μM in HepG2, and 165 μM and 96 μM in L02 cells, respectively. Both 2800Z and 40569Z significantly inhibited colony formations of HepG2 cells in a dose-dependent manner (Figure 5B). To further assess whether these two compounds could enhance cytotoxicity of sorafenib, we treated HepG2 cells with sorafenib (4 μM) in the absence or presence of 2800Z (60 μM) or 40569Z (6 μM) and measured cell viability (Figure 5C). Sorafenib, 2800Z, and 40569Z slightly decreased cell viability, but both 2800Z and 40569Z were able to increase sorafenib cytotoxicity in HepG2 cells (Figure 5C). Synergy between these compounds and sorafenib were assessed based on synergy finder as previously described (Ianevski et al., 2020). The synergy scores of compounds 2800Z, 40569Z, and sorafenib were 4.793 and 6.168, respectively (Supplementary Figure S3), which indicated the interaction between compounds and sorafenib was likely to be additive. We have previously demonstrated that SIRT7 regulates doxorubicin chemosensitivity by inducing p53 K320 and K372 deacetylation and suppressing p53-dependent NOXA expression (Zhao et al., 2019). We thus evaluated whether these two compounds increase sorafenib cytotoxicity through the same mechanisms. Unlike doxorubicin, sorafenib did not change the expression level of SIRT7 but slightly increased NOXA expression. Combining sorafenib with either 2800Z or 40569Z significantly increased the ability of sorafenib-induced acetylation levels of p53 K373 and NOXA, cleaved PARP expression (Figure 5D), and inhibited colony formation of HepG2 cells (Figure 5E). These data clearly indicated compounds 2800Z and 40569Z increase sorafenib cytotoxicity by targeting SIRT7/p53 pathway in vitro.
[image: Figure 5]FIGURE 5 | In vitro assessment of anticancer effects of 2800Z and 40569Z. (A) HepG2 cells were treated with a range of concentration of 2800Z or 40569Z, and cell viability was assessed 24 h after treatment by using the CCK8 assay. (B) Colony formation assay of HepG2 cells was untreated or treated with 2800Z or 40569Z in a dose-dependent fashion for 5 days. Graphs show mean ± SEM of at least three independent experiments. **p < 0.01, ***p < 0.001, ****p < 0.0001, one-way ANOVA. (C–D) HepG2 cells were treated with sorafenib (4 μM) in the absence or presence of 2800Z (60 μM) or 40569Z (6 μM), and cell viability was assessed at various time points as indicated by using the CCK8 assay (C), and protein levels of SIRT7, PARP, acetyl-p53 K373, and NOXA were evaluated by WB (D). Quantification of WB was determined by densitometry. Graphs show mean ± SEM of at least three independent experiments. *p < 0.05, ***p < 0.001, ****p < 0.0001, one-way ANOVA. (E) Colony formation assay of HepG2 cells was untreated or treated sorafenib (4 μM) in the absence or presence of 2800Z (60 μM) or 40569Z (6 μM) for 5 days **p < 0.01, ****p < 0.0001. All graphs show mean ± SEM of at least three independent experiments.
2800Z and 40569Z Sensitize Xenograft HCC Tumor to Sorafenib In Vivo
We further evaluated anticancer effects of 2800Z and 40569Z in vivo by using a xenograft mouse model. We detected the purities of compounds by HPLC before in vivo experiments, and the results indicated that purities of both compounds were higher than 95% (Supplementary Figure S4). We found that 2800Z (2 mg/kg), 40569Z (1 mg/kg), and sorafenib (2 mg/kg) treatment alone showed minor effects on tumor growth. Combining sorafenib with either compound significantly lowered the tumor growth rate (Figure 6A,C) and decreased tumor weight when compared with using them alone (Figure 6B,D). We further assessed tumor proliferation and apoptosis by using IHC staining and TUNEL assay (Figures 6E,F). The results indicated that combining sorafenib with either compound significantly suppressed tumor proliferation and increased apoptosis evidenced by PCNA and cleaved-caspase (c-caspase 3) staining (Figure 6E). Similar results were observed in which more increased TUNEL-positive cells were present in tumors of combination groups (Figure 6F).
[image: Figure 6]FIGURE 6 | In vivo assessment of anticancer effects of 2800Z and 40569Z. (A) Tumor growth curves of tumor bearing nude mice that received vehicle, 2800Z (4 mg/kg), 40569Z (3 mg/kg) or sorafenib (3 mg/kg) treatment for 2 weeks. Graphs show mean ± SEM. ****p < 0.0001 VS sorafenib, one-way ANOVA. (B) Tumor weight after treatment as in A. Graphs show mean ± SEM. ***p < 0.001, ****p < 0.0001, VS control, one-way ANOVA. (C) Tumor growth curves of tumor that received vehicle, 2800Z (2 mg/kg), 40569Z (1 mg/kg), sorafenib (2 mg/kg), or combination (2800Z or 40569Z and sorafenib) treatment for 2 weeks. Graphs show mean ± SEM. ****p < 0.0001, VS control, one-way ANOVA. (D) Differences in tumor weight. Graphs show mean ± SEM. *p < 0.05, **p < 0.01, ****p < 0.0001. All graphs show mean ± SEM of at least three independent experiments. Control, one-way ANOVA. (E, F) Representative IHC staining of PCNA and cleaved-caspase3 (C-caspase) (E) and TUNEL staining (F) in tumors as in B and D.
DISCUSSION
In the present study, we used structure-based virtual screening to develop SIRT7 inhibitor and validated their functions both in vitro and in vivo. Due to the lack of the crystal structure of SIRT7, we predicted the structure of SIRT7 by using the fold recognition (or threading) method (Yang et al., 2015; Yang and Zhang, 2015). Then, 939319 structurally diverse compounds from the Chemdiv database were docked to the predicted structure of SIRT7, and the top 100 candidate compounds that showed high-affinity toward SIRT7 were selected to further test their affinity toward other SIRT proteins. The top 20 compounds that have high affinities toward SIRT7 but low affinity for other SIRT proteins were selected as candidates for SIRT7 inhibitors. We further validated specificity and biological activities of candidate compounds. As a result, our leading compounds, 2800Z and 40569Z, showed strong interactions with SIRT7 protein, specifically inhibited SIRT7 deacetylation activity in vitro and in vivo data indicated these compounds induced apoptosis, and increased chemosensitivity to Sorafenib in human liver cancer. In line with many other observations (Malik et al., 2015; Kim et al., 2019), our data further proved the importance of SIRT7 in human cancer which may serve as an attractive druggable target.
We analyzed the active sites of SIRT7 by COFACTOR (Roy et al., 2012; Zhang et al., 2017) and COACH (Yang et al., 2013a; Yang et al., 2013b) based on the predicted structure, and the results showed that the active residues of SIRT7 are PRO-117, ASP-118, ARG-120, ASN-168, ASP-170, and HIS-187. Whether these residues regulate SIRT7 activities remain unclear and are worth further investigation. Based on the docking results, we successfully identified three residues of ARG-120 TRP-126 and HIS-187 that might be the key residues responsible for SIRT7 candidate compound interactions. Single mutations of the aforementioned three sites itself had nearly no effects on SRIT7 deacetylation activities but significantly abolished inhibitory effects of compounds 2800Z and 40569Z on SIRT7 activities. MD simulations and binding free energy calculations further uncovered that all three sites were essential for SIRT7 compounds interaction. Our data thus provided crucial sites for developing SIRT7 inhibitors, and the crystal structure of SIRT7 is also desirable for a more accurate drug design.
SIRT7 is a NAD+-dependent nuclear deacetylase, and mounting evidences support the critical roles of SIRT7 in multiple processes regulating physiological and pathological states by targeting a wide spectrum of substrates including p53 (Vakhrusheva et al., 2008), GABP-β (Ryu et al., 2014), FOXO3 (Li et al., 2017), and U3-55k (Chen et al., 2016) for deacetylation. In particular, SIRT7 is also implicated in human cancer by modulating key processes linked to cell fate determination and oncogenesis such as genome stability (Song et al., 2017), DNA damage repair (Vazquez et al., 2016; Zhang et al., 2016), and apoptosis (Li et al., 2019). Altered SIRT7 expression is frequently observed in many human cancers, and high SIRT7 is associated with aggressive cancer phenotype, distance metastasis, and poor survival (Barber et al., 2012; Yu et al., 2014; Zhao et al., 2019). Emerging evidence point toward SIRT7 as a therapeutic target for human cancer management because inactivate SIRT7 results in impairment of cancer transformation, increases chemosensitivity, and reverses metastatic phenotypes in both epithelial and mesenchymal tumors (Malik et al., 2015; Monteiro-Reis et al., 2020; Zhao et al., 2020). By using compound screening, Kim et al. (2019) reported that compounds inhibit SIRT7 enzyme activity and suppress uterine sarcoma growth in vivo. Together with previous work, our data clearly support that targeting SIRT7 potentiates the mechanism-based translational therapeutic strategy for liver cancer management. Further works focus on optimization of potency and selectivity; anticancer effects on other types of cancer and pharmacological implications of these compounds would be of interest.
Multiple lines of evidence indicate that inactive SIRT7 suppresses tumor growth, and our data also show that compounds 2800Z and 40569Z specifically inhibit SIRT7 enzyme activity and suppress tumor growth. Whether SIRT7 is responsible for this inhibition is currently under investigation in our lab. Nevertheless, we previously reported that inactive SIRT7 sensitizes human liver cancer to doxorubicin via deacetylation p53 and upregulates NOXA expression. In the absence of p53, SIRT7 no longer suppresses doxorubicin or induces apoptosis (Zhao et al., 2019). In this study, we do observe similar results that inhibit SIRT7 with compounds 2800Z and 40569Z increase Sorafenib induced p53 acetylation, NOXA expression, and cell apoptosis both in vitro and in vivo. Our data thus suggest these compounds increase liver cancer sensitivity to sorafenib mainly through SIRT7/p53/NOXA axis.
CONCLUSION
Our findings demonstrated targeting SIRT7 may offer novel therapeutic options for cancer management, and the value of compounds 2800Z and 40569Z as chemical probes for the study of SIRT7 biological functions as well as starting leads for the development of new therapeutic options against liver cancer.
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