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Abstract
BACKGROUND
Hepatocellular carcinoma (HCC), often diagnosed at advanced stages without curative therapies, is the fifth most common malignant cancer and the second leading cause of cancer-related mortality. Polo-like kinase 1 (PLK1) is activated in the late G2 phase of the cell cycle and is required for entry to mitosis. Interestingly, PLK1 is overexpressed in many HCC patients and is highly associated with poor clinical outcome. Baculoviral inhibitor of apoptosis repeat-containing 5 (BIRC5) is also highly overexpressed in HCC and plays key roles in this malignancy.

AIM
To determine the expression patterns of PLK1 and BIRC5, as well as their correlation with p53 mutation status and patient clinical outcome.

METHODS
The expression patterns of PLK1 and BIRC5, and their correlation with p53 mutation status or patient clinical outcome were analyzed using a TCGA HCC dataset. Cell viability, cell apoptosis, and cell cycle arrest assays were conducted to investigate the efficacy of the PLK1 inhibitors volasertib and GSK461364 and the BIRC5 inhibitor YM155, alone or in combination. The in vivo efficacy of volasertib and YM155, alone or in combination, was assessed in p53-mutated Huh7-derived xenograft models in immune-deficient NSIG mice.

RESULTS
Our bioinformatics analysis using a TCGA HCC dataset revealed that PLK1 and BIRC5 were overexpressed in the same patient subset and their expression was highly correlated. The overexpression of both PLK1 and BIRC5 was more frequently detected in HCC with p53 mutations. High PLK1 or BIRC5 expression significantly correlated with poor clinical outcome. PLK1 inhibitors (volasertib and GSK461364) or a BIRC5 inhibitor (YM155) selectively targeted Huh7 cells with mutated p53, but not HepG2 cells with wild-type p53. The combination treatment of volasertib and YM155 synergistically inhibited the viability of Huh7 cells via apoptotic pathway. The efficacy of volasertib and YM155, alone or in combination, was validated in vivo in a Huh7-derived xenograft model.

CONCLUSION
PLK1 and BIRC5 are highly co-expressed in p53-mutated HCC and inhibition of both PLK1 and BIRC5 synergistically compromises the viability of p53-mutated HCC cells in vitro and in vivo.
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Core tip: A bioinformatics analysis using a TCGA hepatocellular carcinoma (HCC) dataset revealed that Polo-like kinase 1 (PLK1) and baculoviral inhibitor of apoptosis repeat-containing 5 (BIRC5) were overexpressed in the same patient subset and their expression was highly correlated. Overexpression of both PLK1 and BIRC5 was more frequently detected in HCC with p53 mutations. High PLK1 or BIRC5 expression significantly correlated with poor clinical outcome. The PLK1 inhibitors volasertib and GSK461364 or BIRC5 inhibitor YM155 selectively targeted Huh7 cells with mutated p53, but not HepG2 cells with wild-type p53. Combination treatment with volasertib and YM155 synergistically inhibited the viability of Huh7 cells by inducing apoptosis. The efficacy of volasertib and YM155, alone or in combination, was validated in vivo in a Huh7-derived xenograft model in immuno-deficient NSIG mice.

INTRODUCTION
According to the World Health Organization: GLOBOCAN, hepatocellular carcinoma (HCC) is the fifth most common cancer worldwide. More than 800000 new cases are diagnosed each year, and China alone accounts for more than half (55%) of all cases[1]. Most HCC patients (80%) are diagnosed at advanced stages, with a median survival of only 6-8 mo due to the lack of effective therapies. Overall, HCC has an extremely high mortality rate (95%) and is the second leading cause of cancer mortality. The most common risk factors for HCC are chronic infection with two liver tropic viruses [hepatitis B virus (HBV) and hepatitis C virus (HCV)], exposure to dietary aflatoxin B1, or alcohol consumption, all of which can lead to liver cirrhosis[2]. 
In recent years, extensive efforts have focused on the molecular carcinogenesis of HCC. The tumor suppressor p53 is one of the most frequently mutated genes in all cancers, including HCC[3-7]. Mutations in p53 resulting in p53 inactivation or gain of function significantly contribute to disease malignancies; chemo-resistance to cisplatin (CDDP), doxorubicin, and 5-fluorouracil (5-FU); and drug resistance to targeted therapies including histone deacetylase inhibitors[8,9].
Cell cycle dysregulation and apoptosis are essential cellular processes required for cancer cells to survive, proliferate, and evade immune elimination and therapeutic treatments. Polo-like kinase 1 (PLK1) is a master cell cycle regulator in mitosis that mediates centrosome disjunction and movement, CDK1/cyclin B activation, spindle assembly, and cytokinesis[10,11]. PLK1 has been shown to be an oncogene in many cancer types including HCC[12]. PLK1 expression is tightly regulated in a cell cycle-dependent manner in normal cells and is upregulated in various cancers[13-15], suggesting that it is a promising therapeutic target. Indeed, it has been shown that PLK1 inhibitors have potent activity in targeting various cancer types, including HCC.
Baculoviral inhibitor of apoptosis repeat-containing 5 (BIRC5), also known as Survivin, is the smallest family member of the inhibitor of apoptosis (IAP) proteins. BIRC5 expression is tightly regulated and only expressed during G2-M phase in normal cells[16]. Transcriptomic analysis identified BIRC5 as the fourth most highly transcribed gene in cancer cells compared to normal cells[17]. BIRC5 is a multifunctional protein that regulates chromosome segregation and cytokinesis during the cell cycle and promotes cell survival by inhibiting both intrinsic and extrinsic apoptosis pathways[16]. Furthermore, suppression of BIRC5 expression in cancer cells induces cell apoptosis and growth inhibition[16-18]. 
However, how p53, PLK1, and BIRC5 interact in HCC has not been well defined. In this study, we revealed that PLK1 and BIRC5 are significantly co-expressed in HCC together with a number of other important cell cycle factors. More interestingly, PLK1 and BIRC5 expression were observed to be highly upregulated in HCC cells with mutated p53 compared to those wild-type p53. Both PLK1 inhibitors and a BIRC5 inhibitor selectively targeted p53-mutated HCC cells. Furthermore, dual targeting of PLK1 and BIRC5 showed synergistic effects both in vitro and in vivo in p53-mutated cells and their derived xenografts.

MATERIALS AND METHODS
Cells and reagents
HepG2 and Huh7 cell lines were obtained from our laboratory for long-term storage. The cells were cultured in DMEM (high glucose) containing 10% fetal bovine serum and 1% penicillin/streptomycin. GSK461364 (S2193), volasertib (S2235), and YM155 (S1130) were purchased from Selleck. A CellTiter-Glo 2.0 cell viability assay kit (G9241) was purchased from Promega. Annexin V-FITC (Cat#: 1001) and propidium iodide (Cat#: 1056) were purchased from BioVision.

Bioinformatic analysis
The Liver Hepatocellular Carcinoma (TCGA, PanCancer Atlas) dataset was downloaded from the Cancer Genome Atlas website. The data were normalized using the RNA-Seq with the Expectation Maximization (RSEM) algorithm[19]. Co-expression data were downloaded using cBioPortal and the co-expression heatmap was generated using GraphPad Prism. Individual pairs of co-expressed gene plots, differential expression of PLK1 and BIRC5 in p53/RB1-wild-type and -mutated HCC patients, and the PLK1 and BIRC5 associated pathway networks were generated using cBioPortal. The Wilcoxon rank-sum test was used to assess the differences in PLK1 and BIRC5 expression between groups. For both overall clinical survival and disease/progression-free survival analysis, we generated Kaplan-Meier survival plots using the cBioPortal to compare patients with high PLK1 or BIRC5 expression levels and those with low PLK1 or BIRC5 levels. The log-rank test was used to compare the survival distribution between patients with differential expression of PLK1 or BIRC5. 

Cell viability assay
The cell viability assay was performed following the manufacturer’s instructions. Briefly, 2000 HepG2 or Huh7 cells were seeded into each well of white 96-well plates overnight. The cells were then treated with a 2-fold serial dilution of GSK461364 (0-50 nM), volasertib (0-50 nmol/L), or YM155 (0-20 M). At 72 h post treatment, the cells were lysed using CellTiter-Glo 2.0 Reagent, and cell viability was then measured using a VICTOR Nivo Multimode Microplate Reader from PerkinElmer.

Cell apoptosis assay
The cell apoptosis assay was performed following the manufacturer’s instructions. Briefly, 100000 HepG2 or Huh7 cells were seeded into each well of 6-well plates overnight. The cells were then treated with GSK461364, volasertib, or YM155. At 24 h post treatment, all the cells, including attached and detached cells, were harvested by trypsin treatment. Subsequently, the cells were stained with annexin V and propidium iodide, and analyzed by flow cytometry. Then, the percentage of annexin V-positive cells for each sample was calculated and plotted.

Cell cycle arrest assay 
To assess cell cycle arrest, 100000 HepG2 or Huh7 cells were seeded into each well of 6-well plates overnight. The cells were then treated with GSK461364, volasertib, or YM155. At 24 h post treatment, all the cells, including attached and detached cells, were harvested by trypsin treatment. Subsequently, the cells were fixed with chilled 100% ethanol, stained with propidium iodide, and analyzed by flow cytometry. Then, the percentage of each cell cycle phase for each sample was calculated and plotted.

Mouse xenograft tumor model
All animal experiments and procedures were conducted under the protocol approved by the Animal Care and Use Committee at Nankai University. Eight-week-old male NOD-PrkdcscidIL2rgtm1-HFK (NSIG) mice were purchased from Beijing HFK Bioscience Co. Ltd. The mice were fed in a controlled environment (22 ± 2 °C, 50% ± 10% humidity, 12-h light/dark cycle, free access to water and standard diet). After 1 week of adaptive feeding, the mice were subcutaneously injected with 2 × 106 of Huh7 cells that had been harvested from cell culture and suspended in a 2:1 mixture of appropriate medium and Matrigel. Following cell inoculation, the mice were monitored daily for tumor engraftment and health conditions. When the tumor size became palpable, the mice were treated with vehicle or volasertib (10 mg/kg) weekly for 4 wk via the intraperitoneal route or received a continuous infusion of YM155 (3 mg/kg) for 7 d and off for the last 3 wk using a Alzet Osmotic pumps (Model 1007D), alone or in combination. The tumor growth and mouse health conditions were monitored daily and body weight was measured every week. At the end of the 4-wk treatment, the mice were euthanized using CO2, and the tumor mass was dissected, weighed, and imaged. 

Statistical analysis
Statistical analyses were performed with SPSS 22.0. The results are presented as the means ± SD from at least three independent experiments. Differences among multiple groups were analyzed using one-way ANOVA, while comparisons between two groups were conducted using Student’s t-test. A P value of < 0.05 was considered statistically significant.

RESULTS
PLK1 and BIRC5 co-expressed in HCC cells
Both PLK1 and BIRC5 are expressed at the G2/M phase and play key roles in regulating the cell cycle in normal cells[10,11,16]. The expression of PLK1 and BIRC5 is frequently upregulated in cancer cells[12,17,18]. To assess the expression of PLK1 and BIRC5 in HCC tumor cells, we analyzed a transcriptome dataset (n = 374) available at TCGA and observed that PLK1 and BIRC5 were highly expressed in a subset of HCC patients. More interestingly, the expression of PLK1 and BIRC5 was significantly correlated in the same subset together with a number of other important cell cycle factors, including CCNB1, CCNB2, CDK1, FOXM1, AURKA, AURKB, and CDC25C (Figure 1A and B). Notably, PLK1 and PLK4, but not other family members PLK2 or PLK3, showed higher co-expression in the same subset (Figure 1A). Similarly, BIRC5 was not co-expressed with other family members BIRC2 or BIRC3, or other apoptotic genes, such as BCL-2 and MCL-1 (Figure 1A). In addition, we did not detect any significant correlation between FUBP1 expression and that of either PLK1 or BIRC5, although FuBP1 is overexpressed in 80% of HCC tumors with chronic hepatitis C (CHC)[20]. Altogether, these results indicated that PLK1 and BIRC5 may coordinate to mediate HCC malignancy.
In addition, poor overall clinical survival and disease/progression-free survival after initial treatment were observed to be significantly correlated with high PLK1 expression in patients with HCC (n = 134 and 109, respectively) compared to HCC patients with low PLK1 expression (n = 231 and 204, respectively) (Figure 2A and B). Similarly, poor overall clinical survival and disease/progression-free survival after initial treatment were observed to be significantly correlated high BIRC5 expression in patients with HCC (n = 126 and 104, respectively) compared to HCC patients with low BIRC5 expression (n = 239 and 209, respectively) (Figure 3A and B). These data suggested that dual targeting of PLK1 and BIRC5 in HCC patients with high expression of both PLK1 and BIRC5 may be a promising therapeutic strategy for anti-tumor treatments.

PLK1 and BIRC5 expression in HCC patients with wild-type and mutant p53
Previous studies have shown that p53 regulates the expression of PLK1 and BIRC5[21,22] and that PLK1, in turn, regulates p53 turnover (Figure 4A)[23]. In this study, we observed that both PLK1 and BIRC5 were upregulated in patients with p53-mutated HCC compared to those with wild-type p53 HCC (Figure 4B and C). These results suggest that mutations in or the functional loss of p53 in HCC may contribute to upregulation of PLK1 and BIRC5 expression, resulting in poor clinical outcome (Figures 2 and 3). In contrast, only high expression of PLK1, but not BIRC5, was observed in patients with RB1-mutated HCC compared to those with wild-type RB1 HCC (Figure 4D and E). These results suggest that the mutation status of the tumor suppressor p53 is more relevant than that of the tumor suppressor RB1 in mediating PLK1 and BIRC5 co-expression in HCC patients. 

PLK1 inhibitors GSK461364 and volasertib selectively target Huh7 cells with mutant p53 over HepG2 cells with wild-type p53 
In this study, we investigated the in vitro efficacy of two potent and selective PLK1 inhibitors, GSK462364 and volasertib, against the p53-mutated HCC cell line Huh7 and the p53-wild-type HCC cell line HepG2. These two independently developed PLK1 inhibitors showed potent anti-tumor activity against both cell lines 72 h post treatment, but significantly lower IC50 values were observed in p53-mutated Huh7 cells (IC50 = 3.2 and 4.9 nmol/L, respectively) compared to those measured for p53-wild-type HepG2 cells (IC50 = 15.7 and 19.2 nmol/L, respectively) (Figure 5A and B). Treatment with both inhibitors induced robust apoptosis in both cell lines in a dose-dependent manner. In line with the cell viability assay results (Figure 5A and B), these PLK1 inhibitors more potently induced cell apoptosis in Huh7 cells than in HepG2 cells in a dose-dependent manner (12.5 and 25 nmol/L for GSK361464; 50 and 100 nmol/L for volasertib, respectively) 24 h post treatment (Figure 5C and D). Treatment with both PLK1 inhibitors for 24 h induced greater cellular morphological changes in Huh7 cells than in HepG2 cells (Figure 5E). Moreover, both inhibitors induced substantial cell cycle arrest at G2/M phase in Huh7 and HepG2 cells in a dose-dependent manner 24 h post treatment (Figure 5F-I).

BIRC5 inhibitor YM155 selectively target Huh7 cells with mutant p53 over HepG2 cells with wild-type p53 
YM155 is a selective BIRC5 suppressor that inhibits BIRC5 expression at the transcriptional level. In this study, treatment with YM155 (dose range of 0-20 μmol/L) induced growth inhibition in p53-mutated Huh7 cells but not in p53-wild-type HepG2 cells 72 h post treatment (Figure 6A). These data suggest that the BIRC5 inhibitor YM155 is highly selective in targeting p53-mutated Huh7 cells over p53-wild-type HepG2 cells. YM155 treatment for 24 h induced robust cell apoptosis in a dose-dependent manner in Huh7 cells (Figure 6B). Similar to the assayed PLK1 inhibitors, YM155 treatment for 24 h in Huh7 cells induced cell cycle arrest at G2/M phase in a dose-dependent manner (Figure 6C), but to a much less extent than that observed for the PLK1 inhibitors. 

Dual targeting of PLK1 and BIRC5 shows synergistic anti-tumor effects toward Huh7 cells
Co-expression of PLK1 and BIRC5 in the same subset of HCC patients suggested that dual targeting of PLK1 and BIRC5 may be a promising therapeutic strategy for these patients. Therefore, we investigated the in vitro efficacy of combining the PLK1 inhibitor volasertib, which reached a phase III clinical trial, and the BIRC5 inhibitor YM155, which reached a phase II clinical trial, in p53-mutated Huh7 cells. The combination treatment of volasertib (dose range: 0-50 nmol/L) and YM155 (dose range: 0-20 μmol/L) exhibited synergistic anti-tumor activity in the in vitro cell viability assay 72 h post treatment (Figure 7A). Consistent with these results, this combination treatment also showed synergistic induction of cell apoptosis 24 h post treatment (Figure 7B). In line with the data presented in Figures 5H and 6C, treatment with volasertib or YM155 alone markedly induced cell cycle arrest at G2/M phase, while the combination treatment of volasertib and YM155 showed less G2/M arrest than volasertib alone but more than that using YM155 alone (Figure 7C).
To validate the synergistic effect of the volasertib and YM155 combination treatment, we subcutaneously injected p53-mutated Huh7 cells into immunodeficient NSIG mice to establish mouse xenograft models. When the tumor became palpable, the mice were treated with volasertib (10 mg/kg, IP, weekly) for 4 wk and YM155 (3 mg/kg, continuous infusion for the first week and off for the following 3 wk), alone or in combination (Figure 8A). Single-agent treatment with volasertib or YM155 significantly inhibited tumor growth in vivo, and their combined use resulted in even smaller tumor masses in 3 out of 5 mice and no tumor masses in the last two mice in the group (Figure 8B and C). Furthermore, no toxicity was observed under the combination treatment schedule (Figure 8D).

DISCUSSION
In this study, we performed bioinformatic analysis for a TCGA RNA sequencing dataset from a large cohort of HCC patients (n = 374). Our analysis showed that two potential therapeutic targets, PLK1 and BIRC5, were highly expressed in a subset of HCC patients and that their expression correlated well in all patients. More interestingly, upregulation of PLK1/BIRC5 expression was frequently observed in HCC patients with mutations in p53. This observation led use to hypothesize that dual targeting PLK1 and BIRC5 in these patients would have superior therapeutic efficacy and could allow for the development of precision medicine to treat HCC patients with high PLK1 and BIRC5 expression, especially when p53 is also mutated.
In HCC cells with high co-expression of PLK1 and BIRC5, other cell cycle factors, including CCNB1, CCNB2, CDK1, FOXM1, AURKA, AURKB, and CDC25C were also observed to be highly expressed. In contrast, other PLK family members (PLK2 and PLK3), IAP family members (BIRC2 and BIRC3), and BCL-2 family members (BCL-2 and MCL-1) were not co-expressed with PLK1 and BIRC5. These results may provide a gene signature panel to identify HCC patients who will likely respond to PLK1 inhibition and BIRC5 treatment, although this possibility requires further validation. 
For the first time, we provide a link between PLK1/BIRC5 co-expression and upregulation to the mutation status of p53, but not the p53 expression status, in HCC patients. The tumor suppressor p53 plays key roles in cell cycle arrest, DNA repair, and apoptosis. PLK1 is a direct target for the p53 transcription factor, which binds to the PLK1 promoter to suppress its expression[21]. In response to DNA damage, wild-type p53 but not mutant p53 suppresses PLK1 expression in an E2F1-dependent manner[24]. Therefore, PLK1 expression is suppressed in cells with wild-type p53, and PLK1 is upregulated in cells with mutated p53 that lead to the loss or inactivation of p53. Functioning within a negative regulatory feedback loop, PLK1 negatively regulates p53 transcriptional activation via physical interaction and through the phosphorylation of PLK1[25]. A similar scenario may also apply to the p53-BIRC5 axis, since wild-type but not mutant p53 also transcriptionally represses BIRC5 expression to promote p53-dependent cell apoptosis[22,26,27]. BIRC5 overexpression negatively regulates the expression of wild-type p53[28]. BIRC5 and PLK1 interact during mitosis, and PLK1 phosphorylates BIRC5 at serine 20[29]. In turn, BIRC5 regulates PLK1 localization to the kinetochore for the recruitment and dynamic localization of the BIRC5-containing chromosomal passenger complex (CPC) during cell division throughout mitosis[30,31]. However, no direct interaction between BIRC5 and p53 has been reported yet. Altogether, these results may explain why HCC cells with mutated p53 express higher levels of PLK1 and BIRC5 and suggest that PLK1 and BIRC5 work coordinately in contributing to cancer malignancies in cancer cells with p53 mutations. Based on this, one would expect that HCC cells with mutated p53 would be more sensitive to PLK1 and BIRC5 inhibition. Inhibition of PLK1 using small molecules such as GSK461364A and volasertib was previously shown to have differential anti-tumor activity and cell apoptosis based on p53 mutation status[32-35]. Inhibition of BIRC5 by YM155 leads to decreased BIRC5 expression and increased expression of PUMA, a direct target of p53, which results in cell apoptosis[36]. Indeed, this phenomenon is observed in Huh7 cells with mutated p53 and in HepG2 cells with wild-type p53. It has been shown that HuH7 cells harbor a homozygous p53 mutation (Y220C), which is a destabilizing mutation that results in partial DNA-binding activity compared to wild-type p53[37]. This type of mutant p53 can be pharmaceutically reactivated and functionally rescued by p53 activators such as ARP-246[38,39]. FuBP1 is overexpressed in 80% of HCC tumors with chronic hepatitis C[20] and has been shown to inhibit p53 function[37]. However, we did not detect any significant correlation between FUBP1 expression and that of either PLK1 or BIRC5, indicating that FUBP1 is not functionally correlated with PLK1 and BIRC5 in contributing to HCC malignancy.
Our data also showed that expression of PLK1 was upregulated in HCC patients with mutations in the tumor suppressor RB1 compared to those with wild-type RB1. It has also been shown that RB1 loss is associated with a higher sensitivity to PLK1 inhibitors in triple-negative breast cancer[40]. In contrast to PLK1, BIRC5 did not show differential expression in HCC patients with/without RB1 mutations. This result indicated that high co-expression of PLK1/BIRC5 is selective for HCC patients with p53 mutations and therefore provides strong evidence for the potential value of single or dual targeting of PLK1 and BIRC5 in p53-mutated HCC cells.
Moreover, the results of our study showed that dual targeting of PLK1 and BIRC5 showed synergistic antitumor activity in vitro and in vivo in p53-mutated Huh7 cells. Therefore, our study provides valuable insights for therapeutic development targeting PLK1 and BIRC5 for the subset of HCC patient population with the PLK1/BIRC5 co-expression signature in p53-mutated HCC patients as well as other cancer models.

ARTICLE HIGHLIGHTS
Research background
Hepatocellular carcinoma (HCC) is the fifth most common malignant cancer and the second leading cause of cancer-related mortality. HCC is often diagnosed at advanced stages without curative therapies. Therefore, there is an unmet need of preclinical studies to develop novel therapeutic strategies to treat HCC, especially at advanced stages. Polo-like kinase 1 (PLK1) is activated at the late G2 phase of the cell cycle and is required for entry to mitosis. Interestingly, PLK1 is overexpressed in many HCC patients and is highly associated with poor clinical outcome. Baculoviral inhibitor of apoptosis repeat-containing 5 (BIRC5) is also highly overexpressed in HCC and plays key roles in HCC cell survival, cell proliferation, and disease progression of HCC.

Research motivation
More biomarkers are required for the diagnosis and treatment of HCC. However, how p53, PLK1, and BIRC5 interact in HCC has not been well defined.

Research objectives
To determine the expression pattern of PLK1 and BIRC5, as well as their correlation with mutation status of p53 and patient clinical outcome.

Research methods
The expression of PLK1 and BIRC5 and their correlation with the mutation status p53 were analyzed using a TCGA HCC dataset. Cell-based studies were conducted to investigate the efficacy of PLK1 and BIRC5 inhibitors, alone or in combination, the results of which were further validated in p53-mutated Huh7-derived xenografts in immune-deficient NSIG mice.

Research results
Our bioinformatic analysis using an HCC dataset from TCGA revealed that PLK1 and BIRC5 were overexpressed in the same subset of HCC patients and that their expression was highly correlated in all HCC patients. Both PLK1 and BIRC5 overexpression was more frequently detected in HCC with p53 mutations, compared to that observed in HCC with wild-type p53. High PLK1 or BIRC5 expression was significantly correlated with poor clinical outcome. Both PLK1 inhibitors volasertib and GSK461364 or the BIRC5 inhibitor YM155 selectively targeted Huh7 cells, which express Y220C-mutated p53 that is aberrantly stable and transcriptionally inactive, but not HepG2 cells, which express wild-type p53. Combination treatment with volasertib and YM155 synergistically inhibited the cell viability of Huh7 cells by promoting cell apoptosis. The efficacy of volasertib and YM155, alone or in combination, was further validated in vivo in a Huh7-derived xenograft model in immuno-deficient NSIG mice.

Research conclusions
PLK1 and BIRC5 are highly co-expressed in p53-mutated HCC and dual targeting of PLK1 and BIRC5 synergistically inhibits the cell viability of p53-mutated HCC cells in vitro through the induction of cell apoptosis as well as the tumor growth of p53-mutated HCC cells in vivo. 

Research perspectives
The results of this study provides valuable insights for therapeutic development for the subset of the HCC patient population with the PLK1/BIRC5 co-expression signature in p53-mutated HCC patients as well as for other cancer models in the future.
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Figure Legends
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Figure 1 Co-expression of Polo-like kinase 1 and baculoviral inhibitor of apoptosis repeat-containing 5 in hepatocellular carcinoma. A: Heatmap of genes co-expressed with Polo-like kinase 1 in hepatocellular carcinoma; B: Correlations of representative genes that are co-expressed in hepatocellular carcinoma. The dataset used in these analysis was Liver Hepatocellular Carcinoma (TCGA, PanCancer Atlas). PLK1: Polo-like kinase 1; BIRC5: Baculoviral inhibitor of apoptosis repeat-containing 5.
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Figure 2 High Polo-like kinase 1 expression correlates with a poor overall survival in patients with hepatocellular carcinoma. A: Kaplan-Meier estimate of overall clinical survival in patients with high Polo-like kinase 1 (PLK1) expression (PLK1: Exp > 0.1) and in patients with low PLK1 expression (PLK1: Exp ≤ 0.1). Total cases, deceased cased, and survival months for either group are also indicated in the bottom of the figure; B: Kaplan-Meier estimate of disease/progression-free survival after the initial treatment in patients with high PLK1 expression (PLK1: Exp > 0.1) and in patients with low PLK1 expression (PLK1: Exp ≤ 0.1). The P values generated by log-rank test are also shown. The dataset used in these analyses was Liver Hepatocellular Carcinoma (TCGA, PanCancer Atlas). PLK1: Polo-like kinase 1.
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Figure 3 High baculoviral inhibitor of apoptosis repeat-containing 5 expression correlates with a poor overall survival in patients with hepatocellular carcinoma. A: Kaplan-Meier estimate of overall clinical survival in patients with high baculoviral inhibitor of apoptosis repeat-containing 5 (BIRC5) expression (BIRC5: Exp > 0.1) and in patients with low BIRC5 expression (BIRC5: Exp ≤ 0.1). Total cases, deceased cased, and survival months for either group are also indicated in the bottom of the figure; B: Kaplan-Meier estimate of disease/progression-free survival after the initial treatment in patients with high BIRC5 expression (BIRC5: Exp > 0.1) and in patients with low BIRC5 expression (BIRC5: Exp ≤ 0.1). The P values generated by log-rank test are also shown. The dataset used in this analysis was Liver Hepatocellular Carcinoma (TCGA, PanCancer Atlas). BIRC5: Baculoviral inhibitor of apoptosis repeat-containing 5.
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Figure 4 High expression of Polo-like kinase 1 and baculoviral inhibitor of apoptosis repeat-containing 5 in TP53-mutated hepatocellular carcinoma patients. A: PLK1- and BIRC5-associated pathway networks; B and C: Polo-like kinase 1 (PLK1) (B) or baculoviral inhibitor of apoptosis repeat-containing 5 (BIRC5) (C) expression in hepatocellular carcinoma (HCC) patients with wild-type and mutated TP53; D and E: PLK1 (D) or BIRC5 (E) expression in HCC patients with wild-type and mutated RB1. The dataset used in these analysis was Liver Hepatocellular Carcinoma (TCGA, PanCancer Atlas). PLK1: Polo-like kinase 1; BIRC5: Baculoviral inhibitor of apoptosis repeat-containing 5.
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Figure 5 Polo-like kinase 1 inhibitors GSK461364 and volasertib selectively target Huh7 cells with mutated p53 over HepG2 cells with wild-type p53. A and B: In vitro efficacy of the Polo-like kinase 1 inhibitors GSK461364 and volasertib in HepG2 and Huh7 cells after 72 h of treatment as assessed through cell viability assays (A) and IC50 values for the inhibitors were also calculated and plotted (B); C and D: Percentage of apoptotic HepG2 and Huh7 cells treated with GSK461364 (C) or volasertib (D) for 24 h at the indicated dosage; E: Representative bright-field images of HepG2 and Huh7 cells treated with GSK461364 or volasertib for 24 h; F-I: Cell cycle status of Huh7 (F and H) and HepG2 (G and I) cells treated with GSK461364 (F and G) or volasertib (H and I) for 24 h at the indicated dosage. 
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Figure 6 Baculoviral inhibitor of apoptosis repeat-containing 5 inhibitor YM155 selectively target Huh7 cells with mutated p53 over HepG2 cells with wild-type p53. A: In vitro efficacy of the baculoviral inhibitor of apoptosis repeat-containing 5 inhibitor YM155 in HepG2 and Huh7 cells after 72 h of treatment as assessed through cell viability assays; B: Percentage of apoptotic Huh7 cells treated with YM155 for 24 h at the indicated dosage; C: Cell cycle status of Huh7 cells treated with YM155 for 24 h at the indicated dosage. 
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Figure 7 Dual targeting of Polo-like kinase 1 and baculoviral inhibitor of apoptosis repeat-containing 5 shows synergistic anti-tumor effects in p53 mutated Huh7 cells. A: In vitro efficacy of the combination treatment of the baculoviral inhibitor of apoptosis repeat-containing 5 inhibitor YM155 (0-20 μmol/L) and the Polo-like kinase 1 inhibitor volasertib (0-50 nmol/L) against Huh7 cells after 72 h of treatment as assessed through cell viability assays; B: Percentage of apoptotic Huh7 cells treated with YM155 and volasertib for 24 h; C: Cell cycle status of Huh7 cells treated with YM155 and volasertib for 24 h. 
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Figure 8 Dual targeting of Polo-like kinase 1 and baculoviral inhibitor of apoptosis repeat-containing 5 potently inhibits p53-mutated Huh7 cell-derived xenografts. A: Schematic of the experimental set up for the in vivo xenograft model. Huh7 cells were injected into NSG mice (n = 5 per group). The mice were treated with vehicle or volasertib (10 mg/kg, ip, weekly) for 4 wk, or continuously infused with YM155 (3 mg/kg) for 7 d and off for the next 3 wk; B and C: The mice were euthanized and dissected at the end of experiments. The xenografts were imaged (B) and weighed (C); D: The body weight of mice were measured once a week.
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