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Abstract

Kirsten Rat Sarcoma virus (KRAS) oncogene, found in 20–25% of lung cancer patients, 

potentially regulates metabolic reprogramming and redox status during tumorigenesis. Histone 

deacetylase (HDAC) inhibitors have been investigated for treating KRAS-mutant lung cancer. In 

the current study, we investigate the effect of HDAC inhibitor (HDACi) belinostat at clinically 

relevant concentration on nuclear factor erythroid 2-related factor 2 (NRF2) and mitochondrial 

metabolism for the treatment of KRAS-mutant human lung cancer. LC-MS metabolomic study 

of belinostat on mitochondrial metabolism was performed in G12C KRAS-mutant H358 non-

small cell lung cancer cells. Furthermore, L-methionine (methyl-13C) isotope tracer was used to 

explore the effect of belinostat on one-carbon metabolism. Bioinformatic analyses of metabolomic 

data were performed to identify the pattern of significantly regulated metabolites. To study 

the effect of belinostat on redox signaling ARE-NRF2 pathway, luciferase reporter activity 

assay was done in stably transfected HepG2-C8 cells (containing pARE-TI-luciferase construct), 

followed by qPCR analysis of NRF2 and its target gene in H358 cells, which was further 

confirmed in G12S KRAS-mutant A549 cells. Metabolomic study reveals significantly altered 

metabolites related to redox homeostasis, including tricarboxylic acid (TCA) cycle metabolites 

(citrate, aconitate, fumarate, malate, and α-ketoglutarate); urea cycle metabolites (Arginine, 

ornithine, argino-succinate, aspartate, and fumarate); and antioxidative glutathione metabolism 

pathway (GSH/GSSG and NAD/NADH ratio) after belinostat treatment. 13C stable isotope 

labeling data indicates potential role of belinostat in creatine biosynthesis via methylation of 

guanidinoacetate. Moreover, belinostat downregulated the expression of NRF2 and its target 
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gene NAD(P)H:quinone oxidoreductase 1 (NQO1), indicating anticancer effect of belinostat 

is mediated, potentially via Nrf2-regulated glutathione pathway. Another HDACi panobinostat 

also showed potential anticancer effect in both H358 and A549 cells via Nrf2 pathway. In 

summary, belinostat is effective in killing KRAS-mutant human lung cancer cells by regulating 

mitochondrial metabolism which could be used as biomarkers for preclinical and clinical studies.
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1. Introduction

Histone deacetylases (HDACs) drive the expression of numerous genes and proteins 

involved in cancer development and progression. Inhibition of HDAC is an effective strategy 

for the treatment of cancer. Till now, eighteen HDACs have been identified from four 

different classes such as class I (HDACs 1, 2, 3, and 8), class IIA (HDACs 4, 5, 7, and 

9), class IIB (HDACs 6 and 10), III HDACs (sirtuins 1–7) and class IV (HDAC11) (1, 

2). Panobinostat, vorinostat, romidepsin, and belinostat are four HDAC inhibitors (HDACi) 

approved by the FDA for treating relapsed or refractory peripheral T-cell lymphoma. A 

wide body of literature reported that HDACi have shown the potential to overcome the 

therapeutic limitations of several drugs such as cyclin-dependent kinase (CDK) inhibitor 

seliciclib, tyrosine kinase inhibitor gefitinib, and mitogen-activated protein kinase kinase 

(also called MAP2K, MEK) inhibitor selumetinib (3). Belinostat (also known as PXD101), 

a novel hydroxamic acid pan-HDACi received FDA approval in 2014 for the treatment of 

T-cell lymphoma. Belinostat is being extensively investigated as monotherapy or with other 

anticancer agents to overcome drug resistance of cancer therapy (4–7). Belinostat or its 

derivatives contain N-hydroxycinnamamide bioactive fragment, which serves as both the 

zinc binding group and the linker group that possess very high HDAC binding affinity (8, 9), 

making these drugs promising in the treatment of various diseases, including cancer.

Lung cancer is the leading cause of cancer deaths in the US (10). There are two main 

subtypes, small cell lung cancer (SCLC) and non-small cell lung cancer (NSCLC). The 

latter accounts for over 80% of lung cancers. Although immense study is carried out in 

lung cancer research, the 5-year survival rate of lung cancer patients is limited to only 14%, 

necessitating new treatment strategies (11). During the last decade, a number of oncogenic 

drivers are described in NSCLC, namely Kirsten Rat Sarcoma viral oncogene (KRAS), 

Epidermal Growth Factor Receptor (EGFR), and Anaplastic Lymphoma Kinase (ALK), and 

each of them represent a potential therapeutic target. (12) The most frequently detected 
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KRAS mutations representing roughly 20–25% of NSCLC cases (13) are mutually exclusive 

to EGFR mutations and also a predictive indicator of resistance to chemotherapy and EGFR 

Tyrosine kinase inhibitor (TKI) (14, 15). Mutant KRAS is found to drive tumor growth by 

altering cancer cell metabolism, which influence tumor-microenvironment interactions and 

cancer progression (16, 17).

KRAS oncogenes mediate cellular and metabolic reprogramming during tumorigenesis by 

catalyzing glycolytic rate, decreasing oxidative flux via tricarboxylic acid (TCA) cycle, and 

enhancing glutamine metabolism to support cancer cell growth (18, 19). Emerging evidence 

suggest distinct metabolic profiles exist not just between KRAS wild type and KRAS-

mutants, but also among different KRAS mutations, implying different responses to cancer 

therapies (20). Metabolic reprogramming is recognized as one of the hallmarks of cancer. 

Rewiring of cellular metabolism directly or indirectly influences oncogenic mutations, gene 

expression, and tumor microenvironment (21). The metabolic profile of lung cancer cells 

is defined by increased glucose uptake and glycolytic activity. Additionally, lung cancer 

cells exhibit significant alteration in metabolic pathways branching from glycolysis, such as 

pentose phosphate pathway (PPP), hexosamine biosynthetic pathway (HBP), serine-glycine 

pathway, and one-carbon metabolism (22).

Nuclear factor erythroid 2-related factor 2 (NRF2), a basic leucine zipper (bZIP) 

transcription factor, plays a critical role in the metabolic reprogramming of cancer. 

NRF2 is shown to cause inhibition of lipogenesis, facilitation of flux through the PPP, 

and increased nicotinamide adenine dinucleotide phosphate (NADPH) regeneration and 

purine biosynthesis via regulation of key metabolic enzymes or affecting the crosstalk 

with several oncogenic pathways (23, 24). NRF2 translocates from the Kelch-like ECH-

associated protein1(KEAP1)-mediated ubiquitination and proteasomal degradation system 

and promotes normal cell survival by regulating the expression of antioxidant response 

element (ARE)–target genes. Nevertheless, it is suggested that there is also a “dark 

side of NRF2” (25). Prolonged activation of NRF2 causes the proliferation of cancer 

cells and promotes chemoresistance and radioresistance (25–29). A recent study observed 

enhanced glycosylation and glutaminolysis in early-stage lung cancer accompanied by 

NRF2 activation (30). Mutation of oncogenic KRAS proteins that regulate cell growth, 

differentiation, and apoptosis enhances the mRNA level of NRF2 via transcriptional 

activation of tetradecanoylphorbol-13-acetate response element situated in exon 1 of NRF2 

(31). In addition, NRF2 promotes glutathione synthesis (GSH), which converts hydrogen 

peroxide to water via glutathione peroxidase enzyme. The oxidized GSH (GSSG) is reduced 

to GSH by utilizing NADPH, which may lead to the rewiring of cellular metabolism, 

including the tricarboxylic acid (TCA) cycle (32).

Although KRAS mutations were reported several decades ago, effective drugs that target 

KRAS-mutant proteins in advanced metastasized cancers are yet to be developed. No 

previous research has attempted to explore belinostat’s metabolic effect in KRAS-mutant 

lung cancer with constitutive activation of NRF2. In this study, for the first time, we showed 

that clinically achievable concentration of belinostat has the capability to regulate metabolic 

perturbations in KRAS-mutant lung cancer.
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2. Materials and methods

2.1. Chemicals and reagents

Roswell Park Memorial Institute (RPMI) 1640 medium, Dulbecco’s modified Eagle’s 

medium (DMEM), fetal bovine serum (FBS), penicillin-streptomycin (10000 U/ml), 

versene, and trypsin-ethylenediaminetetraacetic acid (EDTA) were purchased from Gibco. 

Dimethyl sulfoxide (DMSO) is supplied by Sigma-Aldrich. L-Methionine (Methyl-13C) 

was purchased from Cambridge Isotope Laboratories, Inc. (Andover, MA). Belinostat was 

supplied by Bepharm Scientific Inc. Panobinostat was purchased from Selleck, USA.

2.2. Cell culture

G12C KRAS-mutant H358 NSCLC cells were kindly provided by Dr. Sharon R Pine 

(Rutgers Cancer Institute of New Jersey). G12S KRAS-mutant A549 cells were obtained 

from Dr. Tamara Minko’s lab (Rutgers University, NJ). H358 cells were cultured and 

maintained in RPMI 1640 supplemented with 10% FBS, 100 units/mL penicillin, and 100 

μg/mL streptomycin at 37 °C in a humidified 5% CO2 atmosphere. A549 cells were cultured 

and maintained in DMEM supplemented with 10% FBS, 100 units/mL penicillin, and 100 

μg/mL streptomycin at 37 °C in a humidified 5% CO2 atmosphere. HepG2 C8 cell line was 

established previously in our laboratory by transfecting human hepatocellular cells, HepG2 

(obtained from ATCC) with pARE-TI-luciferase construct, provided by Dr. William Fahl, 

University of Wisconsin using a FuGENE™ 6 method (33). HepG2-C8 cells were cultured 

and maintained in DMEM supplemented with 10% FBS, 100 units/mL penicillin, and 100 

μg/mL streptomycin at 37 °C in a humidified 5% CO2 atmosphere.

2.3. Cell viability assay

MTS assay was used to determine the cell viability after treatment with belinostat or 

panobinostat, following the method of our published papers (34, 35). Briefly, H358, A549, 

and HepG2 C8 cells were seeded in 96-well plate at a density of 1×104 cells/well overnight 

to ensure cell adherence to the plate. The cells were treated with various concentrations of 

belinostat or panobinostat with 0.1% DMSO as negative control and incubated at 37 °C in a 

humidified, 5% CO2 atmosphere for 24 h. Cell viability was determined using CellTiter 96® 

AQueous One Solution Cell Proliferation Assay System (Promega) at 490-nm absorbance 

as per the instructions provided by the manufacturer. Percentage of cell viability was 

calculated using the equation: absorbance of sample/absorbance of negative control×100. 

Three independent experiments were performed, and the data were plotted.

2.4. Apoptosis assay

Belinostat-induced apoptosis was determined at 1.25 and 80 μM in H358 cells using 

Alexa Fluor® 488 annexin V and propidium iodide (PI) staining (thermo fisher scientific). 

Briefly, H358 cells were incubated with belinostat for 24 h. After incubation, the cells 

were harvested and washed in cold phosphate-buffered saline. The washed cells were 

centrifuged and resuspended in 1X annexin-binding buffer. 100 μL of cell suspension (1 

× 106 cells/mL) was stained with 5 μL Alexa Fluor® 488 annexin V and 1 μL 100 μg/mL 

PI working solution. After the incubation period (15 mins) at room temperature, followed 
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by the addition of 400 μL 1X annexin binding buffer, stained cells were analyzed by flow 

cytometry (Beckman Coulter, Brea, CA).

2.5. LC-MS metabolomic analysis

The metabolomic profiling was performed by LC-MS method at the Metabolomic Shared 

Resources, Rutgers Cancer Institute of New Jersey, following the protocol of our recently 

published articles (34, 36). In brief, H358 cells were seeded overnight in 6-cm cell culture 

dish at a density of 1×106/dish. Next, cells were treated with 0.1% DMSO and 80 μM 

of belinostat for 3 and 24 h. Then, ice-cold extraction buffer composed of methanol, 

acetonitrile, and water at a ratio of 2:2:1 with 0.5% formic acid was used to extract 

metabolites from the cells. The volume of extraction buffer was adjusted in accordance 

with cell survival response to the treated dose to normalize the metabolite concentration. The 

samples were immediately placed on ice. After incubation for 5 min, the pH was adjusted 

by adding 50 μl 15% NH4HCO3. Cell extract was scraped from each dish, transferred 

to Eppendorf tube and centrifuged at 15,000 g for 10 min at 4°C. The supernatants 

containing the metabolites were separated and stored at −80°C until further analysis. Next, 

LC-MS analysis of the extracted metabolites was performed on a Q Exactive PLUS hybrid 

quadrupole-orbitrap mass spectrometer (ThermoFisher Scientific) coupled to hydrophilic 

interaction chromatography (HILIC). The LC separation was performed on Vanquish 

Horizon UHPLC system with an XBridge BEH Amide column (150 mm × 2.1 mm, 2.5 

μM particle size, Waters) with the corresponding XP VanGuard Cartridge. To obtain the 

metabolite data MAVEN software was used.

2.6. 13C Isotope labelling for metabolomic analysis

To further confirm the metabolic effect of belinostat, stable isotope tracer was introduced 

by preparing different concentrations of the drug in methionine-free RPMI medium 

supplemented with 2 mM L-methionine (methyl-13C) as described previously (37–39). 

Briefly, 1×106 cells were seeded in a 6-cm cell culture dish overnight. The cells were then 

serum starved for 24 h followed by treatment with 0.1% DMSO and 80 μM belinostat for 3 

and 24 h. Cell metabolites were then collected and analyzed by LC-MS, as described in the 

previous section.

2.7. Total RNA extraction and quantitative real-time PCR

Total RNA was extracted from H358 and A549 cells using GeneJET RNA Purification 

Kits (Thermo Fisher Scientific, Rockford, IL). RNA concentrations were measured 

using Infinite M200 PRO. About 500 ng of RNA was used for reverse transcription 

by Taqman Reverse Transcription Reagents (Thermo Fisher Scientific). The realtime 

PCR reactions were performed in triplicates with PowerUp SYBR Green Master Mix 

Kit (Thermo Fisher Scientific) on the QuantStudio 5 Real-Time PCR System (Thermo 

Fisher Scientific). The messenger RNA (mRNA) expression levels were quantified 

by the ΔΔCt method and normalized against GAPDH levels. The primer sequences 

are as follows: GAPDH: 5’-GGTGTGAACCATGAGAAGTATGA-3’ and 5’-GAG 

TCCTTCCACGATACCAAAG-3’; NRF2: 5’-TGATTCTGACTCCGGCATTT-3’ and 5’- 

GCCAAGTAGTGTGTCTCCATAG-3’; NQO1: 5’- GGAAGAAACGCCTGGAGAATA-3’ 

and 5’-AGAATCCTGCCTGGAAGTTTAG-3’.
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2.8. Luciferase reporter activity assay

Stably transfected human hepatoma HepG2-C8 cells with pARE-TI-luciferase construct 

(40) were treated with belinostat to determine their effect on ARE-NRF2 pathway. Briefly, 

1 × 105 HepG2-C8 cells per well were seeded in 12-well plate in 1 mL of cell culture 

medium, incubated overnight at 37°C in a humidified 5% CO2 atmosphere and subjected 

to belinostat treatment (0.625, 1.25, 2.5, 5, 10 and 40 μM) for 24 h. 0.1% DMSO was 

used as the negative control. The cells were lysed using the reporter lysis buffer and 

10 μL of the cell lysate supernatant was mixed with 50 μL of luciferase assay reagent 

(Promega) for analysis of luciferase activity using a Sirius luminometer (Berthold Detection 

System GmbH, Pforzheim, Germany) whose unit of measurement was relative luminous 

units per second (RLU/s). The reading obtained for each sample was normalized by protein 

concentration which was quantified using BCA protein assay (Pierce Biotech, Rockford, IL, 

USA). Luciferase activity was determined as a fraction of negative control.

2.9. Statistical analysis

2.9.1. Univariate analysis—Results are presented as mean ± standard error of the mean 

(SEM). Univariate data is analyzed using two-tailed t-test or one-way ANOVA corrected 

for multiple comparisons using Dunnett’s test. P-value less than 0.05 was considered 

statistically significant. Each P value is adjusted for multiple comparisons.

2.9.2 Multivariate analysis

Principal component analysis (PCA): Principal Component Analysis (PCA) was used to 

investigate the influence of various metabolites under different conditions of study using 

GraphPad Prism version 9.0.2 for Windows, GraphPad Software, San Diego, California 

USA (www.graphpad.com). Since ionization rate (i.e. number of ions formed per molecule) 

of each identified metabolite may differ, metabolite intensities were standardized before 

performing PCA. Principal Components (PCs) were selected based on parallel analysis 

(Parallel analysis performs Monte Carlo simulations on “random” data of equal dimension to 

the input data and calculates eigenvalues for all resulting PCs). Percentile level to select PCs 

with eigenvalues greater than those from the simulations (number of simulations =1000) was 

chosen as 95%.

Hierarchical clustering analysis: To visualize the similarity of metabolite intensity 

expression levels across all treatment groups, hierarchical clustering analysis was performed 

using R software. After scaling the data and identifying optimal number of clusters (based 

on the average silhouette width for each k-value computed by k-means clustering algorithm), 

the result was represented using heatmap with the dendrogram. Pearson distance method 

was used to cluster the metabolite concentrations.

Enrichment pathway analysis: To detect biologically meaningful patterns that were 

potentially affected by significantly modulated metabolites by belinostat, metabolite set 

enrichment analysis (MSEA) was performed using MetaboAnalyst 5.0 against several 

libraries comprising ~9000 biologically meaningful metabolite sets collected mainly from 

human studies with more than 1500 chemical classes (41). Metabolites with absolute (PC1) 

score > 75% obtained from PCA analysis were used to identify the most enriched pathways.
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3. Results

3.1. Cytotoxicity of belinostat and panobinostat in KRAS-mutant lung cancer cells

The cytotoxicity of belinostat and panobinostat against H358 and A549 cells was determined 

using MTS assay. Cell viability was reduced in a dose-dependent manner after 24 h 

treatment of belinostat (Fig. 1A) and panobinostat (Fig. 1B) in both cell lines. To examine 

the metabolic effects caused by belinostat in reducing cell survival rate of H358 cells, 

doses with cell survival rates around 50% (80 μM) were used for further experiments. 

Furthermore, the drug dose used in the study is clinically effective confirmed by the human 

pharmacokinetic studies of HDACi in cancer patients (6, 42, 43).

3.2. Belinostat induces apoptosis in H358 cells

To test the effect of 24 h treatment of belinostat on apoptosis of H358 cells, flow cytometry 

analysis was done after Alexa Fluor® 488 annexin V and propidium iodide (PI) staining. 

Clearly, the percentage of apoptosis showed a dose-dependent increase from 33.5 % at 1.25 

μM dose to 61.41% at 80 μM dose (Fig. 1C). Apoptosis induced metabolic rewiring was 

studied by analyzing H358 cell-metabolites treated with 80 μM belinostat.

3.3. Belinostat regulates metabolic rewiring in H358 cells

Multivariate analyses were done on belinostat treated cell metabolites with respect to 

untreated condition. Based of PCA, the first two PCs explained 86.5% of the total variance 

in samples treated with belinostat with PC1 accounting for 77.67% of the overall variability, 

and 8.9% of total variability was described by PC2. The first component has been fairly 

effective in separating treatment groups based on time. Control group and belinostat-treated 

groups at 3 h are clustered together on the left side of zero line, indicating no significant 

change in the metabolite levels up to 3 h. However, a clear separation between control 

and 24 h treated groups indicated treatment effect of belinostat was most significant at 24 

h (Fig. 2A). To determine the most enriched pathways after treatment of H358 cells with 

belinostat, metabolites with abs (PC1) loading score of 0.75 or more were used. Top 25 

enriched pathways affected by belinostat were identified. Interestingly, belinostat was found 

to regulate metabolites of tricarboxylic acid (TCA)/citric acid (CAC) cycle and urea cycle 

(Fig. 2C). Among TCA cycle metabolites, belinostat increased the concentration of citrate, 

aconitate, isocitrate, alpha-ketoglutarate fumarate, and malate, with relative log2 fold change 

(with respect to control) increase of 3.4, 4.8, 3.4, 2.6, 2, and 3.2 folds, respectively (Fig. 3A). 

Also, belinostat upregulated concentrations of urea cycle metabolites, including arginino 

succinate, fumarate, arginine, and ornithine with relative log2 fold change (with respect to 

control) increase of 2.66, 2.03, 1.62, and 1.62 folds, respectively (Fig. 3B). Hierarchical 

cluster analysis helped to visualize alteration in metabolites, including amino acids at 24 h 

(Fig. 2B). Under the influence of belinostat, several amino acids, including phenylalanine, 

asparagine, methionine, tryptophan, and proline were upregulated with average log2(fold 

change) from 0.26 to 2.1 at 80 μM for 24 h (Fig. 4A). Additionally, belinostat altered the 

redox homeostasis of G12C KRAS-mutant H358 cells after 24 h by increasing ROS levels, 

which is evident from the decreased GSH/GSSG ratio, resulting in cell death. Treatment of 

80 μM belinostat significantly lowered GSH/GSSG ratio by 61%. In addition, the cellular 
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NAD/NADH ratio was significantly decreased by more than 85% by belinostat, which 

clearly suggests modulation in the redox status of H358 cells (Fig. 4B).

3.4. Effect of belinostat on one-carbon metabolism in H358 cells

To get a complete view of one-carbon metabolism, an L-methionine (methyl-13C) isotope 

tracer was used to trace S-adenosyl methionine (SAM), a co-factor in methylation of 

DNA CpG and histones with methyl group from methionine (44, 45). In the current 

study, 13C methyl transfer was confirmed due to M+1 labeling in methionine and SAM. 
13C was further incorporated in creatine and creatine phosphate, which indicates potential 

role of belinostat in creatine biosynthesis via methylation of guanidinoacetate (Fig. 5A). 

Surprisingly, under untreated condition, most of the creatine was not labeled (>80%), which 

means SAM was not predominantly involved in creatine biosynthesis. After treatment with 

belinostat, SAM was driven to supply methyl group to synthesize creatine and creatine 

phosphate, as indicated by increased labeling of creatine and creatine phosphate (Fig. 5B). 

Overall, methylation potential was found to decrease after treatment with belinostat (Fig. 

5C).

3.5. Belinostat and panobinostat inhibit constitutively activated NRF2

As evident from the metabolomic data showing modulation of GSH/GSSG and NAD/NADH 

ratio after belinostat treatment, we tested the effect of belinostat on NRF2 and its target gene 

NQO1 at the mRNA level. The results show that belinostat downregulated the expression 

of NRF2 and NQO1 by about 30% and 42%, respectively, in H358 cells. (Fig. 6A). The 

downregulation of NRF2 (32%) and NQO1 (54%) by belinostat was also confirmed in 

A549 cells (Fig. 6A). Furthermore, the effect of belinostat on ARE-NRF2 pathway was 

confirmed in stably transfected human hepatoma HepG2-C8 cell culture system (containing 

pARE-TI-luciferase construct) where belinostat inhibited ARE-NRF2 activity up to 40% at 

40 μM dose (Fig. 6B). Additionally, panobinostat significantly downregulated NRF2 and 

NQO1 in A549 (by 58% and 81%, respectively) and H358 (by 37% and 66%, respectively) 

cells (Fig. 6C).

4. Discussion

For decades, it has been known that extensive metabolic rewiring occurs in cancer cells, 

and dysregulated metabolism causes resistance to cancer therapy (46, 47). A wide body 

of literature confirms targeting cancer metabolism is a promising strategy to overcome 

the resistance for the treatment of cancers (48, 49). HDAC inhibitors have been widely 

investigated for cancer treatments. Herein, for the first time, we investigated the metabolic 

activity of HDAC inhibitor belinostat in human KRAS-mutant lung cancer. Emerging 

evidence suggest that cancer cells, particularly those with mutated oncogenes and tumor 

suppressors rely on TCA cycle for energy production and synthesis of macromolecules 

such as nucleotides and lipids for cell growth advantages (50). Alterations in the TCA 

cycle imposed by dysfunction in cancer have been identified (51, 52). Citrate, the first 

intermediate of TCA cycle, is produced from oxaloacetate (OA) and acetyl-CoA in the 

presence of citrate synthase (CS). To maintain cell proliferation, hypoxic tumor cells tend 

to reverse the TCA cycle’s flux by mediating the supply of cytosolic citrate to promote 
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lipogenesis (53). Our study suggests that belinostat causes upregulation of TCA cycle 

metabolites. Decreased concentration of citrate in cancer cells is an indicator of aggressive 

tumor growth (54). Hanai et. al. demonstrated that citrate accumulation caused increased 

apoptosis in mutant KRAS harboring NSCLC line (55). In our study, belinostat is found to 

increase citrate levels in KRAS-mutant H358 cells by 10-fold, which may lead to cell death 

(Fig 3A). Additionally, malate accumulation is observed during suppression of lung tumor 

growth (56), which could be an important biomarker for belinostat treatment as confirmed 

by Fig 3A.(57).

Recently, the urea cycle has been recognized as one of the most critical biochemical 

pathways in the study of NSCLC (58). But the role of urea cycle metabolites in promoting 

cell death has been explored in several other diseases. For instance, ornithine is shown to 

enhance AMPK autophagy to control tuberculosis infection (59). Also, the involvement of 

urea cycle metabolites in antitumor studies has been reported in colon (60) and breast cancer 

(61). Metabolic analysis of 13C labeled metabolites suggests influence of belinostat in the 

creatine biosynthesis pathway. Creatine synthesis is an important component of arginine 

metabolism and arginine is one of the key metabolites of urea cycle. Therefore, the urea 

cycle is an important metabolic pathway regulated by belinostat, as observed in our study. 

Furthermore, amino acids are involved in pathways that feed cancer cells and provide 

building blocks for cancer cell growth (62). A study reveals KRAS-mediated metabolism 

causes alteration of metabolic pathways of the amino acids in KRAS-mutant clones as 

compared to cells lacking Ras pathway mutation. G12C KRAS-mutant clones have low 

levels of phenylalanine, methionine, asparagine, and proline compared with KRAS WT 

(20). Belinostat showed the potential to increase the concentration of these amino acids 

significantly.

Carcinoma reprograms nutrient acquisition and metabolism pathways to meet redox 

demands in cancer cells. Altered metabolism in cancer counteracts the metabolic effects 

of oncogene activation, tumor suppressor loss, and other stresses to maintain redox 

homeostasis (63). This includes constitutive upregulation of NRF2 and its target genes 

which continuously increase the capacity of cancer cells to scavenge ROS and promote 

cell proliferation (64). Cancer cells thus develop an antioxidant defense mechanism that 

regulates ROS levels needed for cancer initiation and transformation (65). Preclinical 

and clinical studies confirm that ROS modulates DNA damage response caused by 

chemotherapeutic drugs and ionizing radiation by mediating genotoxin-induced damage and 

oncogene-induced replication stress. Consequently, cells with DNA damage are subjected 

to cell cycle arrest (66). In the current study, the reduced ratio of GSH/GSSG and NAD/

NADH may be implicated in increased oxidative stress either by induction of apoptosis or 

autophagy (67) caused by the clinically relevant concentration of belinostat potentially via 

NRF2 inhibition leading to cell death, which needs to be further validated. Interestingly, 

belinostat and panobinostat have shown the potential to inhibit NRF2 and its target gene 

NQO1, which qualifies it as a promising therapeutic drug in the treatment of NSCLC 

conferring constitutive activation of NRF2. Even though there is crosstalk between NRF2 

and metabolic reprogramming during NSCLC development and progression (68), further 

investigation is required to understand the metabolic processes involved in NRF2 inhibition 
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and to measure the protein expression and cellular translocation of Nrf2 for the treatment of 

NSCLC.

5. Conclusion

In summary, for the first time, we have addressed the metabolic remodeling of KRAS-

mutant lung cancer cells and NRF2 inhibition by HDAC inhibitors belinostat and 

panobinostat at their therapeutic concentration. Belinostat regulates the TCA cycle, urea 

cycle, glutathione, and amino acids metabolism, as well as inhibits NRF2 signaling to exert 

its overall anticancer effect. Thus, the anticancer potential of belinostat is exhibited through 

the ARE-NRF2 pathway and metabolic rewiring in lung cancer cells, making it a promising 

drug candidate for treating KRAS-mutant NSCLC.
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HDACs Histone deacetylases

HDACi HDAC inhibitors

KEAP1 Kelch-like ECH-associated protein1

KRAS Kirsten rat sarcoma viral oncogene
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MAP2K mitogen-activated protein kinase kinase

mRNA messenger RNA

MSEA metabolite set enrichment analysis

NADPH nicotinamide adenine dinucleotide phosphate

NQO1 NAD(P)H: quinone oxidoreductase 1

NRF2 Nuclear factor erythroid 2-related factor 2

NSCLC Non-small cell lung cancer

OA oxaloacetate

OGDH 2-oxoglutarate dehydrogenase

PCA Principal component analysis

PI propidium iodide

PPP pentose phosphate pathway

RPMI Roswell Park Memorial Institute

SCLC small cell lung cancer

SEM standard error mean

TCA Tricarboxylic acid

TKI Tyrosine kinase inhibitor

TRE tetradecanoylphorbol-13-acetate (TPA) response element
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Fig. 1. Cytotoxic effect of belinostat and panobinostat in KRAS mutant lung cancer cells.
A. Cell viability in H358 and A549 cells after treatment with belinostat for 24 h. B. Cell 

viability in H358 and A549 cells after treatment with panobinostat for 24 h. C. Detection of 

apoptosis with Annexin-V and propidium iodide staining in H358 cells after treatment with 

belinostat for 24 h. % of apoptosis is expressed as mean ± SEM (n = 3). *p<0.05 compared 

with control.
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Fig. 2. Untargeted metabolomic analysis in H358 cells after treatment with belinostat for 24 h.
A. PCA analysis of metabolite sample data containing control group and treatment group 

at 3 and 24 h. B. Hierarchical cluster analysis of metabolite concentrations at 24 h. Color 

panel represents range of values determined by mean centering and scaling each row. C. 
Metabolite set enrichment analysis of metabolites that represent maximum variance i.e. 

absolute PC1 >0.75 among control group and treatment group at 24 h.
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Fig. 3. Metabolic rewiring in H358 cells after treatment with belinostat for 24 h.
A. Regulation of TCA cycle metabolites. B. Regulation of urea cycle metabolites. Results 

are expressed as mean ± SEM (n = 3). *p < 0.05 compared with control.
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Fig. 4. Metabolic alteration of amino acids and redox status in H358 cells after treatment with 
belinostat for 24 h.
A. log2FC of amino acid concentrations relative to control after treatment with belinostat. B. 
Cellular redox state modulated by belinostat represented by GSH/GSSG and NAD/NADH. 

Results are expressed as mean ± SEM (n = 3). *p < 0.05 compared with control.
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Fig. 5. Effect of belinostat on L-methionine (methyl-13C) isotope tracer pathway in H358 cells 
after treatment with belinostat for 24 h.
A. Schematic representing proposed mechanism of action of L-methionine (methyl-13C) 

isotope tracer after treatment with belinostat. B. 13C enrichment and total ion count of 

labelled metabolites of creatine biosynthesis pathway. C. Methylation potential represented 

by SAM/SAH after treatment with belinostat. Result is expressed as mean ± SEM (n = 3). 

*p < 0.05 compared with control.
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Fig. 6. Belinostat and panobinostat inhibit NRF2 signaling pathway.
A. RT-qPCR analysis of NRF2 and NQO1 in H358 and A549 cells after treatment with 

belinostat for 24 h. B. Effect of belinostat on cell viability and ARE-NRF2 pathway activity 

in HepG2 C8 cell culture system after 24 h treatment. C. RT-qPCR analysis of NRF2 and 

NQO1 in H358 and A549 cells after treatment with panobinostat for 24 h.
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