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Abstract
BACKGROUND
Trastuzumab constitutes the fundamental component of initial therapy for patients with advanced human epidermal growth factor receptor 2 (HER-2)-positive gastric cancer (GC). However, the efficacy of this treatment is hindered by substantial challenges associated with both primary and acquired drug resistance. While S-phase kinase associated protein 2 (Skp2) overexpression has been implicated in the malignant progression of GC, its role in regulating trastuzumab resistance in this context remains uncertain. Despite the numerous studies investigating Skp2 inhibitors among small molecule compounds and natural products, there has been a lack of successful commercialization of drugs specifically targeting Skp2.

AIM
To discover a Skp2 blocker among currently available medications and develop a therapeutic strategy for HER2-positive GC patients who have experienced progression following trastuzumab-based treatment.

METHODS
Skp2 exogenous overexpression plasmids and small interfering RNA vectors were utilized to investigate the correlation between Skp2 expression and trastuzumab resistance in GC cells. Q-PCR, western blot, and immunohistochemical analyses were conducted to evaluate the regulatory effect of thioridazine on Skp2 expression. A cell counting kit-8 assay, flow cytometry, a amplex red glucose/glucose oxidase assay kit, and a lactate assay kit were utilized to measure the proliferation, apoptosis, and glycolytic activity of GC cells in vitro. A xenograft model established with human GC in nude mice was used to assess thioridazine's effectiveness in vivo.

RESULTS
The expression of Skp2 exhibited a negative correlation with the sensitivity of HER2-positive GC cells to trastuzumab. Thioridazine demonstrated the ability to directly bind to Skp2, resulting in a reduction in Skp2 expression at both the transcriptional and translational levels. Moreover, thioridazine effectively inhibited cell proliferation, exhibited antiapoptotic properties, and decreased the glucose uptake rate and lactate production by suppressing Skp2/protein kinase B/mammalian target of rapamycin/glucose transporter type 1 signaling pathways. The combination of thioridazine with either trastuzumab or lapatinib exhibited a more pronounced anticancer effect in vivo, surpassing the efficacy of either monotherapy.

CONCLUSION
Thioridazine demonstrates promising outcomes in preclinical GC models and offers a novel therapeutic approach for addressing trastuzumab resistance, particularly when used in conjunction with lapatinib. This compound has potential benefits for patients with Skp2-proficient tumors.
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Core Tip: S-phase kinase-interacting protein 2 (Skp2) has been shown to be a reliable prognostic indicator of unfavorable outcomes for gastric cancer (GC). However, no agents specifically targeting Skp2 have been successfully developed. In this study, we proved that thioridazine restores the sensitivity of GC cells to trastuzumab both in vivo and in vitro by inhibiting Skp2-mediated glycolysis. Furthermore, the combination of thioridazine and lapatinib exhibits enhanced inhibitory effects compared with either monotherapy on the growth and survival of trastuzumab-resistant GC cells. Overall, this study suggests the potential of a thioridazine-based therapy to overcome trastuzumab resistance in human epidermal growth factor receptor 2-positive GC by targeting Skp2.

INTRODUCTION
Gastric cancer (GC) is the fifth most common cancer worldwide, with more than 1 million new cases diagnosed in 2020, and it is the fourth leading cause of cancer-related death[1]. Approximately 7.3%-20.2% of GCs are positive for human epidermal growth factor (EGF) receptor 2 (HER2) /neu, c-ERBB2[2]. Positive expression of HER2 was proven to be associated with many tumorigenic processes and poor prognosis in patients with GC[3,4]. Trastuzumab is an effective anti-HER2 therapeutic agent that showed a survival benefit in the ToGA trial[5]. Trastuzumab in combination with chemotherapy was previously the first-line treatment for HER2-positive metastatic GC. However, due to primary or acquired drug resistance, only 12.8% of patients with HER2-positive GC respond to trastuzumab[6,7]. To overcome trastuzumab resistance, many new agents and combination therapies, such as pertuzumab, margetuximab, lapatinib, tucatinib, trastuzumab emtansine, and pembrolizumab, have emerged. However, the application of most of these drugs in the treatment of trastuzumab-resistant HER-2-positive GC is still in the investigative stage. Thus, the development of new drugs or combination therapies to increase trastuzumab sensitivity is a critical need.
Cancer cells exhibit high levels of glucose uptake and glycolysis, which allow the production of high levels of ATP to facilitate cell proliferation and survival, a phenomenon called the “Warburg effect”[8]. It has been reported that the GATA6 binding protein 6 protein contributes to resistance to trastuzumab in GC by regulating metabolic reprogramming, including reprogramming toward glycolysis[9]. According to Liu et al[10], MACC1 activates the phosphatidylinositol-3-kinase (PI3K)/protein kinase B (AKT) signaling pathway to promote the Warburg effect, and downregulation of MACC1 reverses trastuzumab resistance in GC cells. Wang et al[11] and colleagues found that combination treatment with metformin and trastuzumab in a circadian pattern resensitized GC cells to trastuzumab, partially by disrupting the BMAL1–CLOCK–PER1–HK2 axis, thus controlling fluctuations in glycolysis. Therefore, glycolysis inhibitors could be used appropriately to overcome trastuzumab resistance in GC. However, historically, glycolysis inhibitors have not been widely applied clinically due to their obvious side effects[12].
S-phase kinase associated protein 2 (Skp2) is a constituent of the F-box protein family and functions as a substrate recognition component within the Skp2-SCF complex, which plays a crucial role in the regulation of ubiquitination, cell cycle progression, cell proliferation, and apoptosis[13]. Extensive evidence has demonstrated that Skp2 acts as an oncogene[14], exhibiting elevated expression levels in breast cancer[15], GC[16], prostate cancer[17], and various other malignant tumors, thereby exhibiting a strong association with poor outcomes in affected individuals. Recent studies have shown that Skp2 regulates glycolysis, trastuzumab sensitivity, and tumorigenesis in breast cancer[18]. However, whether Skp2 regulates trastuzumab sensitivity in GC is unknown.
Several investigations have been conducted on small structure-based inhibitors of Skp2. For instance, the compounds SZL-P1-41[19], SKPin C1[20,21], and DT204[22] were identified as Skp2 inhibitors that could suppress tumor growth. However, treatment with these chemical inhibitors is accompanied by adverse effects. Several natural compounds, such as diosmetin[23], safranal[24], dioscin[25], gartanin[26], betulinic acid[27], linichlorin A[28], and gentian violet[29], have been identified to function as potential antitumor agents through Skp2 inhibition. However, these studies are still in the preliminary stages of preclinical development.
This study proposes that the antipsychotic drug thioridazine can specifically decrease the expression of Skp2, thereby increasing the responsiveness of HER-2-positive GC cells to trastuzumab through the attenuation of glycolysis.

MATERIALS AND METHODS
Cell lines and reagents
The human GC cell lines HGC-27, SGC-7901, MGC-803, MKN-45, and NCI-N87 were purchased from the American Type Culture Collection (Manassas, United States). HGC-27, NCI-N87, and MGC-803 cells were cultured in Dulbecco's modified Eagle's medium containing 10% fetal bovine serum (FBS); Biological Industries, Israel). SGC-7901 and MKN-45 cells were grown in RPMI 1640 medium containing 10% FBS. Trastuzumab-resistant HGC-27 and SGC-7901 cells were established by culturing cells with increasing concentrations of trastuzumab (Roche, Switzerland) over half a year and were designated HGC-27-R and SGC-7901-R cells, respectively. All cells were cultured in incubators at 37  ℃ with 5% CO2. Thioridazine and lapatinib were obtained from Selleck Chemicals (United States).

RT-PCR analysis
Quantitative real-time reverse transcription polymerase chain reaction analysis using a Real-Time PCR Detection System (Agilent Technologies) was performed to validate the effect of thioridazine on SKP2 gene expression. The sequences of the primers used were as follows: 5’-ATGCCCCAATCTTGTCCATCT-3’ and 5’-CACCGACTGAGTGATAGGTGT-3’ for SKP2; 5’-GTGGGGCGCCCCAGGCACCA-3’ and 5’-CTTCCTTAATGTCACGCACGATTTC-3’ for β-actin.

Construction of the exogenous overexpression plasmids and SKP2 RNA interference vectors
The pcDNA3.1-3 × Flag-C plasmid carrying the Skp2 coding sequence was constructed. The sense primer sequence was 5'-CCGGAATTCCGGAGGATGCACAGGAAGCACCTCCAGGAG-3', and the antisense primer sequence was 5'-CCGCTCGAGTAGACAACTGGGCTTTTGCAGTGT-3'. The two recombinant plasmids confirmed to contain the correct sequence were named OX-SKP2-1 and OX-SKP2-2. Small interfering RNA (siRNA) for SKP2 and the negative control (NC) oligonucleotide sequence were synthesized by Sangon Biotech (Guangdong, China). The siRNA duplexes were transfected into HGC27-R cells using Lipofectamine 2000 (Invitrogen, United States).

CCK-8 assay
A cell counting kit-8 (CCK-8), Japan, was used to assess cell proliferation. In brief, cell suspensions (5 × 103 cells/well) were seeded in 96-well plates in triplicate, and the plates were incubated for 48 h. Each well was filled with 10 µL of CCK-8 assay solution and incubated for 4 h. A microplate reader was used to measure the optical density at 450 nm.

Western blot
Immunoblotting was performed using antibodies against the following proteins: Poly ADP-ribose polymerase (PARP); 9352, glucose transporter type 1 (Glut1); 73015, Skp2 (2652), p-signal transducer and activator of transcription 3 (9134p), p-AKT (4060), p-mammalian target of rapamycin (mTOR) (5336), and GAPDH (5174) (all obtained from Cell Signaling Technology, United States).

Molecular docking
The 3D structure of thioridazine was obtained from the PubChem Substance database (https://www.ncbi.nlm.nih.gov/) by minimizing structural energy using the ChemBioDraw 3D module. The crystal structure of Skp2 was retrieved from the RCSB Protein Data Bank (PDB ID: 1fs2) and subsequently modified (dehydration and hydrogenation) using AutoDockTools 1.5.6 21 before being exported in pdbqt format. Following definition of the grid on the active site of the receptor protein, the docking procedure was executed using AutoDock Vina 1.1.2, and the output score was displayed in kcal/mol. PyMOL 2.3.0 and BIOVIA Discovery Studio were utilized in this process.

Apoptosis assays
For apoptosis assays, the following steps were performed according to the instructions of the annexin V-FITC Apoptosis Detection Kit (Solarbio, China). Cells in each sample were washed, suspended in 100 µL of 1 × binding buffer and stained with 5 µL of FITC-labeled annexin V and 5 µL of PI for 5 min. Apoptotic cells were detected by a flow cytometer (BD, United States) at wavelengths of 488 nm and 630 nm.

Cellular thermal shift assay
HGC-27-R cells were exposed to dimethyl sulfoxide or thioridazine for 24 h, collected, washed with PBS containing protease inhibitors, aliquoted into PCR tubes, and heated in a thermal cycler (Bio-Rad, T100) at the indicated temperature for 3 min to denature proteins. The cells were then resuspended in NP40 buffer, subjected to three freeze-thaw cycles with liquid nitrogen, and centrifuged at 20000 × g for 20 min at 4 ℃. The supernatant was boiled in loading buffer for western blotting.

Glycolysis assay
Cells were seeded in 12-well plates at 5 × 105 cells/well. After the cells were treated with different reagents for 48 h, the supernatant was collected. An amplex red glucose/glucose oxidase assay kit (Molecular Probes, Carlsbad, CA, United States) was used for glucose uptake measurements. A lactate assay kit (BioVision, Mountain View, CA, United States) was used to detect the production of lactate in the medium.

Animal studies
The animal procedures were approved by the Henan University Institutional Experimental Animal Care and Use Committee (ID: HUSOM2022-439). All experiments were designed and conducted in accordance with the Animal Research: Reporting of In Vivo Experiments guidelines; the United Kingdom Animals (Scientific Procedures) Act 1986 and associated guidelines; and the European Union (EU) Directive 2010/63/EU for animal experiments. Five-week-old male BALB/c athymic nude mice (weighing 16-18 g, SPF grade) were purchased from Peking Vital River Laboratory Animal Technology Company. Prior to use, all cages, bedding, and drinking water were sterilized. The cages, feed, and drinking water were replaced biweekly. The breeding environment adhered to the following specifications: temperature range from 20 to 26 ℃, humidity range from 40% to 70%, and light cycle consisting of 12 h of illumination followed by 12 h of darkness (lights activated from 8 am to 8 pm). A total of 3 × 106 HGC27-R or 1 × 106 SGC7901-R cells were injected subcutaneously (s.c.) into each mouse. The mice were randomly grouped into four groups with five mice in each group. The mice received either vehicle control, thioridazine (25 mg/kg), trastuzumab (5 mg/kg), lapatinib (70 mg/kg), and thioridazine (25 mg/kg) plus trastuzumab (5 mg/kg) or lapatinib (70 mg/kg) by intraperitoneal injection daily. After two weeks of drug administration, the mice were sacrificed, and tumor weights were determined.

Statistical analysis
Data were expressed as mean ± SD. Comparisons between two groups were performed using a t test. One-way ANOVA with the Bonferroni correction was used to analyze differences among three or more groups. Statistical significance was defined as a value of P < 0.05.

RESULTS
Upregulation of Skp2 expression promotes trastuzumab resistance in HER2-positive GC cells
To ascertain the correlation between Skp2 expression and trastuzumab sensitivity in GC, Skp2 expression was analyzed by immunoblotting in a panel of human GC cell lines with HER2-positive status. Subsequently, the HGC27 and SGC7901 cell lines, exhibiting Skp2 overexpression, were selected for further examination (Figure 1A). Following chronic treatment with 10 μg/mL trastuzumab, two cell lines, HGC27-R and SGC7901-R, were identified as being more resistant to trastuzumab than their parental counterparts. Notably, the Skp2 level was higher in HGC27-R and SGC7901-R cells than in the corresponding parental HGC27 and SGC7901 cells (Figure 1B and C). HGC27 cells with exogenous Skp2 overexpression were employed to investigate the potential decrease in antiproliferative activity associated with upregulated Skp2 expression. The results indicated a decline in trastuzumab activity in isogenic stable Skp2 transfectants (HGC27-OX-SKP2-2 cells) (Figure 1D and E). Additionally, transfection of the SKP2-targeted siRNA effectively downregulated Skp2 expression and significantly enhanced trastuzumab activity in HGC27-R cells (Figure 1F and G). These findings suggest a significant relationship between Skp2 expression and trastuzumab insensitivity, highlighting the importance of Skp2 as a potential therapeutic target in GC.

Thioridazine decreases Skp2 expression in GC
A docking analysis conducted with the drug repurposing compound library revealed that thioridazine exhibits favorable binding potential with Skp2. Thioridazine exhibits a high binding potential (affinity score: -7.0 kcal/mol) for the active pocket of Skp2, as shown in Figure 2A. Specifically, thioridazine engages in van der Waals, pi-alkyl and alkyl interactions with the branched-chain amino acids Leu130, Lys131, Pro132 and Ile205 in Skp2, resulting in a robust interaction between the ligand and the Skp2 protein (Figure 2B and C). Cellular thermal shift assay was performed to evaluate the binding afﬁnity of thioridazine for the Skp2 protein. Administration of thioridazine increased the thermal stability of Skp2 but not of GAPDH (Figure 2D), implying a direct binding interaction between thioridazine and the Skp2 protein.
To explore the effect of thioridazine on Skp2 expression, HGC27-R and SGC7901-R cells were treated with varying concentrations of thioridazine (0, 1.25, 2.5, and 5 µM). Western blot analysis revealed a notable decrease in the expression level of Skp2 protein after treatment with thioridazine (Figure 2E and F). MG132 reversed the decrease in Skp2 protein expression induced by thioridazine, thereby indicating that thioridazine may increase the degradation of Skp2 via the ubiquitin–proteasome pathway (Figure 2G). Additionally, the mRNA expression level of SKP2 exhibited a dose-dependent decline as the concentration of thioridazine increased, as shown in Figure 2H and I. It has been established that Skp2 plays a role in governing the phosphorylation and activation of Akt in response to ErbB receptor signaling[18], and we found that the phosphorylation of Akt, which is stimulated by EGF and facilitated by Skp2, was abolished after thioridazine treatment (Figure 2J). In a similar vein, our observations also revealed that Skp2 expression and Akt phosphorylation induced by heregulin was effectively inhibited through the administration of thioridazine (Figure 2K). These results suggest that thioridazine can impede the Skp2-mediated Akt phosphorylation and activation induced by ligands of the ErbB2 family.

Thioridazine increases GC cell sensitivity to trastuzumab in vitro and in vivo
Furthermore, we verified that cotreatment with thioridazine and trastuzumab resulted in a further decrease in Skp2 expression (Figure 3A and B). We next assessed the effect of thioridazine on the proliferation and survival of HGC27-R and SGC7901-R cells. As shown in Figure 3C and D, thioridazine significantly decreased the viability and restored the trastuzumab sensitivity of HGC27-R and SGC7901-R cells. To determine whether thioridazine promotes apoptosis in trastuzumab-resistant cells, we treated HGC27-R and SGC7901-R cells with thioridazine and trastuzumab alone and in combination. PARP is a substrate of caspases. PARP splicing is a key indicator of apoptosis. As shown in Figure 3E and F, trastuzumab induced increased expression of Skp2 but not splicing of PARP. In contrast, combined treatment with thioridazine and trastuzumab increased PARP splicing. The rate of early apoptotic HGC27-R cells treated with thioridazine was 2-fold that of HGC27-R cells treated with trastuzumab, and the difference even increased to 4-fold thioridazine was combined with trastuzumab (Figure 3G and H). These data suggest that thioridazine and trastuzumab synergistically suppress the proliferation and decrease the survival of GC cells.
To investigate the efficacy of trastuzumab and thioridazine in vivo, we treated mice bearing HGC27-R xenografts with trastuzumab and thioridazine alone or in combination. As monotherapies, trastuzumab and thioridazine showed a limited effect on tumor growth, whereas combined administration of trastuzumab and thioridazine resulted in greater reductions in tumor volume and tumor weight (Figure 3I and J). However, lower expression of Skp2 was found in xenograft tissues of the combined administration group (Figure 3K). These data demonstrate that thioridazine enhances the antitumor activity of trastuzumab in vitro as well as in vivo.

Thioridazine combined with lapatinib more effectively suppressed glycolysis mediated by Skp2
Trastuzumab-resistant advanced breast cancer responds to lapatinib, a dual tyrosine kinase inhibitor (TKI), according to the results of the phase III trial EGF104900 and the HER2CLIMB Randomized Clinical Trial[30,31]. However, the addition of lapatinib to a regimen of capecitabine and oxaliplatin did not improve overall survival (OS) in patients with HER2-amplified gastroesophageal adenocarcinoma[32]. In addition, lapatinib plus paclitaxel demonstrated activity in the second-line treatment of patients with HER2 FISH-positive IHC3+ advanced GC but did not significantly improve OS in the intent-to-treat population[33]. Here, we explored the effect of combination treatment with lapatinib and thioridazine on the glycolytic phenotype in GC cells. The combination of thioridazine and lapatinib completely abolished Skp2 expression (Figure 4A-C). It has been reported that Skp2 regulates glycolysis by inducing Glut1 expression and Akt/mTOR pathway activation[34,35]. The decreased protein levels of p-Akt, p-mTOR, and Glut1 were consistent with the downregulation of Skp2 (Figure 4A-C). Furthermore, both glucose uptake and lactate production were decreased more apparently in HGC27-R and SGC7901-R cells treated with thioridazine and lapatinib together than in those treated with either alone (Figure 4D-G). Compared to siRNA-NC-transfected cells, HGC27 cells transfected with SKP2-2 siRNA did not show inhibitory effects of thioridazine on glucose uptake or lactate production (Figure 4H and I). These results indicate that in combination, thioridazine and lapatinib can markedly suppress glycolysis by downregulating Skp2 in trastuzumab-resistant GC cells.

Thioridazine improves the inhibitory effect of lapatinib on GC cells
We further examined the anticancer effect of thioridazine combined with lapatinib. As shown in Figure 5A-C, thioridazine significantly enhanced the anti-proliferative activity of lapatinib in GC cells (HGC27-R, SGC-7901, and NCI-N87-R). Thioridazine (5 µM) in combination with lapatinib (1 or 2 µM) markedly increased apoptosis in HGC27-R and SGC7901-R cells (Figure 5D-F).
Moreover, Figure 6A-C shows that combined administration of thioridazine and lapatinib strongly decreased the growth, volume, and weight of tumors in mice bearing SGC7901-R xenografts. No toxic or side effects were observed during the administration period, and the weight of the mice did not significantly decrease (Figure 6D). Lower expression of Skp2 was found in the combined thioridazine and lapatinib treatment group than in the other groups (Figure 6E). The protein levels of Skp2, p-Akt, and Glut1 were greatly decreased in xenograft tissues from mice treated with both thioridazine and lapatinib (Figure 6F). These data demonstrate that thioridazine enhances the antitumor activity of lapatinib by inhibiting Skp2 expression in vitro and in vivo.
Our study demonstrates that thioridazine can overcome trastuzumab resistance by blocking glycolysis, growth, and apoptosis resistance by downregulating the expression of Skp2 in GC cells.

DISCUSSION
It has been confirmed that HER-2 has the most outstanding clinical significance in advanced GC. However, targeting HER-2 in advanced GC remains challenging due to the high heterogeneity and subsequent resistance caused by prolonged therapy. Despite the development of numerous HER2-targeted drugs, including antibody-drug conjugates, TKIs, bispecific antibodies, vaccines, and immune checkpoint inhibitors, to combat trastuzumab resistance in HER2-positive breast cancer, the efficacy of these treatments in HER2-positive GC remains uncertain.
Trastuzumab combined with palbociclib, a CDK4/6 inhibitor, was demonstrated to yield favorable survival outcomes in patients with advanced breast cancer[36,37]. Multiple studies have demonstrated that the simultaneous administration of supplementary inhibitors, including figitumumab (an insulin-like growth factor 1 receptor inhibitor), ipatasertib (an AKT inhibitor), and MK2206 (another AKT inhibitor), in individuals with HER2-overexpressing tumors increases the efficacy of trastuzumab[38-40]. However, additional extensive research is needed for clinical incorporation of these agents. In contrast to the aforementioned drugs currently under development, the expedited introduction of approved drugs for new therapeutic applications could be facilitated in the clinical market. For example, the potential of combining trastuzumab with metformin as an innovative adjuvant therapy for HER-2-positive breast cancer is being investigated in an ongoing phase II clinical trial[41]. Our findings in the current study highlight the ability of thioridazine to augment the effect of trastuzumab in GC.
The antipsychotic drug thioridazine was first discovered as a phenothiazine-type piperidine drug. In 2013, Sachlos et al[42] first discovered that thioridazine can induce the differentiation of acute myeloid leukemia cells and breast cancer stem cells and increase sensitivity to doxorubicin without affecting the function of normal hematopoietic stem cells. It has been shown that thioridazine can inhibit the expression of a multidrug resistance protein (P-gp) and increase sensitivity to chemotherapy drugs in glioblastoma[43]. In addition to inducing reactive oxygen species accumulation and DNA damage, thioridazine can increase autophagy and apoptosis in ovarian cancer cells[44]. It reduces ovarian cancer angiogenesis by inhibiting vascular endothelial growth factor receptor-2, PI3K, and mTOR signaling[45]. Recent studies have demonstrated that thiolidazine exhibits the potential to augment the susceptibility of glioblastoma cells towards temozolomide through the inhibition of autophagy[46]. Furthermore, the concurrent administration of thiazidine and oxaliplatin has been found to stimulate immunogenic cell death in colon cancer by inducing endoplasmic reticulum stress[47]. In this study, we first revealed that thioridazine can inhibit glycolysis in GC by downregulating Skp2 expression at both the transcriptional and translational levels. However, further evidence is needed to determine whether the main regulatory mechanism by which thioridazine regulates the expression and function of Skp2 is mediated through transcriptional inhibition, posttranslational inhibition, or blockade by protein interactions. The effectiveness of combining thioridazine with other HER-2- or non-HER-2-targeted drugs, such as neratinib, tucatinib, and apatinib, in treating trastuzumab-resistant GC remains uncertain.
Based on our findings, Skp2 may serve as a predictor of the trastuzumab response in patients with HER-2-positive GC, thereby aiding in identifying the patient subgroups most likely to benefit from HER-2-targeted therapies. Additionally, our study underscores the advantageous impacts of thioridazine when used in combination with synergistic drugs for the management of GC. These findings offer valuable support for future clinical investigations aimed at exploring the potential of thioridazine as a viable treatment option for GC. Notably, HER-2-targeted drugs possess dosage-independent potential for cardiac toxicity. In addition, thioridazine has been reported to be associated with arrhythmias in a minority of schizophrenia patients. Consequently, when considering the administration of these drugs individually or in combination, it becomes imperative to exclude individuals with preexisting heart conditions and implement vigilant cardiac surveillance.

CONCLUSION
In conclusion, our data demonstrate that thioridazine combined with lapatinib exhibits synergistic effects in impeding cell proliferation, inducing apoptosis, and suppressing tumor growth in GC. This study provides an experimental foundation for the potential utilization of thioridazine in overcoming trastuzumab resistance in GC. The objective of this study is to offer potential drug selection and administration strategies for patients with advanced GC who exhibit resistance to trastuzumab. Furthermore, these findings offer novel insights for the future investigation of Skp2 inhibitors.

ARTICLE HIGHLIGHTS
Research background
The drug resistance observed in patients with human epidermal growth factor receptor 2 (HER-2)-positive advanced gastric cancer (GC) treated with trastuzumab is a significant concern, as no established targeted therapy regimen for use after the development of drug resistance is available. S-phase kinase associated protein 2 (Skp2) has been identified as a crucial target for GC treatment; however, the development of new drugs targeting Skp2 remains a considerable challenge.

Research motivation
To investigate potential pharmacological interventions targeting Skp2 to increase the efficacy of subsequent therapies for patients with HER-2-positive GC who have developed resistance to trastuzumab.

Research objectives
This study aims to elucidate the inhibitory effect of thioridazine on Skp2 expression and to preliminarily assess the potential of thioridazine in reversing the resistance of HER2-positive GC cells to trastuzumab through both in vivo and in vitro experiments.

Research methods
The impact of altering the Skp2 protein expression level through overexpression or knockdown on the sensitivity of HER2-positive GC cells to trastuzumab was assessed using a cell counting kit-8 assay. The influence of thioridazine on Skp2 protein expression was demonstrated through computational docking analysis and Cellular Thermal Shift Assay. Flow cytometry, a glucose uptake assay, a lactate production assay, and xenograft experiments in nude mice were employed to evaluate the effects of thioridazine alone or in combination with trastuzumab and lapatinib on the cell cycle, apoptosis, glucose metabolism, and tumor growth.

Research results
Trastuzumab sensitivity can be increased in HER-2-positive GC cells through negative modulation of Skp2 expression. Thioridazine can selectively inhibit Skp2 expression and the protein kinase B/mammalian target of rapamycin signaling pathway. Thioridazine combined with lapatinib effectively reverses trastuzumab resistance in GC cells by diminishing glycolysis.

Research conclusions
Combining thioridazine with lapatinib is a potential strategy to reverse trastuzumab resistance in GC by suppressing Skp2 expression.

Research perspectives
Further investigation into the optimal combination ratio, initial dosage, and dose-response correlation between thioridazine and lapatinib in GC xenograft models will contribute to the development of more precise drug reference protocols for subsequent clinical trials. A new therapeutic strategy for the management of GC by simultaneous targeting of Skp2 and HER-2 could be introduced.
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Figure Legends
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Figure 1 Elevated S-phase kinase associated protein 2 expression contributes to trastuzumab resistance in human epidermal growth factor receptor 2-positive gastric cancer cells. A: Western blotting was used to measure the S-phase kinase associated protein 2 (Skp2) expression level in human gastric cancer (GC) cell lines; B and C: Skp2 expression in HGC27 and HGC27-R cells and SGC7901 and SGC7901-R cells was analyzed by Western blotting; D: Skp2 expression levels in HGC27 cells transfected with empty vector (pcDNA3.1), OX-SKP2-1 or OX-SKP2-2 (pcDNA3.1/SKP2) were determined by western blotting; E: HGC27 cells stably transfected with empty vector or OX-SKP2-2 were cultured with or without trastuzumab (0, 2.5, 5, and 10 μg/mL) for 48 h. Proliferation activity was analyzed by cell counting kit-8 (CCK-8) assays; F: HGC27-R cells were transfected with or without small interfering RNA-negative control (siRNA-NC) or siRNA-SKP2 for 72 h. Skp2 expression was measured by western blotting; G: HGC27 cells transfected with siRNA-NC or siRNA-SKP2-2 were cultured with or without 10 μg/mL trastuzumab. CCK-8 assays were used to analyze proliferation activity. The experiments were performed in triplicate. bP < 0.01; cP < 0.001; dP < 0.0001. Skp2: S-phase kinase associated protein 2; siRNA: Small interfering RNA; NC: Negative control.
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Figure 2 Thioridazine can inhibit S-phase kinase associated protein 2 expression and protein kinase B activation triggered by ErbB signaling. A: The interaction between the ligand thioridazine and the active pocket of S-phase kinase associated protein 2 (Skp2) (1FS2) was examined; B: 3D structural schematic showing the binding of thioridazine to Skp2; C: Dihedral angle diagram showing the mode of interaction between thioridazine and Skp2; D: HGC-27-R cells were exposed for 24 h to dimethyl sulfoxide or 30 µM thioridazine  and subjected to the Cellular Thermal Shift Assay; E and F: HGC27-R  and SGC7901-R cells were treated with different concentrations of thioridazine for 24 h. Western blotting was used to analyze Skp2 expression; G: HGC27 cells were treated with the indicated concentrations for 42 h and were then treated with 5 μM MG132 for 6 h. The protein  expression level of Skp2 was analyzed by western blotting; H and I: HGC27-R and SGC7901-R cells were treated with various concentrations of thioridazine for 24 h. The mRNA expression level of SKP2 was analyzed by Q-PCR; J and K: HGC27-R cells were pretreated with or without thioridazine (5 μM) for 2 h, followed by stimulation with epidermal growth factor (100 μg/mL) or heregulin (50 μg/mL). At the indicated times, Skp2 and p-protein kinase B protein levels were assessed. bP < 0.01; cP < 0.001; dP < 0.0001. Thior: Thioridazine; Skp2: S-phase kinase associated protein 2; EGF: Epidermal growth factor; HRG: Heregulin.
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Figure 3 Thioridazine increases the primary susceptibility of gastric cancer cells to trastuzumab in vitro and in vivo. A and B: HGC27-R and SGC7901-R cells were treated with phosphate-buffered saline (PBS), thioridazine (5 μM), trastuzumab (5 μg/mL), or thioridazine (5 μM) plus trastuzumab (5 μg/mL) for 24 h. S-phase kinase associated protein 2 (Skp2) expression was  determined by western blotting; C and D: HGC27 and SGC7901 cells were treated with trastuzumab (10 μg/mL) or thioridazine (2.5 μM) alone or in combination for 48 h. Proliferation activity was evaluated by cell counting kit-8 assays; E and F: HGC27 and SGC7901 cells were treated with trastuzumab (10 μg/mL) or thioridazine (2.5 μM) alone or in combination for various times. The expression of Skp2 and Parp was analyzed by western blotting; G and H: HGC27 cells were treated with trastuzumab (10 μg/mL) or thioridazine (2.5 μM) alone or in combination for 24 h, followed by an apoptosis assay, quantitative results; I-K: Nude mice were injected s.c. with 0.1 mL of an HGC27 cell suspension (3 × 107 cells/mL) in the right upper flank. The mice were treated with PBS, trastuzumab (0.5 mg/kg), thioridazine (25 mg/kg), or trastuzumab (0.5 mg/kg) plus thioridazine (25 mg/kg) daily by intraperitoneal (i.p.) injection beginning 7 d after cell implantation. After two weeks of drug administration, the mice were sacrificed. Primary tumors were excised, photographed, and weighed. Western blot analysis was used to assess Skp2 expression in primary tumors. aP < 0.05; bP < 0.01. Thior: Thioridazine; Trast: Trastuzumab.
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Figure 4 Thioridazine combined with lapatinib decreases S-phase kinase associated protein 2/p-protein kinase B/p-mammalian target of rapamycin/glucose transporter type 1 protein levels and glycolysis in gastric cancer cells. A-C: HGC27, HGC27-R and SGC7901-R cells were treated with thioridazine (5 μM) alone or in combination with lapatinib (5 μM) for 24 h. S-phase kinase associated protein 2 (Skp2), p-protein kinase B (Akt), Akt, p-mammalian target of rapamycin, and glucose transporter type 1 protein levels were  analyzed by western blotting; D-G: HGC27-R cells were treated with thioridazine (5 μM) and lapatinib (5 μM) alone or in combination for 24 h. The glucose uptake rate and lactate production rate were measured following the manufacturer's instructions; H and I: HGC27-R cells were  divided into two groups that were transfected with small interfering RNA (siRNA) negative control or siRNA SKP2 2 for 48 h. Each group was treated without or with thioridazine (5 μM) for another 24 h. The glucose uptake rate and lactate production rate in all groups were measured. aP < 0.05; bP < 0.01; cP < 0.001; dP < 0.0001. Thior: Thioridazine; Lap: Lapatinib.
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Figure 5 The combination of thioridazine and lapatinib exhibits more pronounced antitumor activity than either alone in vitro against trastuzumab-resistant gastric cancercells. A-C: To HGC27-R, SGC7901-R, and NCI-N87-R cells were treated with trastuzumab (10 μg/mL) or thioridazine (5 μM) alone or in combination for 48 h. Proliferation activity was evaluated by cell counting kit-8 assays; D-F: HGC27-R cells were treated with lapatinib (1 μM or 2 μM) in the presence or absence of thioridazine (5 μM) for 24 h, followed by an apoptosis assay. Similar experiments were performed and results were quantified in SGC7901-R cells. The experiments were repeated three times. bP < 0.01. Thior: Thioridazine; Lap: Lapatinib.
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Figure 6 Coadministration of thioridazine and lapatinib demonstrates potent anticancer activity in mice harboring gastric cancer xenografts. A: SGC7901-R cells (1 × 106) were injected s.c. into the flanks of nude mice. Ten days post-implantation, the mice were randomized into four groups of five mice each. Then, the mice were treated by i.p. injection with phosphate-buffered saline, lapatinib (70 mg/kg), thioridazine (25 mg/kg), or lapatinib (70 mg/kg) plus thioridazine (25 mg/kg) for 14 d. Gross morphology of the final excised xenograft tumor masses; B: Tumor volumes following treatments were recorded; C: Wet tumor weights; D: Body weights of mice; E: S-phase kinase associated protein 2 (Skp2) expression was evaluated by immunohistochemistry in primary tumors (scale bar = 100 μm); F: The protein levels of Skp2, protein kinase B (Akt), p-Akt, glucose transporter type 1, and GAPDH in two primary tumors from each group were measured by western blotting. bP < 0.01, dP < 0.0001. Thior: Thioridazine; Lap: Lapatinib.
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