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Abstract
Background
Hepatocellular carcinoma (HCC) remains difficult to treat due to limited effective treatment options. While the proteasome inhibitor bortezomib has shown promising preclinical activity in HCC, clinical trials of bortezomib showed no advantage over the standard-of-care treatment sorafenib, highlighting the need for more clinically relevant therapeutic strategies. Here, we propose that rational drug combination design and validation in patient-derived HCC avatar models such as patient-derived xenografts (PDXs) and organoids can improve proteasome inhibitor-based therapeutic efficacy and clinical potential.

Methods
HCC PDXs and the corresponding PDX-derived organoids (PDXOs) were generated from primary patient samples for drug screening and efficacy studies. To identify effective proteasome inhibitor-based drug combinations, we applied a hybrid experimental-computational approach, Quadratic Phenotypic Optimization Platform (QPOP) on a pool of nine drugs comprising proteasome inhibitors, kinase inhibitors and chemotherapy agents. QPOP utilizes small experimental drug response datasets to accurately identify globally optimal drug combinations.

Results
Preliminary drug screening highlighted the increased susceptibility of HCC PDXOs towards proteasome inhibitors. Through QPOP, the combination of second-generation proteasome inhibitor ixazomib (Ixa) and CDK inhibitor dinaciclib (Dina) was identified to be effective against HCC. In vitro and in vivo studies demonstrated the synergistic pro-apoptotic and anti-proliferative activity of Ixa + Dina against HCC PDXs and PDXOs. Furthermore, Ixa + Dina outperformed sorafenib in mitigating tumor formation in mice. Mechanistically, increased activation of JNK signaling mediates the combined anti-tumor effects of Ixa + Dina in HCC tumor cells.

Conclusions
Rational drug combination design in patient-derived avatars highlights the therapeutic potential of proteasome and CDK inhibitors and represents a feasible approach towards developing more clinically relevant treatment strategies for HCC.

Supplementary Information
The online version contains supplementary material available at https://​doi.​org/​10.​1186/​s13046-022-02436-9.
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Background
Hepatocellular carcinoma (HCC) is the most common malignancy of the liver and the third most common cause of cancer-related deaths worldwide [1]. A significant challenge in the management of the disease is the lack of effective treatment options, especially for patients with advanced and unresectable HCC. Sorafenib, an oral multi-kinase inhibitor, was the first drug to be approved by the FDA for the treatment of advanced HCC in 2007 and remains one of the standard-of-care treatments in addition to the recently approved combination of atezolizumab and bevacizumab in the first line setting [2, 3]. While several new targeted therapies such as regorafenib, lenvatinib, cabozantinib and ramucirumab [4–7] have recently been approved, survival benefits remain modest, and many of these compounds are used as second-line treatments for sorafenib-refractory patients [8, 9]. The dearth of effective treatment options available for advanced HCC necessitates continued investigations into new treatment approaches and therapeutic targets.
Proteasome inhibitors are a promising class of compounds that mitigate the tumor cell’s ability to overcome the increase in side products of protein synthesis, such as the accumulation of misfolded proteins, thus leading to cell death [10]. Bortezomib is a first-in-class proteasome inhibitor that was approved by the FDA for the treatment of multiple myeloma and mantle cell lymphoma [11–13]. Due the development of bortezomib resistance and off-target toxicities [14–17], second-generation proteasome inhibitors, including carfilzomib and ixazomib, were subsequently developed with higher potencies, reduced side effects and have also been approved for  multiple myeloma treatment [18–20]. In light of their success in hematological malignancies, proteasome inhibitors have been evaluated in various solid tumors, including HCC [21–23]. In preclinical studies using HCC cell lines, proteasome inhibitors have been reported to induce various anti-tumor responses, such as cell cycle arrest, apoptosis, induction of endoplasmic reticulum (ER) stress, repression of NFκB signaling, and inhibition of epithelial-mesenchymal transition [24, 25]. However, a phase 2 trial in HCC showed that bortezomib lacked significant single-agent activity compared to sorafenib despite its promising preclinical results [23]. Another phase 2 study evaluating bortezomib in combination with doxorubicin also reported inferior survival outcomes when compared to sorafenib [26], highlighting the lack of success in translation of preclinical results to clinical efficacy. This unsuccessful translation has also been observed in many other clinical trials of drug combinations in HCC [27–29], and could be the result of disease heterogeneity and poorly designed drug combinations arising from a lack of understanding of the key mechanisms driving HCC tumor progression [30].
Given that combination therapy design in HCC is often based on historical treatment options or mechanisms derived from monocultured commercial cell line models, advancements in combination therapies have been modest and limited. The preclinical efficacy of proteasome inhibitors likely reflects a therapeutic vulnerability that can be exploited through better treatment strategies, such as in combination with the right drugs. Thus, we propose a more rational approach in identifying efficacious proteasome inhibitor-based drug combinations by pairing a hybrid experimental-computational platform called Quadratic Phenotypic Optimization Platform (QPOP) with more clinically relevant patient-derived models of HCC.
QPOP uses the least number of experimental test points to interrogate the entire drug-dose search space in the search for optimal drug combinations [31]. The fundamental basis of QPOP, and similar approaches, is the discovery that biological response can be mapped to a quadratic regression where higher order terms do not have significant impact [31–35]. As such, quantifiable biological responses, such as cancer cell death, can be mapped towards interactions within a set of inputs, such as drugs, in order to identify the most effective combination of inputs for a desired biological response. QPOP has been shown to successfully identify novel drug combinations that outperform standard clinical treatments in drug-resistant hematological cancers [31, 36]. Furthermore, when QPOP was applied on patient-derived materials, QPOP-predicted drug combinations were clinically effective against a lymphoma case that had failed multiple lines of therapy [36]. These previous studies suggest that drug combinations identified by QPOP using patient-derived HCC models could be clinically effective.
Thus, in this study, we evaluated these drug combinations in a cohort of human HCC patient-derived xenograft (PDX) and PDX-derived organoid (PDXO) models, which can better recapitulate disease heterogeneity and molecular profiles of primary patient tumors [37–40], to achieve more accurate tumor drug responses. We postulated that investigating these drug combinations in the context of HCC molecular heterogeneity could identify proteasome inhibitor-based drug combinations that are more likely to be effective in the clinical setting.
Methods
Animals
All animal experiments were performed according to guidelines and protocols approved by the National University of Singapore Institutional Animal Care and Use Committee (IACUC). Female NOD/SCID/IL2rγnull (NSG) mice of 6- to 8-week-old were purchased from InVivos, Singapore, and kept on a Teklad global 18% protein rodent diet in a 12-hour light-dark cycle regulated environment.
Generation of patient-derived xenografts (PDXs) and organoid (PDXO) cultures
The collection of HCC patient samples, generation and use of PDXs were performed under domain-specific review board protocol approval by the National Healthcare Group Domain-Specific Review Board as well as human biomedical research protocol approval by the NUS-Institutional Review Board. Primary HCC samples were obtained from the National University Hospital and Singapore General Hospital during liver resection with prior written informed consent from patients, and diagnosis was confirmed by histology. Tissues were stored in tissue storage solution (Miltenyi Biotec) prior to processing for implantation into NSG mice. Briefly, tumor tissues were minced into small pieces and mixed with Matrigel (Corning) in a 1:1 ratio (v/v) to achieve a final volume of 200 μL per injection. For each patient tumor, the tissue-Matrigel mixtures were injected into flanks of at least 2 NSG mice. PDX tumor growth was monitored by measuring tumor diameter twice a week. Tumors were harvested for serial transplantation into successive NSG mice upon reaching 15 mm in diameter, using the same methods as described above. To date, up to 35 HCC PDX models/lines have been successfully established at Cancer Science Institute of Singapore, NUS and have been used to create PDX-derived organoid (PDXO) lines, of which 18 were used in this study.
For HCC PDXO isolation and culture, PDX tumor tissues were first harvested and finely minced before incubation with 1 mg/mL collagenase/dispase (Roche) for 10 mins at 37 °C. The tumor suspension was then washed with Dulbecco’s Modified Eagle Medium (DMEM) (Biowest) and filtered through 100 μm cell strainer, followed by centrifugation for 5 mins at 1000 rpm. Tumor cells were resuspended in 1X red blood cell lysis buffer (Invitrogen) and incubated on ice for 3 mins, before washing and centrifuging for 5 mins. Cells were subsequently counted and seeded into cell culture flasks in DMEM/F12 medium (Biowest) supplemented with defined growth factors [38, 41] for culture and further experiments.
In vivo drug treatment study
Dissociated PDX tumor cells (100,000 cells) were injected into the flanks of 6- to 8-week-old female NSG mice. The mice were then randomized into 5 treatment groups (n = 5 to 9 per group), which include vehicle control, ixazomib (7 mg/kg), dinaciclib (5 mg/kg), Ixa + Dina, and sorafenib (30 mg/kg). After 1 week, the mice were administered with their respective treatments three times a week by intraperitoneal injection (dinaciclib) and oral gavage (ixazomib, sorafenib). All drugs were purchased from Selleck Chem. Tumor growth was assessed by measuring tumor volume, which can be defined as V = π/6 x A2 x B, where A is the smallest superficial diameter and B is the largest superficial diameter. All mice were terminated when tumors in the vehicle control group reached endpoint, defined by a tumor volume of 2000 mm3.
Cell culture
Human liver epithelial cell line THLE-2 was obtained from American Type Culture Collection (ATCC, CRL2706) and cultured in Bronchial Epithelial Cell Growth Medium (BEGM) complete medium (Lonza), which comprises Bronchial Epithelial Cell Growth Basal Medium, BEGM Bullet Kit supplements and growth factors, and 10% FBS. All cells were maintained at 37 °C in a humidified atmosphere with 5% CO2.
Drug library screen and serial dose-response assays
HCC PDXOs were seeded in 384-well plates at a density of 2000 cells/well 1 day before treatment with drugs from the Discovery Probe FDA-approved drug library (ApexBio, L1021) at 1 μM concentration. After 48 hours, cell viability was measured using CellTiter-Glo Luminescent Cell Viability Assay (Promega, G5771) as per manufacturer’s instructions. For dose-response assays, cells were also seeded in 384-well plates (2000 cells/well) overnight prior to treatment with selected drugs at concentrations ranging from 0.0001 μM to 100 μM (n = 5 per treatment). Cell viability was measured 48 hours after treatment as described above, and dose-response curves were generated using Prism 8 software (GraphPad) to compute respective IC50 values.
QPOP combinatorial treatment and analysis
HCC PDXOs and THLE-2 cells were seeded at 2000 cells/well density in 384-well plates 1 day before drug treatment. The drug combinations used for QPOP for nine drugs at three dosage levels were generated using an orthogonal array composite design (OACD) as described by Xu et al. [42], which combines a three-level orthogonal array with a two-level fractional factorial design to achieve the least number of combinations for factor screening. The three dosage levels used are IC0, IC10, and IC20, which were determined based on the dose-response curves of each drug across the panel of HCC PDXOs. Drug combinations were prepared using an automated liquid handler (Mini Janus, Perkin Elmer), and after 48 hours of drug treatment, cell viability was measured using CellTiter-Glo Luminescent Cell Viability Assay (Promega, G5771) as per manufacturer’s instructions. QPOP analysis was performed as previously described [31], using the viabilities of THLE-2 (viabilityTHLE2) and HCC PDXOs (viabilityPDXO) as readouts. Briefly, the viability for each experimental combination was used as data points to fit a second-order quadratic series that generates all possible drug combinations with their corresponding projected output values. All two-drug combinations were subsequently ranked according to the output and used for hierarchical clustering and frequency analysis.
Drug combination validation
Validation of drug combinations was performed using single-drug and combination dose-response assays to calculate the combination index (CI) and dose reduction index (DRI) values based on the Chou-Talalay method [43]. Briefly, cells were seeded in 384-well plates at a density of 2000 cells/well 1 day before drug treatment for 48 hours. Cell viability was then measured as described above. For the combination dose-response assay, a fixed dose ratio between ixazomib and dinaciclib (as derived from QPOP analysis) was used.
Viability and proliferation assays
To determine viability and proliferation of HCC PDXOs in culture, dissociated PDXOs were seeded into 24-well plates and monitored over a period of 8 days. The number of viable cells were counted using Trypan Blue staining after 2-, 4-, 6- and 8-days post-seeding. For drug treatment viability assays, PDXOs were treated with ixazomib (Selleck Chem) at 0.1 μM and dinaciclib (Selleck Chem) at 0.01 μM individually and in combination for 48 hours prior to viability measurement with CellTiter-Glo (Promega, G7571).
Immunohistochemistry and immunofluorescence
PDX tumor tissues were fixed in 4% paraformaldehyde immediately after extraction and embedded in paraffin. Immunohistochemical staining was performed on tissue sections of 4 μm thickness using standard procedures with the following antibodies: c-Jun (Cell Signaling), Ki67 (Abcam). Images were acquired using Vectra® imaging system (Akoya Biosciences) and analyzed using inForm® software (Akoya Biosciences). At least 10 fields (200X magnification) were randomly chosen for each sample for DAB quantification.
For multiplex immunofluorescence staining, drug-treated HCC PDXOs were first adhered to glass slides using cytospin and fixed in 4% formaldehyde before permeabilization with 0.1% Triton X-100. The Opal™ (Akoya Biosciences) workflow was then used to serially stain slides with c-Jun and cleaved caspase 3 antibodies (Cell Signaling). Briefly, slides were incubated with c-Jun primary antibody overnight followed by HRP-conjugated secondary antibody and tyramide signal amplification (TSA) with Opal 520 fluorophore. Slides were subsequently stained with cleaved caspase 3 for 1 hour before addition of HRP and TSA reagent with Opal 690 fluorophore. DAPI was added last as a nuclear counterstain. Images were acquired using Vectra® imaging system (Akoya Biosciences) and analyzed using inForm® software (Akoya Biosciences). For quantification, 10 fields (200X magnification) were randomly selected for each sample. Nuclei and cytoplasmic fluorophore-specific intensities were assessed, and positive expression was determined using the median intensities (calculated from all stained samples) as thresholds.
For detection of HCC markers in matched PDXs and PDXOs, primary antibodies for HepPar1 (NovusBio), AFP, CK19 and GPC3 (Abcam) were used for fluorescent immunohistochemical staining on PDX tumor tissues and immunofluorescence staining on PDXOs. Overnight incubation with the primary antibodies was followed by application of HRP-conjugated secondary antibody and TSA with Opal 520 fluorophore (Akoya Biosciences) for PDX tissues, and secondary antibody conjugated with Alexa Fluor 488 (Invitrogen) for PDXOs. DAPI was added as a nuclear counterstain. Images were acquired using Vectra® imaging system (Akoya Biosciences). Further details on the primary antibodies used are listed in Supplementary Table S1.
Aggresome staining was performed on treated PDXOs using PROTEOSTAT Aggresome Detection Kit (Enzo Life Sciences, ENZ-51035) as per manufacturer’s instructions. Slides were imaged using Vectra® imaging system and cytoplasmic aggresome staining was similarly quantified as described above.
Immunoblot analysis
Cells were lysed in buffer containing 0.5% sodium deoxycholate, 1% NP-40 detergent, 0.1% SDS, 0.15 M NaCl, 10 mM Tris-HCl pH 7.4, with the addition of protease and phosphatase inhibitor cocktail tablets (Roche). Equal amounts of protein lysates were resolved by SDS-PAGE and transferred onto PVDF membranes according to standard procedures. Membranes were stained with primary antibodies followed by HRP-linked secondary antibodies before chemiluminescent detection using the ChemiDoc imaging system. Primary antibodies used for immunoblot analyses include CHOP, GRP78, cleaved caspase 3, caspase 3, PARP, phospho-c-Jun (Ser63), c-Jun, phospho-JNK (Thr183/Tyr185), JNK, phospho-Rb (Ser807/811), CDK1, CDK2, CDK9, NFκB1, phospho-ERK (Thr202/Tyr204), ERK, phospho-p38 (Thr180/Tyr182), p38 (Cell Signaling Technology); ATF4 (Santa Cruz); CDK5 (Invitrogen); β-actin (Sigma). Additional details of the antibodies used are included in Supplementary Table S1.
Apoptosis assays
Cells were treated with drugs or DMSO control for 24 hours prior to apoptosis staining using FITC Annexin V antibody and Propidium Iodide (PI) as per manufacturer’s instructions (BD Biosciences, 556547). Apoptosis was quantified using flow cytometry (BD LSRII, BD Biosciences) and analyzed using FlowJo software.
To determine apoptosis in HCC PDX tumors, terminal deoxynucleotidyl transferase-mediated dUTP nick-end labeling (TUNEL) assay was performed using ApopTag® Fluorescein In Situ Apoptosis Detection Kit (Millipore, S7110) according to manufacturer’s instructions. Tissues were counterstained with DAPI before image acquisition using the Vectra® imaging system (Akoya Biosciences). Quantification of TUNEL-positive cells was analyzed using inForm® software (Akoya Biosciences).
Cell cycle analysis
Following 24-hour drug treatment, PDXOs were harvested and fixed with 70% ethanol overnight before incubation with RNAse A (100 μg/ml) and propidium iodide (50 μg/ml) for 10 mins. Cell cycle distribution was measured using flow cytometry (BD LSRII, BD Biosciences) and analyzed using FlowJo software.
Proteasome activity assay
Cells were seeded at 5000 cells/well density in 96-well plates 1 day before drug treatment. Proteasomal chymotrypsin activity was measured at 4 hours and 24 hours post-treatment using Proteasome-Glo Chymotrypsin-Like Cell-Based Assay (Promega, G8660) as per manufacturer’s instructions.
RNA isolation and quantitative RT-PCR
After 48 hours of drug treatment, HCC PDXOs were harvested and subjected to RNA isolation using RNeasy kit (Qiagen, 74104). Cellular RNA was then reverse transcribed into cDNA using the iScript Reverse Transcription Supermix (Bio-Rad Laboratories, 1708841) according to manufacturer’s instructions. For quantitative real-time PCR analysis, each sample was measured in triplicate using iTaq Universal SYBR Green Supermix (Bio-Rad Laboratories, 1725121) on a QuantStudio 3 Real-Time PCR system (Applied Biosystems). Primers used are as follows: GADD45B (forward primer, 5′-GACAACGACATCAACATCGTGC-3′; reverse primer, 5′-CGTGACCAGGAGACAATGC-3′), JUN (forward primer, 5′-GAGCTGGAGCGCCTGATAAT-3′; reverse primer, 5′-CCCTCCTGCTCATCTGTCAC-3′), and GAPDH (forward primer, 5′-AAGGTGAAGGTCGGAGTCAA-3′; reverse primer, 5′-AATGAAGGGGTCATTGATGG-3′). All mRNA levels were normalized to GAPDH and expressed as mean ± SD.
NanoString gene expression analysis
100 ng of extracted RNA from PDXOs were subjected to multiplex gene expression analyses using nCounter PanCancer Pathways Panel (NanoString Technologies) on the NanoString nCounter SPRINT profiler system as per manufacturer’s instructions. A total of 770 genes (730 cancer-related human genes and 40 internal reference genes) were evaluated. Results were analyzed using nSolver Analysis and nCounter Advanced Analysis software (NanoString Technologies), in which gene expression levels were normalized to the in-built set of positive and negative control genes [44]. Differential expression of key transcriptomic pathways was compared between the treatment groups (Ixazomib, Dinaciclib, Ixa + Dina) and DMSO control, with fold change and P values calculated based on nSolver’s recommended default settings. A Venn diagram was constructed to determine overlapping genes with a fold change of ≥ ±2 between PDXO1, 11 and 12. Gene set analysis and global significance scores were calculated from differential expression analysis-derived t-statistics for genes in a particular gene set or pathway, as defined by the software.
Inhibition of JNK
PDXOs were transfected with siRNAs against MAPK8 and JUN (TriFECTa® DsiRNA Kit, Integrated DNA Technologies, IDT, Singapore) using Lipofectamine RNAiMAX (Thermo Fisher), or treated with JNK inhibitor SP600125 (Selleck Chem) and incubated overnight prior to treatment with ixazomib and dinaciclib for 24 hours. Cells were then pelleted and used for RNA and protein extraction as described above.
Statistical analysis
All experiments were performed in at least three replicates, with data presented as mean ± standard deviation (SD), unless otherwise stated. For QPOP analysis, parameter estimation to obtain correlation coefficients was achieved using sum of squares F-test, and the predictive power of QPOP generated outputs was determined via adjusted R2 value. Unpaired two-tailed Student’s t test was used for statistical comparisons between two independent groups. Kruskal-Wallis test was used to compare each proteasome inhibitor with other clinical drugs in the FDA drug screen. Pearson correlation coefficient was used to determine the relationship between pathway expression and drug sensitivity. P < 0.05 was considered statistically significant. All statistical analyses were performed using MATLAB or GraphPad Prism 8 software.
Results
Oncology drug screen reveals proteasome inhibitor sensitivity in HCC PDXOs
To identify potential candidate drugs that are effective against HCC tumor cells, we performed an oncology drug screen on a panel of HCC PDXO lines derived from their respective PDX tumors (Fig. 1A). HCC PDXOs grown in culture were viable and maintained proliferative capacity up to 8 days (Fig. 1B and C). These PDXOs also shared similar profiles of HCC markers such as alpha-fetoprotein (AFP), hepatocyte paraffin 1 (HepPar1), cytokeratin 19 (CK19) and glypican 3 (GPC3) as that of the parental PDXs (Fig. 1D).[image: ]
Fig. 1Establishment of HCC PDXO lines from PDX tumors. A Schematic diagram illustrating the generation of HCC PDXs and PDXOs from human patient HCC tumors for subsequent drug screening assays. B H&E and brightfield images of PDX1 and PDX11 tumors and their corresponding PDX-derived organoids. Scale bar = 50 μm. C Mean viable cell count of HCC PDXOs grown in culture, measured via trypan blue exclusion assay at Days 2, 4, 6 and 8. Data shown as mean ± SD, n = 3. D Immunofluorescence staining of HCC markers (AFP, HepPar1, CK19, GPC3) in HCC PDX1 and 11 and their corresponding matched PDXOs. DAPI nuclear stain is shown in blue. Scale bars = 50 μm (PDX), 20 μm (PDXO)


For the initial drug screen, a total of 268 compounds from an oncology drug library, which includes 165 FDA-approved compounds, were administered at 1 μM concentration on 14 PDXO lines. Only four drugs—bortezomib, carfilzomib, ixazomib, and dinaciclib—reduced median cell viability by more than 50% (Fig. 2A and Table S2). The top three drugs bortezomib, carfilzomib and ixazomib are proteasome inhibitors, while dinaciclib is an inhibitor of cyclin-dependent kinases (CDKs) 1, 2, 5 and 9 [45]. When we examined the response of individual PDXO lines towards these drugs by using a 50% relative viability cut-off as an indicator of tumor cell killing efficacy, bortezomib was pan-effective across the different PDXOs, whereas carfilzomib, ixazomib, and dinaciclib had at least one PDXO line with suboptimal response (Fig. 2B). Nevertheless, with the exception of the more drug resistant line PDXO17T2, both carfilzomib and ixazomib were able to induce over 70% cell death in all other PDXO lines tested, highlighting the efficacy of proteasome inhibitors against HCC tumor cells.[image: ]
Fig. 2Drug screen highlights proteasome inhibitors as top-ranking effective drugs against HCC PDXOs. A Median cell viability of 268 drugs (treated at 1 μM) across 14 PDXO lines displayed in a box-and-whisker plot along with the variance. Dotted line indicates 50% viability. B Heatmap showing relative viability of top 20 ranked drugs for each HCC PDXO line and a non-tumorigenic liver epithelial cell control, THLE-2. Color-coded values of the heatmap represent the mean of 2 technical replicates. C Mean cell killing effects of proteasome inhibitors (bortezomib, carfilzomib, ixazomib) and common HCC clinical drugs (sorafenib, regorafenib, lenvatinib, cabozantinib, oxaliplatin, 5-FU) in 14 PDXO lines as derived from drug screen at 1 μM. Data presented as mean ± SD, n = 14. P < 0.001 comparing each proteasome inhibitor with other drugs (Kruskal-Wallis test). D IC50 values of carfilzomib, ixazomib, sorafenib, and regorafenib in HCC PDXO lines


A non-tumorigenic liver epithelial cell line, THLE-2, was also included in the drug screen to examine potential off-target toxicities of these drugs. Among the three proteasome inhibitors, bortezomib had the most effect in reducing THLE-2 cell viability (Fig. 2B), suggesting greater potential toxicity on non-tumorigenic cells. In fact, this observation mimics the poorer safety profiles of bortezomib as compared to the second-generation proteasome inhibitors carfilzomib and ixazomib reported in clinical trials [46, 47].
The efficacy of proteasome inhibitors was also compared against drugs approved for clinical use in HCC (sorafenib, regorafenib, lenvatinib, and cabozantinib) and two common chemotherapy drugs that have been used in HCC treatment (oxaliplatin and 5-fluorouracil) [48–50]. The proteasome inhibitors showed significantly greater cytotoxic effects on HCC PDXOs than the clinical and chemotherapy drugs when administered at 1 μM concentration (P < 0.0001, Kruskal-Wallis test) (Fig. 2C). The enhanced sensitivity of HCC PDXOs towards proteasome inhibitors was further validated in a separate experiment, in which carfilzomib and ixazomib exhibited lower IC50 values than the clinical HCC drugs (sorafenib and regorafenib) in various PDXO lines, except for PDXO19T1 (Fig. 2D). Collectively, these results indicate that HCC PDXOs are generally susceptible to proteasome inhibitors.
Proteasome inhibitors demonstrate in vitro efficacy against HCC PDXOs
Given bortezomib’s higher cytotoxic effects on THLE-2 cells (Fig. 2B), we decided to focus on carfilzomib and ixazomib for subsequent experiments and efficacy studies. The potency of carfilzomib and ixazomib in specifically inhibiting proteasome activity was examined by measuring the chymotrypsin-like activity of proteasomal β5 subunit following treatment with the inhibitors. Within 4 hours of carfilzomib or ixazomib exposure at concentrations below their respective IC50 values, proteasome activity was decreased by more than 50% in PDXOs 1, 11 and 22 T1, and was sustained for up to 24 hours (Fig. 3A).[image: ]
Fig. 3Proteasome inhibitors induce anti-tumor effects in HCC PDXOs. A Proteasome activity in HCC PDXO1, 11 and 22 T1 following treatment with carfilzomib and ixazomib for 4 and 24 hours. Data presented as mean ± SD, n = 3. *, P < 0.05; **, P < 0.01; ***, P < 0.001, compared to respective time-point controls (0 nM). Statistical significance was determined by two-tailed Student’s t test. B Immunoblot analysis of ER stress pathway proteins upon treatment with carfilzomib (CAR) and ixazomib (IXA) in HCC PDXOs. C Immunofluorescence staining of aggresome (AGG) formation in PDX11 organoids with corresponding quantification of aggresome expression. MG-132 was used as a positive control. Scale bar = 20 μm. Data presented as mean ± SD, n = 10. D Immunoblotting of markers of apoptosis in HCC PDXOs treated with carfilzomib (CAR) and ixazomib (IXA)


Next, we assessed the functional effects of proteasome inhibition in HCC PDXOs by looking at the endoplasmic reticulum (ER) stress pathway. Studies have shown that the disruption of elevated proteasome activity in rapidly dividing cancer cells can result in ER stress and the subsequent activation of the unfolded protein response (UPR), which if prolonged can lead to stress-related apoptosis [51–54]. Hence, we examined the effects of proteasome inhibitor treatment on the expression of several proteins known to be regulated by the UPR. PDXOs 1, 11 and 22 T1 treated with carfilzomib and ixazomib for 24 hours displayed upregulation of the molecular chaperone, glucose-regulated protein 78 kDa (GRP78), and activating transcription factor 4 (ATF4), which mediates the transcription of adaptive genes in response to cellular stress, including pro-apoptotic C/EBP homologous protein (CHOP) (Fig. 3B) [55]. Interestingly, the changes in expression of UPR proteins following proteasome inhibition varied slightly among the PDXO lines tested, and could imply differences in duration or mechanistic response to ER stress in these cells.
We also measured the formation of aggresomes, a known hallmark of proteasome inhibition that arises from aggregates of misfolded or unfolded proteins [56–58]. As proteasome inhibition impedes protein degradation by the ubiquitin-proteasome system, the resulting accumulation of such proteins activates the aggresome-autophagy pathway as a compensatory clearing mechanism [56]. Indeed, treatment with carfilzomib and ixazomib for 24 hours significantly increased aggresome formation in HCC PDXO1 cells (Fig. 3C).
More importantly, the pro-apoptotic effects of carfilzomib and ixazomib were demonstrated by the increase in population of positively stained Annexin V/PI cells after treatment via flow cytometric analysis (Fig. S1). Carfilzomib and ixazomib treatment also induced cleavage of apoptotic markers caspase 3 and its downstream target poly (ADP-ribose) polymerase (PARP) in HCC PDXOs (Fig. 3D). These results highlight the efficacy of proteasome inhibitors against HCC tumor cells and their potential application for HCC therapy.
QPOP identifies the combination of ixazomib and dinaciclib (Ixa + Dina) to be effective against HCC PDXOs
To rationally design and identify optimal proteasome inhibitor-based drug combinations, we conducted QPOP analysis using 155 experimental test combinations (Table S3) derived from an orthogonal array composite design (OACD) dataset of nine drugs at three different dosages (Table S4). The nine-drug set consisted of three top-ranked drug candidates from the oncology drug screen (ixazomib, carfilzomib, dinaciclib) and six clinically relevant HCC drugs (sorafenib, regorafenib, lenvatinib, cabozantinib, oxaliplatin and 5-FU). QPOP was carried out on 18 HCC PDXO lines and a control cell line, THLE-2, to identify drug combinations with maximal tumor cell killing and minimal toxic effects on non-tumorigenic cells. The difference in normalized cell viability between PDXO and THLE-2 (viabilityTHLE2 – viabilityPDXO) was used as input data points for response surface mapping (second order regression), and all possible two-drug combinations were then ranked based on the predicted therapeutic output.
While HCC PDXOs demonstrated differential sensitivities to each drug combination (Fig. S2A and Table S5), we sought to identify proteasome inhibitor-based drug combinations that were commonly effective across the HCC PDXO lines tested. Based on the QPOP-derived output of PDXO cell viability, all two-drug combinations were ranked in terms of efficacy, and the frequencies at which each drug and combination appeared in the top 25 ranks across all 18 PDXO lines were determined (Fig. 4A). Proteasome inhibitors carfilzomib and ixazomib were the two most frequently occurring drugs in the top-ranking combinations, while the four most common drug combinations among the PDXOs included ixazomib with carfilzomib or dinaciclib, and carfilzomib with dinaciclib or cabozantinib (Fig. 4A). However, when we ranked the drug combinations in terms of their effects on THLE-2 cell viability, carfilzomib-based combinations appeared most often in the top ranks (Fig. 4B), suggesting more potent effects of these drug combinations on normal cells. Hence, given the potential toxicities associated with carfilzomib-based drug combinations, we identified the combination of ixazomib and dinaciclib (Ixa + Dina) as the optimal top-ranking proteasome inhibitor-based drug combination against HCC PDXOs (Fig. 4A). This was further demonstrated when we compared the QPOP-predicted output values of Ixa + Dina against other ixazomib-based combinations within each PDXO (Fig. 4C). Ixa + Dina showed greater decrease in tumor cell viability as compared to combinations of ixazomib with other drugs and other two-drug combinations (Fig. 4C and Fig. S2B).[image: ]
Fig. 4QPOP identifies Ixazomib and Dinaciclib (Ixa + Dina) as an effective drug combination against HCC PDXOs. A Frequency of individual drugs and combinations appearing within the top 25 ranked two-drug combinations in all PDXO lines tested. B Frequency of drug combinations appearing within the top 25 ranked two-drug combinations in THLE-2. C Polygonograms depicting QPOP-derived two-drug interaction effects on PDXO viability between ixazomib (IXA), dinaciclib (DINA), sorafenib (SORA), regorafenib (REGO), oxaliplatin (OXA), and 5-fluorouracil (5FU) in representative HCC PDXOs. D Parabolic response surface maps showing the effects of ixazomib and dinaciclib on the therapeutic output (viabilityTHLE2 – viabilityPDXO) in representative PDXOs. E Median and range of combination index values for Ixa + Dina in 17 PDXO lines. Fa, fraction of cells affected. F and G Median and range of dose reduction index (DRI) values for ixazomib (F) and dinaciclib (G) across 17 PDXO lines


In addition, the parabolic response surface maps generated from QPOP analysis indicated a synergistic interaction between ixazomib and dinaciclib, which was depicted by the increase in therapeutic output (viabilityTHLE2 – viabilityPDXO) with increasing drug concentrations (Fig. 4D and Fig. S2C). To validate this interaction, we performed single-drug and combination dose-response assays on the HCC PDXOs to obtain respective IC50 values for combination index (CI) and dose reduction index (DRI) calculations based on the Chou-Talalay method [43]. Briefly, CI values denote the type of interaction between drugs in combination, which can be synergistic (CI < 1), additive (CI = 1), or antagonistic (CI > 1). Conversely, DRI defines the amount of dose reduction allowed for a drug when used in combination to achieve the same cell killing effect as when used alone and is categorized into favorable (DRI > 1), unfavorable (DRI < 1), or no dose reduction (DRI = 1). Both CI and DRI values can change depending on the concentration of drugs used, as represented by the fraction of cells affected or killed (Fa) [43]. For the combination of ixazomib and dinaciclib, the interaction between both drugs showed an increasingly synergistic trend (CI < 1) with increasing drug concentrations across the panel of HCC PDXO lines tested (Fig. 4E). This was supported by progressively favorable dose reductions (DRI > 1) for both ixazomib (Fig. 4F) and dinaciclib (Fig. 4G) when used in combination. These results indicate that when administered concurrently, the combination of Ixa + Dina can contribute to a synergistic increase in efficacy against HCC tumor cells, while allowing for reductions in dosages of both drugs to minimize potential toxic side effects.
Ixa + Dina combination induces anti-proliferative and pro-apoptotic effects in HCC PDXOs
Before investigating the anti-tumor effects of Ixa + Dina combination in HCC PDXOs, we first validated the activity of each drug by examining their known molecular effects via immunoblot analysis. As ixazomib has been reported to induce the UPR and repress NFκB signaling in multiple cancers [25, 59, 60], the expression of several ER stress pathway proteins and NFκB1 were used as surrogate markers of ixazomib activity. On the other hand, CDK-specific phosphorylation of Rb protein was used as a mechanism-based marker of dinaciclib activity [45, 61]. HCC PDX1 and PDX11 organoids treated with ixazomib or dinaciclib at their respective combination IC50 values demonstrated increased levels of ER stress-induced protein GRP78, reduced NFκB1 expression, and decreased phosphorylation of Rb (p-Rb) (Fig. 5A). Interestingly, simultaneous administration of both drugs in combination further augmented the changes in expression of several proteins such as GRP78, p-Rb, and CDK5 in both PDXO lines, suggesting possible common molecular effects between ixazomib and dinaciclib.[image: ]
Fig. 5Ixa + Dina combination demonstrates increased in vitro efficacy against HCC PDXOs. A Immunoblotting of ER stress, NFκB and cell cycle proteins in representative PDXO lines, PDXO1 and 11. B Brightfield images of HCC PDXOs treated with vehicle (DMSO), ixazomib, dinaciclib or Ixa + Dina. Scale bar = 100 μm. C Average viability of PDXOs when treated with ixazomib (0.1 μM) and dinaciclib (0.01 μM) as monotherapy and in combination. Data presented as mean ± SD, n = 5. *, P < 0.05; **, P < 0.01; ***, P < 0.001. D Histograms of cell cycle analysis and the corresponding quantification of the proportion of cells in A (apoptotic), G0/G1, S, and G2/M phases of the cell cycle after 24 h drug treatment in PDXO11. Data shown as mean ± SD, n = 3. *, P < 0.05; **, P < 0.01; ***, P < 0.001, compared to Ixa + Dina. Black and grey asterisks indicate comparison for G2/M and apoptotic phases, respectively. E Quantification of annexin V/PI-stained PDXO1 and PDXO11 after Ixa + Dina treatment for 24 hours. Data presented as mean ± SD, n = 3. **, P < 0.01; ***, P < 0.001, compared to Ixa + Dina. Black and grey asterisks indicate comparison for early and late apoptosis groups, respectively. F Immunoblotting of apoptotic markers after treatment with Ixa + Dina in HCC PDXOs. All statistical analyses were performed using two-tailed Student’s t test


We next assessed the efficacy of Ixa + Dina combination by exploring its effects on tumor cell proliferation, survival, and apoptosis. Concurrent administration of ixazomib and dinaciclib showed greater decrease in both number and size of PDX1 and PDX11 organoids as compared to either drug alone (Fig. 5B). The inhibitory effects of Ixa + Dina on tumor cell survival was also demonstrated by the greater reduction in PDXO cell viability in multiple PDXO lines (Fig. 5C). In addition, cell cycle analysis of combination-treated PDXOs after 24 hours revealed increased accumulation of cells in the G2/M phase when compared to single-drug and control-treated cells (Fig. 5D). The results also showed a larger proportion of cells in the apoptotic phase following Ixa + Dina treatment (Fig. 5D). The induction of apoptotic cell death was further confirmed by the substantial increase in Annexin V/PI-positive stained cells (Fig. 5E and Fig. S3) and upregulation of cleaved caspase 3 and cleaved PARP protein levels in PDXOs treated with Ixa + Dina combination (Fig. 5F). Taken together, our findings demonstrate that the combination of Ixa + Dina suppresses tumor cell proliferation and promotes apoptotic cell death in HCC PDXOs to a greater extent than each drug alone, providing further evidence for the synergistic interaction of both drugs in promoting tumor inhibitory effects.
JNK signaling mediates pro-apoptotic effects of Ixa + Dina in HCC PDXOs
To interrogate the molecular pathways and genes affected by the combination of Ixa + Dina in HCC, we conducted transcriptomic analyses of 730 cancer-related genes (NanoString PanCancer Pathways panel) in three representative PDXO lines (PDXO1, 11, 12) following treatment with ixazomib and dinaciclib. When we compared genes that showed at least two-fold-change difference after Ixa + Dina treatment, a total of 26 genes were found to be differentially expressed in all the PDXO lines tested (Fig. 6A). These include 7 upregulated genes FOSL1, GADD45B, HSPA1A, IL6R, LAMB3, MMP3, NUMBL, and 19 downregulated genes BRCA1, CCNA2, CDK4, ETV1, ETV4, FEN1, FGFR4, HELLS, HIST1H3B, ID1, IDH2, MCM4, NBN, RFC4, SKP2, SPRY1, TFDP1, UBE2T, WNT5A (Fig. 6B).[image: ]
Fig. 6Ixa + Dina induced apoptosis is mediated by upregulated JNK signaling. A Venn diagram showing overlapping genes with at least 2-fold change upregulation or downregulation after treatment with Ixa + Dina versus DMSO control in PDXO1, 11 and 12. B Log2 fold changes of common differentially expressed genes between Ixa + Dina and DMSO groups for PDXO1, 11, and 12. Dotted lines indicate cut-off at fold change of 2. C Heatmap of directed global significance scores based on NanoString gene set analysis. D and E Immunoblot of JNK pathway proteins (D) and quantitative RT-PCR analysis of c-Jun transcriptional activity (E) after treatment with ixazomib and dinaciclib in HCC PDXO1 and 11. Data presented as mean ± SD, n = 3. *, P < 0.05; **, P < 0.01; ***, P < 0.001, compared to respective DMSO controls. F Immunofluorescence co-staining of c-Jun and cleaved caspase 3 in Ixa + Dina treated HCC PDXO1 in the presence of siRNAs targeting c-Jun (siJUN) and JNK (siMAPK8). Green fluorescence indicates c-Jun expression; Red indicates cleaved caspase 3; Blue indicates DAPI staining. Scale bar = 50 μm. G Quantification of tumor cells that co-express both c-Jun and cleaved caspase 3 (cJun+/CC3+) per field. Data presented as mean ± SD, n = 10. **, P < 0.01; ***, P < 0.001. H Relative viability of Ixa + Dina treated PDXO1 and PDXO11 in the presence of a JNK inhibitor (SP600125) at 10 μM (SP10), 20 μM (SP20), and 30 μM (SP30) concentrations. Data presented as mean ± SD, n = 3. *, P < 0.05; **, P < 0.01; ***, P < 0.001. All statistical analyses were performed using two-tailed Student’s t test. I Immunoblotting of apoptotic markers after Ixa + Dina and JNK inhibitor treatment in HCC PDXO11. J Correlation (Pearson’s r) between basal JNK pathway expression and Ixa + Dina sensitivity (represented by combination IC50 values of ixazomib) in HCC PDXOs. JNK pathway expression was determined using the sum of p-JNK/JNK and c-Jun protein expression quantified from immunoblot analysis


To obtain an overview of potential pathway alterations induced by Ixa + Dina, we also performed a NanoString gene set analysis, which summarizes the overall changes in gene expression within 13 defined gene sets using directed global significance scores. These scores were calculated based on t-statistics from differential expression analysis across the three PDXO lines and indicate the tendency of gene sets or pathways to have over- or under-expressed genes. Interestingly, while most of the gene sets exhibited decreased pathway scores following drug exposure, the combination of Ixa + Dina showed a greater increase in MAPK pathway scores as compared to single-drug or control-treated groups (Fig. 6C). This suggested a potential role of MAPK pathway in mediating the combined effects of Ixa + Dina in HCC tumor cells.
Moving forward, to determine which MAPK pathway was affected by Ixa + Dina, we examined the effects of the drug combination in relation to the three main MAPKs—JNK, p38 and ERK. Notably, JNK was consistently phosphorylated in both PDXO1 and PDXO11 in response to Ixa + Dina treatment, but p38 and ERK showed varying trends between both PDXOs (Fig. 6D and Fig. S4A). The activation of JNK signaling by Ixa + Dina was also seen in the increase in phosphorylation of its downstream target c-Jun (Fig. 6D), which further promoted transcription of its encoding gene (JUN) and other targets such as growth arrest and DNA damage-inducible beta (GADD45B) [62] (Fig. 6E). In fact, GADD45B was among the genes that were significantly upregulated in all three HCC PDXO lines used for transcriptomic analysis (Fig. 6B). This suggests that JNK signaling may play a more dominant role in mediating the tumor suppressive effects of Ixa + Dina combination in HCC PDXOs.
As JNK signaling has been reported to activate cellular apoptosis [63–65], we sought to investigate the relationship between JNK signaling and Ixa + Dina induced tumor cell death in HCC PDXOs. Multiplex immunofluorescence staining assays demonstrated a 33% increase in the proportion of tumor cells expressing both c-Jun and cleaved caspase 3 (cJun+/CC3+) after treatment with Ixa + Dina (Fig. 6F and G). Notably, this trend was diminished upon abrogation of JNK signaling via siRNA-mediated knockdown of JNK (siMAPK8) or c-Jun (siJUN) (Fig. 6F and G), which were validated by qRT-PCR and immunoblot analysis (Fig. S4B and C). In fact, siRNA-mediated inhibition of c-Jun in Ixa + Dina treated PDXOs significantly reduced the proportion of cJun+/CC3+ cells compared to control (I + D + siNC) levels (Fig. 6G). These results were further corroborated by chemical loss-of-function studies using a small molecule inhibitor of JNK, SP600125. Pre-treatment with SP600125 diminished the drug combination-induced reduction in HCC PDXO viability in a dose-dependent manner (Fig. 6H). Administration of SP600125 also decreased the cleavage of caspase 3 and PARP induced by Ixa + Dina treatment in the tumor cells (Fig. 6I), indicating that inhibition of JNK activity can confer protection from drug combination-mediated apoptosis.
Since upregulation of JNK signaling is a key mediator of Ixa + Dina’s anti-tumor effects in tested HCC PDXOs, we hypothesized that basal activity levels of the pathway could affect the tumor cell sensitivity to the drug combination. Hence, we sought to determine if basal JNK pathway activity was associated with susceptibility of HCC PDXOs to Ixa + Dina treatment. Immunoblot analysis of basal JNK signaling pathway demonstrated a range of expression levels among the various PDXO lines (Fig. S4D). Using a pathway expression score derived from the sum of p-JNK/JNK and c-Jun expression levels (normalized to THLE-2), we examined the correlation of the pathway expression score with the combination IC50 values of ixazomib, which was used as an indicator of drug response sensitivity. Interestingly, with the exception of PDXO8, we observed a significant positive correlation (r = 0.7187, P < 0.01) between JNK pathway score and drug combination IC50 values (Fig. 6J), indicating that HCC tumor cells with lower basal levels of JNK signaling were more sensitive to Ixa + Dina treatment. This is further evidenced by PDXO1 and PDXO11 being in the bottom 50th percentile in basal JNK expression (Fig. 6J).
Collectively, these findings highlight the role of JNK signaling pathway in mediating the pro-apoptotic effects of Ixa + Dina combination in HCC tumor cells. Furthermore, basal JNK signaling activity may serve as a predictive biomarker of drug sensitivity and response to Ixa + Dina in HCC.
Ixa + Dina combination inhibits HCC PDX tumor progression in vivo
To evaluate the tumor suppressive effects of Ixa + Dina combination in vivo, we treated mice bearing HCC PDX1 and PDX11 tumors with drugs as monotherapy and in combination 1 week after tumor implantation. Tumor volumes were measured to determine tumor growth rates, and mice were euthanized once tumors in the vehicle-treated group reached endpoint volume. PDX1 tumor-bearing mice treated with Ixa + Dina combination developed significantly smaller tumors (Fig. 7A and B) and had the lowest growth rate as compared to vehicle- and single-drug-treated mice (Fig. 7C; P < 0.001). This trend was also observed in PDX11 tumors, in which administration of Ixa + Dina produced a more robust inhibition of tumor progression than the single-drug treatments (Fig. 7E-G; P < 0.01, Ixa + Dina vs. Dinaciclib; P < 0.001, Ixa + Dina vs. vehicle and Ixazomib), despite PDX11 tumors developing slower in vivo as compared to PDX1 tumors. More importantly, we demonstrated that Ixa + Dina was more effective than the standard-of-care regimen sorafenib at impairing tumor progression in both HCC PDX lines (Fig. 7A-C, E-G).[image: ]
Fig. 7Ixa + Dina combination impairs tumor growth in HCC PDXs. A Representative gross tumor images of HCC PDX1 after treatment with vehicle, ixazomib (7 mg/kg), dinaciclib (5 mg/kg), Ixa + Dina, and sorafenib (30 mg/kg). Scale bar = 1 cm. B and C Tumor volumes (B) and growth rates (C) of PDX1 tumors after drug treatment. Data presented as mean ± SD, n = 5 to 9. ***, P < 0.001 compared to Ixa + Dina group. D Body weight changes of mice bearing HCC PDX1 tumors over the course of drug treatment. Data presented as mean ± SD, n = 5 to 9. E Representative gross tumor images of HCC PDX11 after treatment with vehicle, ixazomib (7 mg/kg), dinaciclib (5 mg/kg), Ixa + Dina, and sorafenib (30 mg/kg). Scale bar = 1 cm. F and G PDX11 tumor volumes (F) and growth rates (G) after drug treatments. Data presented as mean ± SD, n = 7 to 9. **, P < 0.01; ***, P < 0.001 compared to Ixa + Dina group. H Mean body weight of PDX11 tumor-bearing mice during the course of drug treatment. Data presented as mean ± SD, n = 7 to 9. All statistical analyses were performed using two-tailed Student’s t test


Potential therapy-related toxicities were also examined by measuring changes in the body weight of the animals following drug administration. No significant loss of body weight was observed during and after the course of drug treatment in both PDX1 and PDX11 tumor-bearing mice (Fig. 7D and H), suggesting that the drug dosages administered were tolerable. In addition, the combination of ixazomib and dinaciclib showed no observable toxic side effects based on histological analysis of the livers, kidneys, and spleens collected from drug-treated mice (Fig. S5).
The increased in vivo efficacy of ixazomib and dinaciclib in combination was further demonstrated by the significantly higher levels of apoptosis in Ixa + Dina treated tumors as compared to ixazomib (P < 0.05), dinaciclib (P < 0.01), or sorafenib (P < 0.001) treatment groups, as shown via terminal deoxynucleotidyl transferase-mediated dUTP nick-end labeling (TUNEL) analysis (Fig. 8A and B). Furthermore, immunohistochemical analysis of PDX1 and PDX11 tumor tissues also revealed a significant reduction in Ki67 protein levels (Fig. 8A and C; P < 0.01) and concurrent increase in c-Jun levels (Fig. 8A and D; P < 0.01) after Ixa + Dina combination treatment, as compared to vehicle, single-drug, and sorafenib treated tumors. The increased apoptotic response and decreased proliferative potential in PDX tumors following treatment with Ixa + Dina are consistent with the results observed in HCC PDXOs. Taken together, our findings demonstrate that Ixa + Dina is a tolerable combination regimen that can more effectively impair HCC tumor progression in vivo than monotherapy of either drug or even the standard-of-care sorafenib.[image: ]
Fig. 8Ixa + Dina treatment exhibits anti-tumor effects in vivo. A Representative images of TUNEL, Ki67, and c-Jun immunohistochemical staining in PDX1 and PDX11 tumors after drug treatment. Scale bar = 50 μm. B - D Corresponding quantification of TUNEL (B), Ki67 (C), and c-Jun (D) expression in HCC PDX tumors. Data presented as mean ± SEM, n ≥ 80 fields. **, P < 0.01; ***, P < 0.001 compared to Ixa + Dina group. All statistical analyses were performed using two-tailed Student’s t test


Discussion
The need for more effective therapeutic options for advanced HCC has fueled research efforts towards developing various treatment modalities and potential drug repurposing strategies. Proteasome inhibitors have achieved much success in getting clinical approval for the treatment of hematological malignancies and have thus been tested in clinical trials for several solid tumors as well, including cancers of the head and neck, lung, and colon [21–23]. While early trials of first-in-class proteasome inhibitor bortezomib for HCC showed no clinical benefit or advantage over the standard first-line regimen, sorafenib [23], this study provides evidence that the right proteasome inhibitor can be useful in treating HCC when applied in combination with the appropriate drugs.
The proper design of effective combinatorial treatments, however, remains a challenging task. The unsuccessful translation of numerous drug combinations [27–29] could be attributed to poor drug combination design, disease heterogeneity and a lack of understanding of critical mechanisms or drivers of tumor progression in HCC [30, 66]. For molecularly targeted therapies, including proteasome inhibitors, identifying an effective combination is even more difficult given the large drug search space and limited drug-drug interactions that may exist amongst targeted therapies. Efficient analysis of quantitative phenotypic datasets by QPOP following OACD drug combination treatments could overcome these hurdles, particularly when paired with patient-derived avatars. QPOP has been primarily used to identify effective drug combinations for hematological malignancies [31, 67] and could accurately predict combinations that resulted in clinical response in refractory T-cell lymphoma patients [36]. Given the initial clinical translation success observed in hematological malignancies, QPOP applied to a set of HCC PDXOs should provide clinically promising combinations of drugs that can interact with proteasome inhibitors to effectively inhibit HCC progression.
Thus, through QPOP, we identified Ixa + Dina as one of the most frequently reoccurring top-ranked proteasome inhibitor-based drug combination across our panel of HCC PDXOs. Although our drug set included both carfilzomib and ixazomib, QPOP was able to prioritize an ixazomib-specific drug combination for subsequent studies. Given the ability of QPOP to rank all possible drug combinations and compare the combinatorial therapy potential of drugs within the same class, this approach may be useful for prioritizing molecular targeted therapies for further clinical development where multiple promising drugs within a single class exist. Through mapping all drug-drug interactions within the drug set from a single OACD experimental test dataset, QPOP predicted synergism between ixazomib and dinaciclib. Subsequent in vitro and in vivo validation studies confirmed that ixazomib synergized with dinaciclib, resulting in enhanced tumor suppressive effects and better efficacy than sorafenib against our HCC PDX and PDXOs.
In multiple myeloma, the combination of dinaciclib and proteasome inhibitor bortezomib has been reported be effective against tumor cells [68], but this has not been explored in the context of HCC, or any other solid tumors. In fact, studies evaluating dinaciclib often report its efficacy in sensitizing tumor cells to chemotherapeutic agents [69–72]. Hence, our results highlight the potential of CDK inhibitors to be paired effectively with proteasome inhibitors, specifically ixazomib, as an alternative treatment strategy for HCC.
In this study, JNK signaling activity was markedly increased following combined treatment with ixazomib and dinaciclib and played a functional role in mediating the pro-apoptotic effects of Ixa + Dina in HCC tumor cells. While a direct link between JNK activation and the anti-tumor mechanisms of either ixazomib or dinaciclib remains largely unexplored, several studies have reported the ability of these drugs to potentiate chemotherapy-associated JNK signaling. For example, the addition of ixazomib enhanced doxorubicin-induced activation of JNK and p38 in breast cancer cells [73]. Similarly, dinaciclib treatment increased vinblastine-induced acute activation of JNK-mediated apoptosis in chronic lymphocytic leukemia cells [70]. It appears that pairing both drugs in combination could have a mutual effect on JNK pathway activity in HCC. In addition, it is also likely that JNK-mediated apoptosis is not the only mechanism by which Ixa + Dina combination exert its effects in HCC tumor cells. Future investigations into other molecular changes induced by Ixa + Dina such as downregulation of DNA damage-repair pathway, as observed from our transcriptomic analysis data, could help to reveal potentially novel mechanisms that also contribute to the efficacy of Ixa + Dina in HCC.
We also note that the oncology drug screen in our study was performed at a fixed concentration for all drugs in the library, which may not be able to fully capture the effective clinical dosage of each drug. For example, the treatment concentration may be lower than the clinical dose of some drugs, resulting in the lower efficacy observed from the drug screen. While this represents a limitation for many drug screens, adjusting the treatment concentration for each individual drug is unlikely to be feasible, especially for larger drug libraries, thus screening at fixed dosages is still commonly practiced [31, 74–77]. Notably, testing a wider range of fixed concentrations during drug screening could help to better capture the drug efficacy. However, as the aim of our initial drug screen was to identify candidates that are potent against our cohort of HCC PDXOs, screening at a fixed dose was sufficiently able to highlight a distinct sensitivity of PDXOs towards proteasome inhibitors. At 1 μM, these compounds were found to have more potent cytotoxic effects against the tumor cells as compared to other drugs such as sorafenib. In addition, drugs that did not appear in the top hits such as the common HCC clinical drugs were still added into the more focused QPOP drug set, in which they were tested across a broader dose range to identify potentially effective drug combinations.
The concept of combinatorial therapy is an attractive strategy for the treatment of advanced HCC given the highly heterogeneous nature of the disease [78, 79]. The recent clinical success of atezolizumab (anti-PD-L1) and bevacizumab (anti-VEGFA) combination in prolonging progression-free survival and overall survival compared to sorafenib led to its approval by the FDA as an alternative first-line treatment for advanced HCC [3], with recommendations to potentially replace sorafenib as the new standard of care regimen [9]. With the shift in HCC treatment paradigm towards more combinatorial approaches, developing effective proteasome inhibitor-based drug combinations that can target novel cancer vulnerabilities represents a viable therapeutic strategy.
Conclusions
Overall, we demonstrated that HCC tumors are vulnerable to proteasome inhibition and that rationally designed combination of ixazomib and dinaciclib is effective in suppressing HCC tumor growth and proliferation through mechanisms involving increased JNK activity. Our findings provide preclinical evidence for further investigation and future biomarker-based clinical evaluations of proteasome inhibitor-based drug combinations. Finally, our study highlights the feasibility of pairing rational combinatorial design approaches with patient-derived disease models for efficient development of clinically relevant combination therapies, which can also reveal potential cancer vulnerabilities for more effective targeted treatment.
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