The NUPR1/p73 axis contributes to sorafenib resistance in hepatocellular carcinoma
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Abstract
[bookmark: _GoBack]The multikinase inhibitor sorafenib was the first drug approved by the FDA for treating patients with advanced hepatocellular carcinoma (HCC). However, sorafenib resistance remains a major challenge for improving the effectiveness of HCC treatment. Previously, we identified several genes modulated after sorafenib treatment of human HCC cells, including the stress-inducible nuclear protein 1 (NUPR1) gene. Multiple studies have shown that NUPR1 regulates autophagy, apoptosis, and chemoresistance. Here, we demonstrate that treatment of HCC cells with sorafenib resulted in the activation of autophagic flux. NUPR1 knock-down (KD) in HCC cells was associated with increased p62 expression, suggesting an impairment of autophagic flux, and with a significant increase of cell sensitivity to sorafenib. In NUPR1 KD cells, reduced levels of NUPR1 were associated with increased p73 expression and as well as its downstream transcription targets PUMA, NOXA, and p21. Simultaneous silencing of p73 and NUPR1 in HCC cells resulted in increased resistance to sorafenib, as compared to the single KD of either gene. Conversely, pharmacological activation of p73, via the novel p73 small molecule activator NSC59984, determined synergistic anti-tumor effects in sorafenib-treated HCC cells. The combination of NSC59984 and sorafenib, when compared to either treatment alone, synergistically suppressed tumor growth of HCC cells in vivo. Our data suggest that the autophagy impairment and activation of the p73 pathway achieved by NUPR1 KD potentiates sorafenib-induced anti-tumor effects in HCC cells. Moreover, combined pharmacological therapy with the p73 activator NSC59984 and sorafenib could represent a novel approach for HCC treatment.
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1. Introduction
Liver cancer is the third-leading cause of cancer-related death worldwide, with nearly 782,000 deaths in 2018, and the sixth most common cancer in terms of estimated new cases (841,080) [1]. Hepatocellular carcinoma (HCC) accounts for about 90% of liver cancers. HCC is a highly malignant tumor, and HCC patients have poor prognosis with a five-year survival rate of 18%. Indeed, despite recent advances in the management of patients with advanced-stage HCC, treatment options are very limited. In these patients, the first approved systemic first-line therapy was the multikinase inhibitor sorafenib [2,3]. However, this drug shows various side effects, low response rates, and a survival benefit limited to approximately 3 months. In addition, most treated patients, after an initial clinical response to sorafenib, acquired pharmacological resistance to the drug. Thus, investigation of the mechanism of sorafenib resistance and identification of new therapeutic drugs and new druggable targets for HCC treatment is urgently needed. 
HCC is characterized by an extraordinary molecular heterogeneity, both intra-tumor and inter-tumor [4,5]. This feature is probably responsible for the modest therapeutic response to molecular targeted drugs. To date, it has not been fully clarified whether HCCs with distinct genotypes show different responses to sorafenib. The future challenge is, therefore, to better characterize and stratify HCC patients into subgroups, based on their molecular profiles, in order to take advantage of treatment with molecular targeted agents. However, in view of the complexity of HCC, targeting a single component of a signaling pathway may not be effective, making the combination of multiple drugs more promising [2,3].
We recently identified several genes modulated after treatment of human HCC cells with sorafenib, including the stress-inducible nuclear protein 1 (NUPR1) gene [6]. NUPR1 (also known as p8/COM1) is a transcriptional regulator and has been reported to play a key role in chromatin remodeling, cell cycle control, DNA damage response, senescence, autophagy, apoptosis and lipid metabolism in response to various cellular stressors [7,8,9]. Multiple studies have shown that NUPR1 is overexpressed in many types of cancers [8,10], including HCC [11,12], and  it regulates chemotherapeutic resistance by mediating anti-apoptotic activity and autophagy when challenged with various anti-cancer agents [10,11,13-18]. In this context, increasing evidence supports the notion that autophagy may play a key role in cancer by contributing to tumor resistance during pharmacological treatments [19]. 
Recent findings have demonstrated that sorafenib induces the activation of autophagic response in HCC cells, though its role in sorafenib therapy remains controversial [20]. While some studies have established that sorafenib-induced autophagy acts as a pro-survival response, others have shown that autophagy enhances the lethality of sorafenib against HCC cells. Thus, the mechanisms responsible for inducing autophagy and resistance to sorafenib have yet to be fully explained.
The present work aims at clarifying the role of NUPR1 in HCC resistance to sorafenib by focusing on its role in modulating autophagy and apoptosis and, furthermore, to identify new potential targets and therapeutic approaches for improving response to sorafenib in HCC treatment.

2. Materials and Methods
2.1. Reagents, antibodies, small interfering RNA and primers
The reagents, antibodies, small interfering RNA, and primers used are listed in Supporting Information Table S1.

2.2. Cell lines and cell culture 
The human hepatocarcinoma cell lines HepG2, Hep3B, Huh7, and PLC/PRF/5 used in this study were obtained as previously reported [21] and maintained in MEM medium containing 10% (v/v) Fetal Bovine Serum (FBS) (Supporting Information Table S1). All cell lines were authenticated by short tandem repeat (STR) profiling (BMR Genomics, Padua, Italy).

2.3. Cell viability and evaluation of caspase-3/7 and -9 activities
Cells were seeded in 96-well plates and, after 24 h, were exposed to sorafenib alone or in combination with NSC59984. At the end of treatment, MTS assays were performed using the CellTiter Aqueous OneSolution kit (Promega, Madison, WI, USA) according to the manufacturer's instructions. Cell viability was expressed as a percentage of the absorbance measured in the control cells. Values were expressed as mean ± SD of three separate experiments, each performed in triplicate.
The Caspase‐Glo® Assay (Promega) was used to measure caspase‐3/7 and -9 activities in accordance with the manufacturer's instructions. Results were expressed as arbitrary units (AU). Values were the mean ± SD of three separate experiments, each performed in duplicate.

2.4. Western blotting
Whole cellular lysates were obtained using RIPA buffer (Cell Signaling Technologies, Beverly, MA, USA), and western blotting was performed as previously described [21]. The relative protein expression levels were calculated as the ratio of drug-treated samples vs. control (DMSO) and corrected using the quantified level of β-actin expression. The results shown are representative of three independent experiments with the same results.

2.5. Cell transfection, RNA extraction and real-time polymerase chain reaction (PCR)
For siRNA transfection, 5.0 × 105 of Huh7 cells and 3.0 × 105 of PLC/PRF/5 cells were seeded in 6-well plates. After 24 h, 50 nmol/l of NUPR1 siRNA or p73 siRNA (siNUPR1 and sip73) were used for cell transfection. Control cell transfection was performed with a negative control siRNA (siNC). Cell transfections were carried out with Lipofectamine RNAiMax, following the manufacturer’s instructions. After 24 h, cells were detached and seeded in 96-well plates for MTS assay or 6-well plates for protein and RNA extraction. 
Total RNA was extracted using TRIzol reagent (Invitrogen, Carlsbad, CA, USA), and 1.5 μg of RNA was used to generate cDNA. QuantiNova SYBR Green fluorescence Real-Time PCR was used for the quantified expression of selected genes using QuantiTect specific primers (Supporting Information Table S1). Real Time PCR data were expressed as the relative mRNA expression level of the different genes in treated cells compared to control cells. Values are the mean ± SD of three different experiments performed in triplicate.

2.6. In vivo studies
Four-week old female athymic nude mice (Fox1 nu/nu) were purchased from Envigo (Udine, Italy). Animals were subcutaneously inoculated with 5.0 × 106 PLC/PRF/5 cells in 0.2 ml of PBS. When tumors were palpable (approximately 150 mm3), mice were randomly assigned to four groups of six animals each: (i) control group (vehicle alone, 5% DMSO, 15% ethanol and 80% PBS); (ii) sorafenib group (30 mg/kg); (iii) NSC59984 group (45 mg/kg); (iv) combination of sorafenib/NSC59984 group. Animals received the vehicle or drugs by intraperitoneal injection every 5 days. Twenty days after treatment, animals were euthanized. Tumor volumes, body weight measurements, and immunohistochemistry were performed as previously reported [22]. The data obtained were presented as mean ± standard error (SE). Percentages of Ki67, CD31, and caspase-3 positive cells were quantified by using ImageJ software (ImageJ – NIH). This study was authorized by the Italian Ministry of Health (No. 441/2017-PR).

2.7. Statistical analyses
Statistical analysis was performed using Student’s t-test. The criterion for statistical significance was p < 0.05. For determining the synergistic activity of drug combinations, data were analyzed using CalcuSyn software v. 2.0 (Biosoft, Cambridge, UK) in which CI < 1 indicated synergy, ~1 indicated an additivity, and > 1 indicated antagonism.  



3. Results
3.1. Treatment of HCC cells with sorafenib resulted in the activation of autophagic flux
To assess the effect of sorafenib on the activation of the autophagic response in different HCC cell lines, western blot analysis was conducted to evaluate the modulation of the proteins involved in various stages of autophagic flux. As shown in Figure 1, treatment of Hep3B, Huh7, and PLC/PRF/5 cells with different concentrations of sorafenib caused a reduction in the phosphorylation levels of the mTOR(Ser2481) and ULK1(Ser757) kinases, which are involved in the initial induction phases of autophagic flux. Treatment with sorafenib also induced a decrease in the autophagy-related ATG5-ATG12 complex and an increase in the lipidated form of light-chain protein-3 (LC3-II).  
p62 may be used as a marker of the degradation phase of autophagosomes; its accumulation occurs when autophagy is blocked, whereas its level decreases when autophagic flux is concluded. Treatment of Huh7, Hep3B, and PLC/PRF/5 cells with sorafenib resulted in the activation of autophagic flux, as shown by a decrease in p62 protein expression (Fig. 1). 
In contrast, in HepG2 cells, treatment with sorafenib inhibited autophagic flux, as shown by the increase of p62 and p-mTOR expression (Fig. 1). These results suggest that treatment of HCC cells with sorafenib modulates autophagic flux in a cell type-dependent manner. 

3.2. NUPR1 knockdown (KD) blocks autophagic flux and induces apoptosis sensitization to sorafenib in HCC cells
As previously mentioned, NUPR1 has been demonstrated to be involved in the regulation of autophagy [7,8,13,14]. Furthermore, as already reported [11] and confirmed under conditions used in the present work, sorafenib treatment induced the up-regulation of NUPR1 mRNA levels in all HCC cell lines (Fig. 2A). 
To evaluate the functional role of NUPR1 in modulating autophagy in response to sorafenib treatment, gene silencing experiments were conducted on the Huh7 cell line, which showed the highest induction of NUPR1 mRNA expression, and the PLC/PRF/5 cell line, as a cell line with a moderate increase of NUPR1 expression. In basal conditions, NUPR1 KD caused an increase of LC3-II expression levels, suggesting the progression of autophagy (Fig.2B); nevertheless, it blocked autophagic flux, as demonstrated by the increase of p62 (Fig. 2B) in both HCC cell lines. Interestingly, upon sorafenib treatment, we observed a greater induction of autophagic flow in NUPR1 KD cells compared to cells transfected with control siRNA (siNC) (Fig. 2B), as assessed by the increase of LC3-II expression and decrease of 62 expression.
Numerous studies have shown the cooperative relationship between apoptosis and autophagy [23]. González-Rodríguez et al. reported that impaired autophagic flux caused apoptosis in hepatocytes [24]. In addition, it has recently been shown that NUPR1 gene silencing reduced autophagy activity and induced apoptosis in multiple myeloma cells [25].
These observations led us to further evaluate the functional role of NUPR1 in Huh7 and PLC/PRF/5 cells upon sorafenib treatment, especially in consideration of published data showing the role of NUPR1 in autophagy-mediated apoptosis [25]. First, we evaluated the effect of NUPR1 KD on the viability of Huh7 and PLC/PRF/5 cells. As reported in Supplementary Fig. S1A, NUPR1 KD significantly decreased cell viability and increased tumor cell sensitivity to sorafenib. 
Therefore, western blotting analyses were conducted to analyze the expression of apoptosis-related proteins. As shown in Fig. 2B, in NUPR1 KD cells, sorafenib treatment determined cleavage of the PARP1 protein already at concentrations of 5 µM and 10 µM in Huh7 and PLC/PRF/5 cells, respectively (Fig. 2B), suggesting the activation of apoptotic response. Moreover, apoptosis induction upon NUPR1 KD was also confirmed by measuring the activation of caspase-3/7 (Fig. 2C) and caspase-9 (Fig. 2D). 
To verify the effects of the blockage of autophagic flux on cell apoptosis in HCC cells, we used the pharmacological autophagy inhibitor chloroquine (CQ). Cell viability analysis showed that CQ treatment, similarly to NUPR1 KD, significantly increased cell sensitivity to sorafenib in Huh7 and PLC/PRF/5 cells (Fig. 3A). To detect the activation of autophagic flux, LC3 and p62 expression levels were assessed. In basal conditions, treatment with CQ or NUPR1 KD showed an increase in LC3-II expression, suggesting the initiation of autophagic flux, and an accumulation of p62, suggesting autophagic flux blockage. Of note, sorafenib treatment in the presence of CQ, or after NUPR1 KD, caused a stronger apoptosis induction, as demonstrated by the increase in the PARP1 cleaved fragment when compared to control cells (siNC) (Fig. 3B). These results suggest that autophagy inhibition enhanced the sorafenib sensitivity of HCC cells.

3.3. Sorafenib treatment and NUPR1 KD were associated with increased expression of p73, along with its downstream transcription targets p21/WAF1, NOXA, and PUMA
The p53 protein plays a pivotal role in apoptosis as well as in autophagy control, but it should be noted that the Huh7 and PLC/PRF/5 cell lines have a mutated p53 gene. However, other members of the p53 family, such as p73, are also involved in the control of apoptotic and autophagic processes [26] and may substitute for p53 functional roles. For this reason, the expression levels of p73 mRNA and protein were investigated after sorafenib treatment. Sorafenib treatment increased p73 mRNA (Fig. 4A) and protein (Fig. 4B) expression in Huh7 and PLC/PRF/5 cells. Furthermore, treatment with sorafenib resulted in a decrease of the mutant p53 protein in both cell lines. 
Subsequently, we assessed p73 expression levels upon NUPR1 KD and treatment with sorafenib. Under baseline conditions, NUPR1 KD induced an increase in p73 expression, which was even greater following treatment with sorafenib (Fig. 4C). Moreover, sorafenib treatment and NUPR1 KD, beyond being associated with increased p73 expression, significantly induced the increase of RNA expression levels of downstream transcription targets of p73, such as p21/WAF1, NOXA, and PUMA mRNAs (Fig. 4D).  
Overall, these data suggest that NUPR1 may have a chemoprotective role against sorafenib treatment. To substantiate these data, we carried out bioinformatic analysis using a publicly available dataset (GSE10921) downloaded from GEO, in which data from a subset of HCC patients (n=67) treated with sorafenib are reported. As shown in Supplementary Fig. S1B, NUPR1 expression is significantly lower in HCC tissues from sorafenib-responsive patients (n=20). These data highlight the potential role of NUPR1 as a marker for predicting sorafenib response.

3.4. p73 is responsible for sensitizing NUPR1 KD cells to sorafenib
To evaluate the functional role of p73 after NUPR1 KD, p73 and NUPR1 were simultaneously silenced (p73/NUPR1 KD) in Huh7 and PLC/PRF/5 cell lines, and then treated with sorafenib. In both cell lines, p73/NUPR1 KD showed an increase in cell resistance to sorafenib treatment (Fig. 5A). In addition, p73/NUPR1 KD cells showed a greater increase in cell viability when compared to cells silenced for NUPR1 alone (Fig 5A).
Furthermore, western blotting analysis revealed a marked decrease of PARP1 cleavage in p73/NUPR1 KD cells when compared to NUPR1 KD cells alone (Fig. 5B). 
Moreover, in basal conditions, p73 KD alone, contrary to NUPR1 KD, caused the activation of autophagic flux, as shown by the decrease of p62 levels in both HCC cell lines (Fig. 5B). 
Overall, these results suggested that p73 expression is important for blocking autophagy and inducing apoptotic response in HCC cells treated with sorafenib.

3.5. Combining p73 small molecule activator, NSC59984, with sorafenib synergistically inhibited HCC cell viability
Recently, a small molecule activator of the p73 pathway has been discovered, referred to as NSC59984 [27]. It has been demonstrated that NSC59984 targeted mutant p53 for degradation, destroyed the interaction of p73 with mutant p53, and stimulated p73 transcriptional activity [27]. 
We initially analyzed the effect of NSC59984 on expression levels of mutant p53 in Huh7 and PLC/PRF/5 cells. In agreement with data reported by Zhang et al. [27], treatment with NSC59984 induced a reduction of mutant p53 expression levels (Supplementary Fig. S2A). A similar effect was not noted in HepG2 cells, which express the wild-type form of p53, where an increase of p53 expression was observed, suggesting its possible role as a tumor suppressor. Indeed, and for the first time in HCC cells, we found that NSC59984 acts as an anticancer agent in all cell lines, and in accordance with Zhang et al., its effect was independent of p53 status (Supplementary Fig.S2B). In a dose-dependent manner, NSC59984 inhibited the cell viability of HCC cells in a range of doses reported to be non-genotoxic [27].
Therefore, in order to activate the p73 pathway, we used NSC59984 to treat mutant p53-expressing cells and investigated its effects in combination with sorafenib. Treatment of Huh7 and PLC/PRF5/5 cells with NSC59984, in combination with different concentrations of sorafenib, significantly reduced cell viability in both cell lines (Fig. 6B). According to the combination index (CI), the combination of 3.12 µM NSC59984 with 20 µM of sorafenib resulted in synergistic effects in Huh7 cells, while the combination of 12.5 µM NSC59984 with 7.5, 10 and 20 µM of sorafenib resulted in synergistic effects in PLC/PRF/5 cells (Fig. 6C). Moreover, the combination of NSC59984 and sorafenib increased apoptosis more than each inhibitor alone, as shown by PARP1 cleavage (Fig. 6D). Furthermore, the induction of apoptosis was associated with the activation of autophagy, as shown by a reduction in the accumulation of p62.

3.6. The combination of sorafenib with NSC59984 synergistically inhibited tumor growth in vivo
The potential therapeutic effects of combining sorafenib with NSC59984 were tested in vivo using nude mice bearing HCC tumor xenografts. Tumor volume was significantly inhibited by the combination of sorafenib and NSC59984, compared to single agents or the vehicle alone (control group) (Fig. 7A). Moreover, NSC59984/sorafenib-treated mice showed unaltered body weight (Fig. 7B) compared to the control group, or either treatment alone, suggesting that the treatment was well-tolerated. Furthermore, the NSC59984/sorafenib combination significantly decreased the expression of well-known cell proliferation markers (Ki67), when compared to the control group and NSC59984, significantly decreased angiogenesis (CD31), and increased apoptosis (activated caspase-3), when compared to the control group or either treatment alone (Fig. 7C).


4. Discussion
HCC is one of the deadliest cancers in the world, with over 780,000 deaths per year. This is mainly due to the fact that HCC is very often diagnosed in an advanced stage of the disease, when curative therapies are no longer feasible. In patients with advanced HCC, systemic therapy, including cytotoxic chemotherapy, was somewhat limited until 2007 when sorafenib was approved by U.S. FDA as a standard therapy for patients with advanced unresectable HCC. However, sorafenib only shows modest benefits, with most patients having low response rates and limited improvement in median overall survival; in addition, most patients acquired drug resistance after an initial response, thus leading to tumor progression. The mechanisms responsible for inducing sorafenib resistance remain incompletely understood. It is therefore urgently necessary to search for and identify novel therapeutic targets and drug candidates for new therapeutic approaches for HCC.
The multifunctional stress-associated protein NUPR1 is a promising therapeutic target in HCC because it is involved in controlling cell growth, migration, invasion, angiogenesis, and chemoresistance in HCC [11,12,15,28,29], as well in other types of cancers [8,16,18,30]. On the other hand, NUPR1 expression is progressively upregulated during liver disease progression from viral hepatitis, to liver cirrhosis, to HCC [11,12]. Furthermore, its expression negatively affects the clinical outcome of HCC patients, with those with high NUPR1 expression showing significantly shorter overall survival than patients with low expression [12].
Resistance to sorafenib therapy has been reported to be linked to autophagic impairment in HCC cells; however, its role in sorafenib therapy remains controversial [20], favoring either a pro-survival response or increasing the lethality of HCC cells to sorafenib. Of note, NUPR1 has been demonstrated to bind to the promoter regions of genes involved in autophagy and drug resistance [13], and furthermore its expression regulates autophagy-mediated cell death in different types of cancers [25,31-33].
p73, a member of the p53 family, shares several common target genes with the tumor suppressor gene p53, a key regulator of apoptosis in cancer. In contrast to p53, p73 is rarely mutated in HCC. HCC patients harboring p53 gene mutations represent approximately 15-40% of total diagnosed HCC cases [34] and exhibit poor prognoses compared to patients with the wild-type p53 gene [35]. Consequently, the development of a novel therapeutic strategy promoting p53 signaling restoration is urgently required for this subgroup of HCC patients.
One way to elicit the tumor suppressive function of p53 in wild-type and mutant p53 expressing tumors is through the activation of the p73 pathway. Different p73-activating small molecules, such as NSC59984 [27], have been developed, and they have been shown to be potent antitumor agents both in vitro and in vivo [36-40]. 
In the current study, we clarified that sorafenib treatment induced protective autophagy in a cell type-dependent manner. Furthermore, we focused on the role of NUPR1 in the sorafenib resistance of HCC cells, confirming that NUPR1 expression has a protective role in the response to sorafenib [11]. Upon sorafenib treatment, NUPR1 expression was increased with a concomitant activation of autophagic flux, which is most likely a protective adaptation of cancer cells to protect cells from cell death.
Several studies have shown that NUPR1 is a regulator of autophagy. NUPR1 maintains autophagic flux in lung cancer [41], and in multiple myeloma cells NUPR1 silencing reduced protective autophagy, with the accumulation of p62, and promoted cell death [25]. In agreement with these results, in this study, we have demonstrated for the first time in HCC cells that NUPR1 regulates autophagy both in basal conditions and after chemotherapy treatment. NUPR1 KD blocked autophagic flux and induced apoptosis sensitization to sorafenib, suggesting its chemoprotective role against sorafenib. These in vitro data have been further supported by the bioinformatic analysis, in which clinically annotated and liver cancer tissue microarray data were used to evaluate the relationship between NUPR1 expression and response to sorafenib treatment in a cohort of HCC patients. Hence, NUPR1 could be considered an excellent predictor of response to sorafenib.
Furthermore, we demonstrated that sorafenib treatment, as well as NUPR1 KD, were associated with the increased expression of p73, along with its downstream transcription targets p21/WAF1, NOXA, PUMA, and with increases of cell death through apoptosis induction. These data, for the first time obtained in cancer cells, suggest the existence of a NUPR1/p73 link. A similar observation, but not experimentally validated, has been reported in normal hippocampal tissues of mice exposed to mobile phone (MP) radiation [42]. In this study, Fragopoulou et al., through transcriptome profiling analysis of a differentially expressed gene found that the activation of NUPR1 was associated with the inhibition of p73 mRNA expression, suggesting an inverse correlation between these two factors and that MP radiation may act as a stress and apoptotic factor [42]. 
Mechanistically, we demonstrated through a genetic approach that the upregulation of p73 was responsible for sensitizing NUPR1 KD cells to sorafenib, since p73/NUPR1 KD cells showed a greater increase in cell viability when compared to cells silenced for NUPR1 alone. These data support the key role of p73 in human tumor chemosensitivity [43]. In addition, we demonstrated the role of p73 in controlling autophagic response, since, contrary to NUPR1 KD, p73 KD caused the completion of autophagy through the downregulation of p62 levels in HCC cells. 
Furthermore, though a pharmacological approach using the small molecule compound NSC59984, we found that the reactivation of the p73 pathway synergized with sorafenib to impair cell viability and exert considerable pro-apoptotic effects on HCC cells both in vitro and in vivo. 
In summary, our data suggest that the autophagy impairment and increased p73 expression achieved by NUPR1 KD potentiates sorafenib-induced apoptosis of HCC cells. Moreover, combined pharmacological therapy with the p73 pathway activator NSC59984 and sorafenib may be a novel approach for treating HCC.
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Figure legends
Fig. 1. Sorafenib treatment in HCC cells resulted in the activation of autophagic flux. Immunoblotting evaluation of autophagy-related protein expression in HCC cells after sorafenib treatment at the indicated concentrations for 24 h. 

Fig. 2. Silencing of NUPR1 blocks autophagic flux and induces apoptosis in HCC cells. A) NUPR1 mRNA expression in HCC cells after treatment with the indicated concentrations of sorafenib for 24 h. B) Immunoblotting of autophagy- and apoptosis-related protein expression in HCC cells transfected with siNUPR1 and siNC after treatment with the indicated concentrations of sorafenib for 24 h. The PARP1 fragment (85 kDa) is indicated by an arrowhead. C) Caspase-3/7 and D) Caspase-9 activity levels in HCC cells transfected with siNUPR1 and siNC after sorafenib treatment at the indicated concentrations for 24 h. Data are in Arbitrary Units (A.U.) normalized to control values. *p < 0.05, **p < 0.01, ***p < 0.005 siNUPR1 vs. siNC.

Fig. 3. Pharmacological inhibition of autophagic flux with chloroquine. A) Cell viability of HCC cells transfected with siNUPR1 and siNC was assessed by MTS assay after treatment with the indicated concentrations of sorafenib and/or chloroquine for 24 h. B) Immunoblotting of autophagy- and apoptosis-related protein expression in HCC cells transfected with siNUPR1 and siNC after treatment with the indicated concentrations of sorafenib and/or chloroquine for 24 h. The PARP1 fragment (85 kDa) is indicated by an arrowhead. 

Fig. 4. NUPR1 regulates expression of p73. A) p73 mRNA expression in HCC cells after treatment with the indicated concentrations of sorafenib for 24 h. *p < 0.05, **p < 0.01, ***p < 0.005 drug-treated samples vs. control. B) Immunoblotting of p73 and p53 protein expression in HCC cells after treatment with the indicated concentrations of sorafenib for 24 h. C) p73 protein expression in HCC cells transfected with siNUPR1 and siNC after treatment with the indicated concentrations of sorafenib for 24 h. D) mRNA expression of p73 downstream transcription targets, p21/WAF1, NOXA, and PUMA in HCC cells transfected with siNUPR1 and siNC after treatment with 20 µM of sorafenib for 24 h. *p < 0.05, **p < 0.01, ***p < 0.005 siNUPR1 vs. siNC.

Fig. 5. p73 regulates the apoptosis response of NUPR1 KD cells to sorafenib. A) Cell viability of HCC cells transfected with siNUPR1, sip73, and siNC was assessed by MTS assay after treatment with the indicated concentrations of sorafenib for 48 h. B) Immunoblotting of autophagy and apoptosis-related protein expression in HCC cells transfected with siNUPR1, sip73, and siNC after treatment with the indicated concentrations of sorafenib for 24 h.

Fig. 6. Treatment with NSC59984 in combination with sorafenib synergistically inhibits cell viability in HCC cells. A) Immunoblotting of p53 protein expression in HCC cells after treatment with the indicated concentrations of NSC59984 for 24 h. B) Cell viability was evaluated by MTS assay after treatment of HCC cells with different doses of sorafenib + 3.12 µM of NSC59984 in Huh7 and 12.5 µM of NSC59984 in PLC/PRF/5 for 48 h. C) The combination index (CI) values are indicated. CalcuSyn software was used to calculate the CI, where a CI < 1 indicated synergy, ~1 indicated an additive effect, and >1 indicated antagonism. D) Immunoblotting of autophagy- and apoptosis-related protein expression in HCC cells after treatment with the indicated concentrations of sorafenib and/or NSC59984 for 48 h.

Fig. 7. NSC59984 in combination with sorafenib synergistically inhibits tumor growth in vivo. A) Tumor volume curve and B) mice body weight alterations after treatment with a combination of sorafenib and NSC59984, single agents or vehicle alone (control group). C) Evaluation of Ki67, cleaved caspase-3, and CD31 expression by immunohistochemical staining in NSC59984/sorafenib combination, single agents or vehicle alone (scale bar = 50 μm). ImageJ software was used to quantify the percentage of positive cells. *p < 0.05, **p < 0.01, ***p < 0.005 NSC59984/sorafenib combination vs. single agents or vehicle alone.



Supplementary Figure Legends
Supplementary Figure 1
A) Cell viability of HCC cells transfected with siNUPR1 and siNC was assessed by MTS assay after treatment with the indicated concentrations of sorafenib for 24 h. *p < 0.05, **p < 0.01 siNUPR1 vs. siNC. B) The dataset GSE109211, containing gene expression analysis of HCC tissues obtained from 47 sorafenib non-responder patients and 20 sorafenib responder patients, was downloaded from Gene Expression Omnibus (GEO). The expression of NUPR1 mRNA was compared between groups. *p < 0.05 sorafenib non-responder vs. sorafenib responder.
Supplementary Figure 2
A) Immunoblotting of p53 protein expression in HepG2 cells after treatment with the indicated concentrations of NSC59984 for 24 h. B) Cell viability was assessed by MTS assay after treatment of HCC cells with different doses of NSC59984 for 48 h.
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